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Abstract 

The experimental analysis of an autothermal gasoline reformer for use in an 

auxiliary power unit was undertaken.  The development of these auxiliary power units 

has the potential to create positive economical and environmental benefits.  It will 

provide the necessary energy and heating while utilizing a fuel with a well established 

infrastructure.  Autothermal reforming is a process in which both oxygen and steam are 

combined with a hydrocarbon fuel over a catalyst bed in order to produce a hydrogen rich 

gas stream.  This process utilizes an exothermic partial oxidation reaction to promote the 

hydrogen efficient, endothermic steam reforming reaction.  The main goals of this study 

were to design and test the operating conditions of a new autothermal reformer and to 

determine an operational envelope for the reactor.  Furthermore, the data collected was 

used to validate a numerical model of the reactor that would assist in the development of 

future compact autothermal reformers. 

A compact autothermal reformer has been designed with the capability to produce 

detailed wall and centerline temperature profiles during operation.  During the 

experimental phase of this project, a strong relationship between the main input variables 

(the oxygen to carbon and steam to carbon ratios) and the performance characteristics of 

the reactor was found.  For the range of experimental conditions tested, the highest molar 

percent of hydrogen in the reformate for a gas hourly space velocity of 20,000h-1 was 

found at an oxygen to carbon ratio of 1.0 and a steam to carbon ratio of 2.0.  Performance 

characteristics used for the reactor were the lower heating value, the percent hydrogen 

yield and fuel conversion, and were found to have maximum values of 46.0%, 47.6% and 

67.7% respectively.  Carbon deposition on the catalyst bed was found to be significant 
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under certain operating conditions, but had a very small effect on the final conditions of 

the ATR.  The computational fluid dynamics model was shown to have fairly accurate 

predictions for the temperature profiles as well as the reformate compositions when 

compared to the experimental data.  A number of recommendations have been made to 

the experimental and numerical studies.  It is likely that if employed in future testing, 

they would improve the overall performance of the compact autothermal reformer. 
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Chapter 1  

Introduction 

 

This section describes the motivation behind this research and provides a brief 

description of the project itself.  Following this is an overview of the technical 

background of the subject at hand. 

1.1 Project Motivation 

Canada, like many other industrialized countries around the world, is heavily 

dependant on fossil fuels to meet its energy needs. These fuels, when burned, release 

carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4), all of which are 

greenhouse gases (GHG). In general, the more energy Canadians use, the more 

greenhouse gas emissions are produced and the greater the impact on global climate 

change. 

Transportation is Canada’s second largest energy-using sector and accounted for 

almost 28 percent of total energy use and about 34 percent of GHG emissions in 2003 

(NRC, 2006).  A breakdown of Canada’s energy use and green house gas emissions by 

sector can be seen in Figure 1.1. The energy used in transportation, primarily gasoline 

and diesel fuel, produces more GHG emissions than any other energy source when 

combusted. 
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Figure 1.1: (a) Canadian energy use by sector in 2003 from NRC (2006)  (b) Sector energy-related 
GHG emissions (megatonnes of CO2 equivalent) from NRC (2006) 

 

Larger vehicles such as transport trucks use large diesel engines intended to 

handle significant loads over long distances.  These engines are also used to supply 

electricity through the engine’s alternator for the vehicle’s base electrical load, even 

when stationary.  This is because the transport trucks require power to provide cabin 

areas with heating, ventilation and air conditioning as well as powering all other electrical 

systems including, but not limited to refrigerators, lighting, radios and televisions.   

When engines are idling, their fuel efficiency is extremely low and they produce 

significant amounts of green house gas emissions in the exhaust system.  Argonne 

National Laboratories (2007a) estimates that a commercial long haul truck will idle 

around 6 hours per day.  With over 500,000 trucks driving in North America on a daily 

basis, idling times amount to approximately 3 billion gallons of fuel usage alone.  

Estimates of emissions over the course of a year from overnight idling total about 

180,000 tons of NOx, 5,000 tons of particulate matter, and 7.6 million tons of CO2.  

(ANL, 2007b) 
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On-board fuel cell powered auxiliary power units (APUs) have the potential to 

significantly reduce engine idling time and emissions.  These APUs utilize fuel that is 

already onboard, either gasoline or diesel, and convert it into a hydrogen rich gas stream 

to be used in a fuel cell stack.  Idling emissions could thus be reduced by 90% with the 

introduction if an on-board fuel cell APU.  They could supply enough power to provide 

all electrical needs of the truck while at rest (Auto 21, 2006).  Furthermore, by 

introducing such a system to a long haul truck the overall fuel consumption would be 

reduced and general wear and tear on the engine would decrease resulting in a longer 

engine life. 

 

1.2 Background and Theory 

 This section of the thesis describes the technical background and theory behind 

reforming technology. 

1.2.1 Reforming of Hydrocarbons 

Reforming is a technical term used to describe the chemical conversion of a 

hydrocarbon fuel into a gaseous hydrogen rich fuel stream, usually with the aid of a 

catalyst.  This hydrogen rich stream, also called reformate, can then be used for fueling a 

fuel cell stack.  There are several reforming methods for the production of reformate, the 

most common include steam reforming, partial oxidation reforming, and auto-thermal 

reforming.  Depending on the application, each of these three methods has its advantages 

and disadvantages and they are discussed briefly in the following sections. 
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1.2.2 Steam Reforming 

Steam reforming, shown in Equation 1.1, is the most widely used method of 

reforming.  It uses an excess amount of vaporized water with fuel in an endothermic 

reaction network to generate high yields of hydrogen (H2) and carbon monoxide (CO).   

 

22 2
HmnnCOOnHHC mn ⎟
⎠
⎞

⎜
⎝
⎛ ++→+                                   (1.1) 

 

Steam reforming is considered to be the most efficient method of hydrogen 

production (in terms of moles of hydrogen produced per mole of fuel used) and is 

therefore used extensively in large and small scale industrial applications.   

However, there are two main disadvantages of steam reforming.  The reaction is  

endothermic and also produces a large amount of CO.  Since this reaction is endothermic, 

the addition of heat is needed to maintain the reaction, resulting in relatively low overall 

system efficiencies.  Higher temperatures are desired, around 700°C, for increased 

hydrogen yield (Larminie and Dicks, 2003).  The presence of CO in the reformate is 

potentially problematic when used in certain applications since it can act as a catalyst 

poison, which is further discussed in a section below.  It should be noted that CO is a by-

product for all reforming processes considered here, so it is difficult to consider this a 

true disadvantage.  The addition of high temperature equipment required to maintain the 

endothermic reaction, such as heat exchangers and pre-heaters, makes this option difficult 

to produce at small scale operations. 
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1.2.3 Partial Oxidation 

Partial oxidation is a process that partially combusts oxygen with fuel in a 

substoichiometric mixture to produce a hydrogen rich gas stream, as seen in Equation 1.2.  

It should be noted that Equation 1.2 produces less hydrogen per mole of fuel feed than 

the steam reforming reaction, Equation 1.1.  Furthermore, since providing pure oxygen is 

usually not a practical option, air is used as an oxygen source and therefore dilutes the 

reformate with inert nitrogen, reducing the overall reactor efficiency.  The partial 

oxidation reaction with air as the oxygen feed can be seen in Equation 1.3.  

 

22 22
HmnCOOnHC mn +→+                                             (1.2) 

)76.3(
22

)76.3(
2 2222 NnHmnCONOnHC mn ++→++                      (1.3) 

 

Since the partial oxidation reaction is exothermic there is no need for pre-heating 

of the reactant stream, but the excess heat would need to be removed using heat 

management equipment.  Additionally, one of the key advantages of partial oxidation 

over steam reforming is that it does not require steam, allowing for system simplicity. 

1.2.4 Autothermal Reforming 

Autothermal reforming is a process in which oxygen, steam and fuel are fed into a 

catalytic reformer for the reformate production, as given in Equation 1.4.  It can therefore 

be considered as a combination of steam reforming and partial oxidation.  The idea 

behind this is that the exothermic oxidation reaction and the endothermic steam reaction 

occur in conjunction, so that no heat is added or removed from the system.  Since the 
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oxygen content is typically supplied using air, inert nitrogen will again reduce the reactor 

efficiency.  The autothermal reforming reaction with air as the oxygen feed can be seen in 

Equation 1.5.   

 

2222 2
22)22( nCOHmanOHanOHC mn +⎟

⎠
⎞

⎜
⎝
⎛ +−→−++                       (1.4) 

)76.3(
2

22)22()76.3( 222222 NanCOHmanOHanNOaHC mn ++⎟
⎠
⎞

⎜
⎝
⎛ +−→−+++     (1.5) 

 

The main advantage of the autothermal reforming reaction is that higher hydrogen 

yield rates are obtained from the endothermic steam reforming reaction while reducing 

the need for heat management equipment with the use of the exothermic partial oxidation 

reaction.   

1.2.5 Water Gas Shift Reaction 

In the presence of the steam reforming reaction, Equation 1.1, a water gas shift 

(WGS) reaction, Equation 1.6, will almost always occur (Larminie and Dicks, 2003). The 

WGS reaction is an equilibrium reaction, meaning that the reaction will continue in either 

direction until equilibrium is achieved.  The final composition of CO and CO2 is 

therefore dependent on temperature.  This assumes there is excess steam and hydrogen. 

 

222 HCOOHCO +⇔+                                              (1.6) 
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This is a desirable secondary reaction as it usually consumes the undesirable 

carbon monoxide to produce additional hydrogen and carbon dioxide. 

1.2.6 Reaction Mechanisms 

A reaction mechanism can be a complex, step by step sequence of elementary 

reactions by which overall chemical change occurs.  The chemical reaction mechanism 

for reforming process can be very difficult to accurately describe.  Therefore, finding a 

reaction mechanism to describe the autothermal reforming of a surrogate fuel such as iso-

octane can be a difficult process and disagreements exist between researchers on what is 

the common set of reactions.  For modeling purposes, a reaction mechanism developed 

by Pacheco et al. (2003) for the autothermal reforming of iso-octane was adopted and can 

be seen in Equations 1.7-1.11.  These reactions are used to describe results obtained in 

the experimental analysis of an autothermal reformer.  

 

C8H18 + 12.5O2  8CO2 + 9H2O                                          (1.7) 

C8H18 + 8H2O  8CO + 17H2                                                                  (1.8) 

C8H18 + 8CO2  16CO + 9H2                                                                   (1.9) 

C8H18 + 16H2O  8CO2 + 25H2                                                              (1.10) 

CO + H2O  CO2 + H2                                                                       (1.11) 

It can be seen in the reaction mechanism that several of the above described 

reforming processes are incorporated, including partial oxidation reforming (Equation 

1.7), Steam reforming (Equations 1.8 and 1.10) and the WGS reaction (Equation 1.11).  

The paper by Pacheco et al. (2003) describing the development of this reaction 

mechanism is further discussed in Chapter 2. 

http://en.wikipedia.org/wiki/Sequence
http://en.wikipedia.org/wiki/Reaction
http://en.wikipedia.org/wiki/Chemical
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1.2.7 Catalyst for Autothermal Reforming 

In the autothermal reforming of iso-octane, the choice of catalyst has a significant 

effect on the reactor operating conditions and composition of the reformate.  Literature in 

this area has reported that the catalysts which provide the highest values of hydrogen 

yield for the autothermal reforming of iso-octane are Reddium (Ru), Palladium (Pd) and 

Platinum (Pt) supported on a ceria substrate.  Further discussion is given regarding the 

choice of catalyst in chapter 2.  

 Catalyst deactivation is another subject that should be discussed when considering 

fuel reforming.  There are three categories of catalyst deactivation: sintering or aging, 

fouling or coking, and poisoning (Fogler, 2002).  Sintering is described as the loss of 

catalytic activity, due to a decrease in catalyst surface area, resulting from the prolonged 

exposure to high gas-phase temperatures.  Deactivation by coking is the result of 

carbonaceous material being deposited on the surface of the catalyst, and thus reducing 

its activity.  Deactivation can also occur when poisoning molecules, such as lead, become 

permanently absorbed onto active catalyst sites, thereby reducing the sites available for 

the catalytic reaction. 

 In literature on the subject, catalysts typically used in the autothermal reformer of 

hydrocarbons have resulted in significant problems with coking and thus warrant further 

discussion.  Coking can easily occur when carbon monoxide is present in the catalyst bed 

at low temperatures (Larminie and Dicks, 2003).  The effect of the carbon monoxide is to 

cover catalyst sites, decreasing the overall catalyst activity.  In order to prevent coking on 

the catalysts used in fuel reforming, it is recommended that in the presence of carbon, 
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reactor temperatures should be kept above 350°C (Kang and Bae, 2006b).  Further 

discussion regarding catalyst deactivation is given in chapter 2. 
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Chapter 2                                                        

Literature Review 

 
There has been a significant amount of work completed in the fuel processing 

field in general.  This chapter will review the literature available in the area of 

autothermal reforming and will include both modeling and experimental research.  The 

review is presented in four sections: the autothermal reforming of iso-octane, reforming 

with surrogates and other hydrocarbons, catalyst options and deactivation, and finally, a 

review of auxiliary power units (APUs) and their applicability when used with 

autothermal reformers.  Appendix A presents a comparative table showing the most 

relevant results discussed in this chapter to the current research. 

2.1 Autothermal Reforming of Iso-Octane 

This section reviews the most appropriate literature concerned with the use of iso-

octane within the scope of autothermal reforming.  Four papers focused on experimental 

research will be discussed first followed by three papers focused on the modeling of iso-

octane reforming. 

The first and most relevant paper to the present study is that completed by Caners 

(2005) who completed an experimental study of autothermal reforming of iso-octane.  

The present work is a continuation of this research.  In Caners (2005) work, experimental 

research was conducted on a packed bed reactor utilizing three concentric cylinders.  The 

intention was to increase heat transfer between the region in which the partial oxidation 

reaction occurs and that in which the steam reforming reaction occurs.  A total volume of 
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1 liter of platinum on ceria catalyst pellets, 5mm in diameter was used.  The pellets were 

housed in the two innermost cylinders. 

The experiments were conducted by varying the atomic oxygen to carbon ratio 

(O/C), the steam to carbon ratio (H2O/C), and the iso-octane flow rate. During these 

experiments, the temperature profiles and reformate composition were both measured.  

Results obtained by Caners are given in Table 2.1.  It should be noted that the 

experimental design, testing processes and consequent results were a major factor in the 

choice of design and methodologies used in this thesis. They will therefore be discussed 

in further detail in Chapter 3. 

Table 2.1: Experimental results from the first generation design of an autothermal reformer for iso-
octane (Caners, 2005) 

Experiment 
Number 

H2O/C 
ratio 

O/C 
ratio 

Iso-octane 
Flowrate 
(mL/min) 

H2  
(Molar %) 

CO  
(Molar %) 

CH4  
(Molar %) 

H2 
Yield 

1 2 1.4 0.5 23.18 1.62 2.23 34.39 
2 3 0.8 0.5 22.87 0.32 6.56 15.87 
3 3 1.4 0.5 23.78 0.89 1.39 25.50 
4 1 1.1 0.5 18.67 1.14 4.89 30.43 
5 2 1.1 2 34.58 5.76 0.71 51.02 
6 3 0.8 2 42.78 2.63 0.58 41.33 
7 1 1.4 2 25.03 9.41 0.02 56.53 
8 2 1.1 1.25 34.37 3.63 1.53 50.17 
9 1 1.1 1.25 27.00 5.66 3.68 52.08 
10 2 0.8 1.25 33.07 1.85 2.73 35.07 
11 1 0.8 0.5 23.16 0.89 9.44 32.67 
12 2 1.4 1.25 29.44 3.98 0.58 47.66 
13 3 1.4 1.25 30.20 2.95 0.21 37.20 
14 3 1.4 2 29.12 4.50 0.00 35.49 
15 1 0.8 2 35.30 7.66 4.09 61.30 
16 2 0.8 2 41.63 3.66 1.12 52.00 

 

A second experimental paper focused on the reforming of iso-octane as a 

surrogate for gasoline over a Pt catalyst on a ceria–zirconia mixed oxide support 

(Villegas et al., 2005).  The experimental apparatus and conditions conducted were of a 
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similar nature and scale to those used in the present thesis. These include the catalyst Pt 

loading, operating conditions and the length of reactor.  Results were obtained using a 

mass Gas Hourly Space Velocity (GHSV) of 150,000h-1.  GHSV is generally defined in 

literature according to the mass or the volume of catalyst and as given by Equations 2.1 

and 2.2. 

 

)(
)/(

)( 1

cccatalystofVolume
hccspeciesinletallofrateflowVolume

hGHSVV =−                   (2.1) 

)(
)/()( 1

gcatalystofVolume
hgspeciesinletallofrateflowMasshGHSVM =−                   (2.2) 

 

Initially, Villegas et al. (2005) performed a thermal neutrality study which 

showed that O/C ratios should remain around one, and that the maximum hydrogen yield 

occurs when the H2O/C ratio is less than three.  The author also performed a study 

wherein  the optimal operating conditions for the autothermal reformer were determined.  

Results of this study for varying the O/C ratio are shown in Figure 2.1.  It should be noted 

that throughout this thesis, the O/C ratio refers to atomic oxygen to atomic carbon ratio 

unless otherwise advised, and not to O2/C ratio which is often reported in literature and 

confused with O/C. 
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Figure 2.1: Iso-octane conversion (X iC8) and product distribution as a function of O/C ratio                     
(experimental conditions: 680 °C, 1.3 vol. % iso-octane, H2O/C = 1.5) (Villegas et al., 2005) 

 

Villegas et al. (2005) found that when the O/C ratio is increased from 0 to 1.5, the 

conversion increases from 60% to 90%. The amount of CO2 formed follows the same 

trend.  The hydrogen production increases to a maximum with increasing O/C up to 0.75, 

and then decreases.  The catalyst was found to deactivate with time in the absence of 

oxygen.  The production of hydrogen fell from 22.7 to 15.3 mL/min in two hours when 

only steam reforming was taking place.  In contrast, it was found that there was no 

deactivation of the catalyst when oxygen was present in the gas feed.  The effects of 

varying the H2O/C ratio were also considered and the results obtained are shown in 

Figure 2.2. 
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Figure 2.2: Iso-octane conversion and product distribution as a function of H2O/C ratio 
(experimental conditions: 680 °C, 1.3 vol.% iso-octane, O/C = 0.8, GHSV =  150 000 h−1) (Villegas et 
al., 2005) 

 
With higher H2O/C ratios, Villegas et al. (2005) found that the hydrogen yield 

increased significantly and that the fuel conversion was not greatly affected.  The author 

attributed this to the  water-gas-shift reaction rates.  Furthermore, as the H2O/C ratio was 

decreased below 0.8, catalyst deactivation became evident. 

Moon et al. (2001) describes an experimental analysis of the autothermal 

reforming of iso-octane using a very similar reformer as well as operating conditions to 

those in the reactor investigated in this thesis.  These include the catalyst volume and the 

reactor length, diameter and material.  The catalyst used was one gram of commercially 

available naphta reforming catalyst, crushed to 230-130mesh.  It was found that by 

increasing O/C ratio, from 0.5 to 2, the hydrogen concentration progressively decreased 

from 67% to 49.5%, while a rise in the CO2 concentration from 15% to 42% was 

observed.  The methane (CH4) concentration remained virtually the same with O/C 

variation.  A summary of these results is shown in Table 2.2. 
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When the H2O/C ratio was increased from 0.5 to 3.0, hydrogen production 

increased from 53.7% to 64.7%.  The H2O/C ratio had a large effect on the CO 

concentration decreasing from 29% at a H2O/C ratio of 0.5 to 11% at a H2O/C ratio of 3. 

The hydrogen concentration remained consistent when the GHSV was varied 

from 4,000 hr-1 to 17,000 hr-1.  When the space velocities were increased to above 17,000 

hr-1 the mole fraction of hydrogen in the product stream decreased while the carbon 

monoxide concentration increased with the most noticeable change occurring at 20,000 

hr-1. 

 

Table 2.2: Approximate results adapted from Moon et al. (2001) for autothermal reforming of iso-
octane 

H2O/C O/C  
 

H2  
(Molar %) 

CO2 
(Molar %) 

CH4 
(Molar %) 

CO 
(Molar %) 

3 0.5 67.3 14.7 2.5 15 
3 1 64.7 24 0.5 11.5 
3 1.5 57 30 1 11.5 
3 2.0 49.5 41.9 2 8 

0.5 1 53.7 21 14 29.0 
1 1 60 21 4 21 

1.5 1 62 21 1 17.5 
2.0 1 64 24 0.5 11 

 
 

As the reactor temperature was increased it was found that the hydrogen 

concentration increased up to a reactor temperature of 700°C. It remained unchanged 

however with further rise in temperature. The carbon monoxide concentration also 

increased with a rise in temperature, from 8% at 550°C to 15% at 750°C. The ideal 

operating conditions were determined to be an O/C ratio of 1.0, a H2O/C ratio of 3.0 and 

a reactor temperature of 700°C.  
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Although it is not stated in the paper by Moon et al. (2001), it was assumed that 

this high level of hydrogen production was achieved by feeding air as a source of oxygen 

and not including the Nitrogen as part of the product composition. 

The most relevant modeling work to this thesis is that completed by Sylvestre 

(2007).  Sylvestre’s work focused on the design and development of the new reactor, and 

created an axisymetric, two-dimensional model of the reformer tested in this thesis.  

Figure 2.3 shows the basis of the Sylvestre (2007) model.  The author tested the effects of 

many different parameters on the reactor performance, including, but not limited to the 

operating conditions, thermal conductivities, porosity of the packed bed and the 

effectiveness factor of the catalyst.   

 

 
Figure 2.3:  A representation of the two-dimension model created by Sylvestre (2007) 

  

Some of the more relevant modeling assumptions made by Sylvestre (2007) are 

the following: 

1. The flow is axis-symmetric, laminar, and steady  

2. A pseudo-homogenous flow condition is imposed in the porous regions 

3. The outer walls of the reformer are heavily insulated and they are therefore 

assumed to be adiabatic 

4. The gases are assumed to be incompressible and to obey the ideal gas law 

5. Catalyst deactivation has been neglected 
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6. Production of lighter hydrocarbons through chemical decomposition has been 

ignored 

A pseudo-homogenous assumption was used in order to simplify the modeling of 

the reactor.  This indicates that the mass of the catalyst is uniformly distributed 

throughout the packed bed and the chemical reactions can be represented as occurring 

everywhere along the catalyst bed.  The flow is then assumed to have only the gas phase 

present.  (Sylvestre, 2007) 

Sylvestre (2007) found that some of the parameters considered had a greater 

effect on results than others. He gave a list of recommendations for further model 

development and for reformer design.  The predicted mole fraction along the catalyst bed 

is given in Figure 2.4 for the model base case (O/C=1, H2O/C=2, inlet temperature: 

500°C, GHSVV=30,000h-1).  Further relevant findings of the research are noted below: 

• The dry hydrogen yield and the fuel conversion efficiency for the base case 

considered were found to be 9.2% and 40.6% respectively 

• The thermal conductivities throughout the model (wall, catalyst and inert 

region) have a large effect on the predicted results 

• Variations in the inlet temperature were found to have a small influence on 

the fuel conversion and dry hydrogen yield of the reformer 

• A H2O/C ratio of 3.0 and an O/C ratio between 1.0 and 1.15 are predicted to 

yield maximum fuel conversion and dry hydrogen yield 

• Increasing the GHSVV results in a higher hydrogen production rate at the 

expense of a reduced fuel conversion and hydrogen yield on an output 

percentage basis 
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• There are variations in the product species concentrations with varying 

effectiveness factors which indicates that the value used in the base case 

may be low and that the use of a constant value for the effectiveness factor 

may not adequately predict the reformer performance 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.04 0.06 0.08 0.1 0.12 0.14 0.16

Axial distance along reactor (m)

M
ol

e 
Fr

ac
tio

n

nCO2
nC8H18
nCO
nH2
nH2O
nO2

 
Figure 2.4: Mole fractions along the reactor bed predicted by Sylvestre (2007) (conditions: O/C=1, 
H2O/C=2, inlet temperature: 500°C, GHSV=30,000 h-1) 

 

It should be noted that although initially included in the model, the centerline 

thermocouple was not included in the final model for various reasons.  This could have a 

significant effect on the predicted results obtained and will be further discussed in 

Chapter 5 along with other detailed results obtained from Sylvestre (2007). 
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Another relevant paper used in the background research for this thesis is the 

modeling work completed by McIntyre (2005).  McIntyre developed an axisymetric, two-

dimensional model of the first generation autothermal reformer constructed in this 

project.  This was done to support the experimental analysis conducted by Caners (2005).  

It should also be noted that this model was the basis for the Sylvestre (2007) model 

described above.  The author found that under the range of conditions, indicated in Table 

2.1, 8.5 to 15.3 moles of hydrogen were produced per mole of iso-octane present in the 

inlet stream. Lower heating value efficiencies (defined in Equation 2.1) were found to 

range from 65% to 85% for the range of operating conditions.   
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One of the more significant findings was that the effectiveness factor had a 

significant role on the reformate.  The effectiveness factor is defined in Equation 2.2.  It 

was concluded that more attention was needed in order to obtain a more accurate 

representation of this value.  

 

ionconcentratbulk   toexposed  wassurfacecatalyst  entire if existing Rate
ratereaction  overall Actual

=eη      (2.2) 
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 It was reported that the highest efficiencies for both yield and fuel conversions 

occurred when the effectiveness factor was high, the atomic oxygen to carbon ratio was 

equal to 1.0, and the steam to carbon ratio was approximately equal to 2.0.                          

When comparing the modeling results of McIntyre (2005) to the experimental 

work of Caners (2005), it was found that there was good correlation between the 

temperature profiles. There were however, large inconsistencies in the peak and average 

temperatures.  Furthermore, it was found that the experimental results and modeling 

predictions for the product composition, the hydrogen yield and the fuel conversions 

were in close agreement.  The model also indicates that fluid recirculation was likely in 

various areas of the reformer. This can easily lead to carbon deposition, catalyst 

deactivation, and inefficient heat transfer between the partial oxidation and steam 

reforming reactions.  This had a significant influence on the design of the current 

reformer and is described in further detail in Chapter 3.   

A paper by Pacheco et al. (2003) discusses a mathematical model describing the 

reaction kinetics and performance for an iso-octane autothermal reformer.  The model 

was validated with experimental results obtained using a reactor with two grams of 

platinum on ceria catalyst.  The reactor was 4.2 mm in diameter and 5 cm in length. 

Pacheco et al. (2003) performed various computational trials where the 

temperature was held between 600°C and 800°C and the reactor pressure was held 

between 5 and 7 bar.  The steam to carbon ratio and the oxygen to carbon ratio were both 

held at 1.43 and 0.84 respectively in order to achieve thermal neutrality for the non-

adiabatic reactor. 
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Figure 2.5: Predicted composition profile along the reformer bed from Pacheco et al. (2003) 
(conditions: O/C=0.84, H2O/C=1.43, reactor temperature: 800°C, GHSVM=15,000h-1) 

   

The authors found a fairly accurate correlation between predicted values, seen in 

Figure 2.5, and experimental values for various operating temperatures and a wide range 

of GHSV’s.   

Due to the similarities between parameters used by Pacheco et al. (2003) such as 

the catalyst used, the reactor design and the fuels tested and the first two reformer designs 

associated with this thesis, the reaction kinetics described by Pacheco et al. (2003) were 

the basis of both the McIntyre (2005) and Sylvestre (2007) models.  The reaction 

mechanism developed by Pacheco et al. (2003) is as follows: 

 

i)   Oxidation:   C8H18 + 12.5O2  8CO2 + 9H2O 

ii)  Steam Reforming A: C8H18 + 8H2O  8CO + 17H2 

iii) CO2 Reforming:  C8H18 + 8CO2  16CO + 9H2 

iv) Steam Reforming B: C8H18 + 16H2O  8CO2 + 25H2 

v)  Water-Gas-Shift:  CO + H2O  CO2 + H2 
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This mechanism is used throughout this thesis in order to help predict and 

describe the reformer characteristics.  It should be noted that one of the major 

disadvantages of using this simple reaction mechanism is that it does not account for the 

formation of lighter hydrocarbons that have been shown to exist in the reformate of 

autothermal reformers (Roychoudhury, 2005).  This was therefore a potential source of 

error when comparing results from the experimental apparatus to those predicted by the 

model and is discussed further in Chapter 5. 

 

2.2 Reforming with Surrogates and other Hydrocarbons 

There are many fuels available for use in catalytic autothermal reforming.  This 

section of the literature review discusses three papers that analyze autothermal reforming 

of surrogates and other hydrocarbons.  In the first paper, the impact of using surrogates is 

analyzed along with gasoline and diesel autothermal reforming.  The following two 

papers describe the reforming of other fuels.  The general characteristics of autothermal 

reforming for various hydrocarbons are all similar in nature, and are therefore relevant to 

the current research.  Also, since a surrogate fuel for gasoline (iso-octane) is the focus of 

this thesis, a comparison of the results with fuels and their surrogates is needed.  

An in-depth study on the use of gasoline and diesel for autothermal reforming as 

well as their surrogate fuels has been recently conducted by Kang and Bae (2006a).  

These authors analyzed the use of gasoline (C7H13.9O0.1) and diesel (C11.6H19.5) versus 

their surrogate fuels (C8H18 and C16H34) to determine the differences in the product gas 

concentrations.  The packed bed type reactor consisted of a 0.5 weight percent Pt catalyst 

crushed into granules with a comparable diameter (~0.5mm) to the catalyst utilized in the 
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present work (~0.28mm).  Experiments were undertaken at a space velocity of 5000 h−1.  

Figure 2.6 and Figure 2.7 show the results obtained by Kang and Bae (2006a) for 

gasoline, diesel and their surrogates with varying inlet temperatures. 

 

 

Figure 2.6: Comparison of product distribution for gasoline and C8H18 (H2O/C = 1.25, O2/C = 0.5, 
GHSV= 5000 h−1) from Kang and Bae (2006a) 

 

 

Figure 2.7: Comparison of product distribution for diesel and C16H34 (H2O/C = 1.25, O2/C = 0.5, 
GHSV= 5000 h−1) from Kang and Bae (2006a) 
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It was reported by these authors that at higher temperatures there was a fairly 

good agreement between the product composition for gasoline and iso-octane.  However, 

at lower temperatures, the differences for CO and CO2 molar percentages started to 

become very significant.  Kang and Bae (2006a) noticed that there was a large difference 

in the product gas concentrations obtained with diesel and with its surrogate fuel C16H34.  

In an attempt to create a better agreement between results with the fuels and their 

surrogates, the authors synthesized new surrogate fuels for experimental testing.  The 

compositions of these new surrogate fuels can be seen in Table 2.3.   These synthetic 

fuels were tested under the same experimental conditions as the surrogate fuels to 

determine the effect of the different composition.  The results are given in Figure 2.8 and 

Figure 2.9.   

 

Table 2.3:  Composition of synthetic fuels created by Kang and Bae (2006a) 

Simulated Gasoline Simulated Diesel 
Iso-Octane (C8H18): 50% by Volume Dodecane (C12H26): 70% by Volume 

Hexane (C6H14): 20% by Volume Methyl Naphthalene (C11H10) 30% by 
Volume 

Toluene (C7H8): 10% by Volume  
MTBE (C5H12O): 10% by Volume  
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Figure 2.8: Comparison of product distribution for gasoline and the new synthetic fuel obtained by 
Kang and Bae (2006a) (H2O/C = 1.25, O2/C = 0.5, GHSV= 5000 h−1). 
 
 
 

 
Figure 2.9: Comparison of product distribution for diesel and the new synthetic fuel obtained by 
Kang and Bae (2006a) (H2O/C = 1.25, O2/C = 0.5, GHSV= 5000 h−1).  

 
 

Kang and Bae (2006a) reported comparable fuel conversions and hydrogen yields 

for the synthetic fuels used.  The results of the study indicate that a better estimate of 
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product composition can be found by utilizing the new synthetic fuels for comparisons 

with commercial fuels. 

In another paper by Kang and Bea (2006b) an investigation of the effects of 

operating conditions on the autothermal reforming of the surrogate fuel for Diesel 

(C16H34) was undertaken.  The reactor tested was 2 inches in length utilizing Pt on Ceria 

catalyst pellets with diameters ranging from 0.25mm to 0.71mm.   

The effects of three main parameters were used to characterize the reformer 

performance, these being temperature, O2/C16 and H2O/C16.  The hydrogen yield peaked 

at a temperature of 850°C while very poor fuel conversions were observed at 

temperatures lower than 750°C.  Although thermal neutrality was determined to exist 

when O2/C16 = 5.78, a higher value was determined to be necessary for practical reasons, 

such as the self-sustenance of the reactor.  The results obtained by varying the oxygen to 

carbon ratio are shown in Figure 2.10. 

 

 

Figure 2.10: The effect of O2/C16 on product gases for the autothermal reforming of C16H34 obtained 
by Kang and Bae (2006b) (conditions: C16H34 = 0.057 ml/min, H2O/C16 = 20, temperature=850°C, 
GHSV= 5000h-1) 
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It was found that, contrary to predictions, as the H2O/C16 ratio increased the 

temperature in the catalyst bed remained constant and the molar percent of hydrogen in 

the product stream only increased slightly.  It was assumed this was due to the water gas 

shift reaction (WGS) consuming the H2O instead of the steam reforming reaction.  The 

results obtained by varying the steam to carbon ratio are shown in Figure 2.11.  The 

conversion percentages are also given in Figure 2.10 and Figure 2.11.     

 

 

Figure 2.11: The effect of H2O/C16 on product gases for the autothermal reforming of C16H34 
obtained by Kang and Bae (2006b) (conditions: C16H34 = 0.057 ml/min, O2/C16 = 12, 
temperature=850°C, GHSV= 5000 h-1) 

 

The conversion percentages above 100% can be attributed to the method used to 

calculate these values.  Theoretically, fuel conversion is calculated using Equation 2.3 but 

for several practical reasons, such as limitation of gas analysis and the removal of liquid 

hydrocarbon during the water condensation process, a carbon balance method was used 

as given in Equation 2.4. 
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100(%) ×=
usedFuel

reactedFuel
conversionFuel                                        (2.3) 

usedfuelinCarbon
COandCOinatomscarbonofnumberTotal

conversionFuel 2(%) =           (2.4) 

 

A paper by Ahmed and Krumpelt (2001) investigated the potential of different 

fuels for use in an autothermal reformer from a thermoneutral perspective which is ideal 

in autothermal reforming.  The authors calculated the maximum theoretical efficiencies 

for numerous hydrocarbon fuels.  The results are given in Table 2.4 and were obtained 

using Equation 2.1.  Ahmed and Krumpelt (2001) also conducted an experimental 

analysis of several fuels, concluding that heavier hydrocarbons resulted in lower 

efficiencies, verifying the authors predicted results shown in Table 2.4. 

 

Table 2.4: A comparison of different fuels for the use in autothermal reforming from a 
thermoneutral perspective (Ahmed and Krumpelt, 2001) 

Fuel Compound Form LHV Efficiency (%) 
Methanol CH3OH(l) 96.3 
Methane CH4(g) 93.9 

Acetic acid C2H4O2(l) 94.1 
Ethane C2H6(g) 92.4 

Ethylene glycol C2H6O2(l) 95.2 
Ethanol C2H6O(l) 93.7 
Pentene C5H10(g) 90.5 
Pentane C5H12(g) 91.5 

Cyclohexane C6H12(l) 90.7 
Benzene C6H6(l) 88.2 
Toluene C7H8(l) 88.6 

Iso-Octane C8H18(l) 91.2 
Gasoline C7:3H14:8O0:1(l) 90.8 
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2.3 Catalysts and Autothermal Reforming 

This section contains a review of the catalyst available for use in autothermal 

reforming.  Two main topics are covered; choice of catalyst in autothermal reforming and 

its effects on the operating conditions, and the effect of catalyst deactivation in fuel 

reforming. 

Krumpelt et al. (2002) conducted tests with several different catalysts.  They 

examined the conversion rates of iso-octane and hydrogen yield at different temperatures 

for each catalyst.  All metals investigated, except Ag, were shown to achieve conversions 

greater than 95% at 600ºC and a space velocity of 3000 h-1.  The highest values for H2 

selectivity (a measure of H2 produced over the maximum H2 possible) were for Ru, Pd 

and Pt catalysts.  These three catalyst on ceria provided high performance characteristics 

over a broad range of temperatures as can be seen from the results given in Figure 2.12.  

The performance of these catalysts at low temperatures is advantageous in reforming of 

fuels since less high temperature materials and equipment are needed.   
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Figure 2.12: Conversion of iso-octane exhibited by various transition metals supported on                    
doped ceria from Krumpelt et al. (2002) (conditions: O/C = 0.46, H2O/C = 1.14, GHSV = 3000 h−1)  

 

A paper by Mawdsle (2004) focused on the effect of the type of catalyst used in 

autothermal reforming by testing various performance properties with different monolith 

catalysts, including Rh, Rh-Pt and Pt.  Monoliths coated with Rh or Rh-Pt produced 

reformates from sulfur-free gasoline with a higher H2 percent yield (8.7 and 9.3 moles of 

H2 per mole of gasoline, respectively) than the monolith coated with only Pt (2.5 moles 

of H2 per mole of gasoline) as shown by the results given in Figure 2.13. 
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Figure 2.13: Comparison of H2, CO, CO2, and CH4 yields for different catalyst from Mawdsle (2004) 
(yields produced from <450 ppb sulfur gasoline at 700°C) 
 

 

The results show that the type of catalyst can play a large role in determining the 

performance of autothermal reformers.  In this case (sulfur-free gasoline reforming using 

a monolith catalyst) the Rh-Pt catalyst provided the best results for reformate yield.  

Mawdsle (2004) obtained results, shown in Figure 2.14, on the sulfur tolerance of the 

catalyst. 
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Figure 2.14: A sulfur tolerance comparison for a Pt on Ceria monolith in reformate produced from 
<450 ppb sulfur and 30 ppm sulfur gasoline’s from Mawdsle (2004) 
 

 

It was reported that during the first 48 hours with sulfur-free gasoline the H2 

concentration decreased from 58.2 to 54.8 volume percent which represents a 6% 

decrease. The fuel was then switched to gasoline with 30 parts per million (ppm) sulfur 

for the next 48 hours. The H2 concentration decreased further to 49.8 volume percent 

representing a 10% decrease over 48 hours, indicating that sulfur in the fuel was 

poisoning the catalyst.  The most noticeable difference was the temperature jump from 

approximately 720°C to 850°C when the sulfur was introduced.   

Another paper investigated catalyst deactivation due to thermal sintering, coking 

and poisoning (Gudlavalleti, 2007).  The effect of catalyst deactivation by reforming 

methane over an 80 cm long commercially available monolithic catalyst bed was 

investigated.  The reference conditions for the experiments were an O/C of 0.88 and a 

H2O/C of 1.0.  Thermocouples were placed throughout the bed and temperatures were 
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recorded every 100-150 hours in order to asses the aging effect on the catalyst.  Results 

obtained by the authors can be seen in Figure 2.15.   

 

 

Figure 2.15: Evolution of temperature profile of catalyst measured under reference conditions after 
various durations of thermally accelerated aging from Gudlavalleti (2007) (the lines connecting the 
measurement points are meant for grouping, and not to indicate the actual temperature variation 
between those points) 

 

The experimental data from this study were then used to develop a model to 

predict the effects of the catalyst aging process.  Using this model, estimates of the 

catalyst bed temperature after 10 years of continuous operation were made and can be 

seen along with the experimental results in Figure 2.15.  Gudlavalleti et al. (2007) 

reported that there was a significant increase in temperature with time along specific 

lengths of the reactor bed suggesting a reduction in the endothermic steam reforming 

reaction rate.   
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2.4 Autothermal Reformer and Auxiliary Power Units 

In this section an outline of auxiliary power units (APUs) and their application to 

the transportation industry as well as a brief discussion on potential fuel cells and fuel 

possibilities will be given.  

Fuel cell based auxiliary power units are promising alternatives to conventional 

motor/generator technologies in providing a means of generating electrical power for 

various applications.  These APUs have the potential to provide the electrical, heating 

and even water requirements for applications such as the transportation industry, remote 

power generation and even in the aerospace industry (Aicher, 2006).  For the purpose of 

this research the focus application is on the long haul trucking industry.  

Long haul diesel trucks are an ideal application for auxiliary power units.  The 

truck engines often remain idling even while at rest to provide the electrical needs of the 

cabin and container.  While idling, these engines that were designed to haul large loads 

over long distances operate at very low efficiencies resulting in poor fuel economy, 

higher levels of greenhouse gas emissions and increased wear and tear on the engine 

itself.  A fuel cell based APU has the ability to provide the needs of the electrical system 

instead of extracting power directly from the engine while idling, providing both 

economic and environmental benefits.   

Many fuel cell technologies are available; the most appropriate ones for use in 

APUs are low temperature proton exchange membrane fuel cells (PEMFC), molten 

carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) (Aicher, 2006). Since 

high-temperature fuel cells like MCFC and SOFC can tolerate carbon monoxide in the 

feed gas, the reformer reactor product gas can be supplied directly to the fuel cell.  
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Another benefit of these high temperature fuel cells is the potential to include heat 

transfer equipment to optimize the reforming reaction or to provide any heating 

requirements for the truck.  In low temperature PEM fuel cells on the other hand, carbon 

monoxide is considered a poison to the catalyst.  Therefore, reformer product gas needs 

to be reduced prior to entering the fuel cell.  

Most vehicles operate on liquid hydrocarbons like gasoline or diesel.  Therefore, 

these on-board fuels should be used to fuel the APU to keep fuel logistics simple.  One of 

the major barriers to the commercialization of these fuel cell based APUs is the sulfur 

content present in liquid hydrocarbons.  Sulfur can pose a major problem for all catalysts 

in the system including the reformer, fuel cell and pre or post processing that utilizes 

catalysts.  It has been recommended by fuel cell suppliers that sulfur content should 

remain below 1 part per million, by weight (ppmw), in the feed gas (Aicher, 2006).  This 

is a large decrease from the 300ppmw average in typical diesel fuels (Livo, 2006).  The 

removal of sulfur from fuels is not an easy process and is usually not economically viable 

for smaller on-board power units.  The most viable solution is to reduce the sulfur levels 

in the fuel refineries.  This is a favorable solution since it would not only allow for these 

APUs to operate but would also reduce the green house gas emissions from the engines 

normal usage. 
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Chapter 3                                                        

Reformer Design 

 
This chapter provides a general overview of the research development that has 

been completed and a description of the design process for the new autothermal reformer.  

First, an overview of the research focusing on the development of auxiliary power units is 

given.  An analysis of the first reformer design and its results is then provided as it had a 

significant influence on the current study.  Finally, the new autothermal design and 

assembling procedure is discussed. 

 

3.1 Overview of Project Development  

The area of research that this study falls under is focused on developing 

technology for on-board fuel cell powered auxiliary power units.  One of the main target 

applications for these units is the long haul trucking industry where the potential for 

reduced fuel consumption, increased engine life and lower GHG emissions is large.   

These APUs would utilize conventional fuels such as diesel or gasoline to 

generate a hydrogen-rich gas mixture that would be fed to a high temperature fuel cell.  

The most likely type of fuel cell for this application is the micro-tubular solid-oxide fuel 

cell (SOFC) due to its fast startup time and small, durable design (Auto 21, 2006).    

A number of technical challenges must be resolved before commercialization of 

this type of APU can be successful.  In order to achieve good high efficiencies, the fuel 

processor and fuel cell should be closely linked in terms of heat recovery and fuel 

utilization.  For practical reasons, the SOFC must be able to start quickly and withstand 
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both thermal transients and mechanical vibrations.  The final major technical difficultly is 

the requirement for the development of advanced compact reformer designs and is the 

focus of this thesis.  

A first generation autothermal reformer (ATR) was designed and modeled by 

Middleton (2004), McIntyre (2005) and Caners (2005).  In this section, the design and 

operation characteristics of the ATR are examined.  This information is then used for the 

design and development of a new autothermal reformer. 

3.1.1 First Generation Autothermal Reformer 

The first autothermal reformer was designed and built as a thesis project at the 

Royal Military College (RMC) of Canada by Middleton (2004).  The reformer testing 

was completed by Caners (2005) at the Fuel Cell Research Centre (FCRC).  The testing 

of this reformer was continued after Caners as a part of this thesis. The aim was to 

acquire a better understanding of the experimental apparatus and characteristics of 

autothermal reforming.  Throughout this process, computer models were developed in the 

Mechanical and Materials Engineering department at Queen’s University in order to aid 

in the development and testing of the ATR design. 

There were several important objectives identified for the development of the 

ATR by Middleton (2004), including: 

• Resistance to corrosion, thermal cycling, hydrogen embrittlement 

• Adequate heat supply to drive the steam reforming reaction 

• Minimal heat loss to the environment 

• Acceptable reactor dimensions and conditions in order to achieve plug flow 
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All of these issues are important for good ATR performance.  Plug flow, is also 

important for simplified analysis and modeling and will be discussed in greater depth 

later in this chapter.  The design, seen in Figure 3.1, utilized three concentric cylinders in 

which the fluid flow would follow an “S” pattern through the reformer.  The aim of this 

design is to encourage heat transfer from the primary (or innermost) cylinder, where the 

partial oxidation reaction occurred, to the secondary (or intermediate) cylinder, where 

steam reforming is expected.  Only the two innermost cylinders contain catalyst and are 

therefore where the reactions occur.  The third concentric cylinder is used to increase heat 

transfer to the steam reforming reaction.  

 

 
Figure 3.1: Assembly drawing of the ATR designed and developed by Middleton (2004) 

 

The autothermal reformer was designed with materials that could withstand large 

temperature changes, hydrogen embrittlement and corrosion, as the reaction conditions 
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within the reformer were extreme.  During experimentation, the ATR was also covered 

with high-temperature insulation in order to improve efficiency.   

Plug flow conditions were the limiting factor in the reformer dimensions, and 

were directly affected by the catalyst used.  The catalyst chosen was a proprietary catalyst 

developed by Argonne National Laboratories.  This commercially available catalyst is 

made up of Pt/CeO2 (1% Pt) impregnated on standard gamma-alumina (γ-Al2O3) 

substrate particles with an average diameter of 5mm.  This catalyst was selected for it’s 

similarity to the catalyst used by Pacheco et al. (2003) which the model was based upon.  

The plug flow conditions used were then adapted by Caners (2005) and McIntyre (2005) 

from a paper by Mears (1971) and can be seen Equations 3.1 and 3.2.       

 

  10
diameterpellet Catalyst 

distance  wall to wallMinimum
≥                                            (3.1) 

30
diameterpellet Catalyst 

length)path  gas (totallength Reactor 
≥                                      (3.2) 

 

The Mears Criteria and catalyst pellet diameter were the determining factor in the 

reformer’s dimensions.  The final reformer dimensions are given in Table 3.1 and a 

schematic of the catalyst regions and thermocouple locations is given in Figure 3.2. 

 

Table 3.1: Dimensions of the concentric cylinder design by Middleton (2004) 

Region Length (mm) Inner Diameter 
(mm) 

Outer Diameter 
(mm) 

Inlet Pipe 51 13 17 
Outlet Pipe 51 13 17 
Primary Cylinder 127 51 60 
Secondary Cylinder 114 111 114 
Outer Cylinder 156 152 162 
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Figure 3.2:  Cross sectional view of the ATR designed by Middleton (2004) with catalyst regions and 
thermocouple locations 

 

3.1.2 Reformer Results and Problems 

This section briefly discusses some of the results obtained using the first reformer, 

and then reviews some of the design flaws that were found along with possible causes. 

A wide range of experimental conditions were tested by Caners (2005) by varying 

the inlet species temperature, the O/C ratio, H2O/C ratio and the iso-octane flow rate.  A 

list of experimental conditions considered can be seen in Table 2.1 along with some 
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results obtained.  The author reported fuel conversion percentages that ranged from 69% 

to 97% and dry hydrogen output percentages that ranged from 26% to 62%. 

In analyzing the results from the ATR model developed by Middleton (2004), two 

major reformer design flaws were found.  It was determined that using concentric 

cylinders to transfer heat from the partial oxidation reaction (occurring in the inner 

catalyst region) to the steam reforming reaction (in the outer catalyst region) was not 

working as efficiently as intended.  It was found in the models created by McIntyre 

(2005) that a lot of the heat generated from the partial oxidation reaction was lost to areas 

in the reformer that did not contain catalyst.  This can easily be seen in a contour plot 

from the model of the ATR that is given in Figure 3.3.  In the section labeled “Area in 

Question” one can see that the heat losses to the catalyst free zones are significant. 

 

 

Figure 3.3: Temperature contour plot, in degrees Kelvin, of the first ATR from a model created by 
McIntyre (2005) (Note: contour plot is an axisymetric, two-dimensional representation of the ATR) 
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The second problem associated with the concentric cylinder design was the 

placement of the thermocouples.  A temperature profile inside the reactor was measured 

using fifteen thermocouples inserted along the fluid pathway as seen in Figure 3.2.  These 

thermocouples showed large temperature gradients along the entire reformer, specifically 

the beginning of the catalyst region.  Adding to the problem, the thermocouples were not 

placed along the centerline of the catalyst where the peak temperatures are expected.  

Taking into account these design flaws, the actual temperature distribution in the ATR 

and the location and rate of the chemical reactions along the catalyst bed were difficult to 

obtain accurately. 

 

3.2 New Autothermal Design 

This section of the thesis describes the design process associated with the new 

autothermal reformer and its most important design features.  Finally, issues concerning 

the assembling procedure for the reformer are outlined. 

3.2.1 Reformer Design Process 

Using the information acquired from the first generation reformer, new goals and 

design criteria were proposed.  It was determined that in order to gain a better 

understanding of the reaction kinetics and heat transfer within the reactor, a simplified 

design would be necessary.  Furthermore, in order to gain a better estimate of reactor 

performance while increasing the comparability with computational models, a more 

detailed temperature profile would be required.  A new set of design criteria were 

identified with respect to the ATR as follows: 
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• A simplified design  

• Materials should be resistant to corrosion, thermal cycling and hydrogen 

embrittlement 

• A more detailed temperature profile measurement along the catalyst bed 

• Reactor dimensions and conditions that would allow the plug flow 

assumption 

• Sufficient heat supply to drive steam reforming 

• Minimal external heat loss  

• Ability to easily adjust reformer size and catalyst bed length 

 

With these issues in mind, a new autothermal reformer was designed with some 

distinctive characteristics.  A schematic of the proposed design can be seen in Figure 3.4.  

 The catalyst used had a large impact on the reformer design, primarily due to the 

plug flow requirements.  The catalyst selected was a proprietary platinum on ceria (2% 

Pt) manufactured by NexTech Materials Inc. for high temperature fuel reforming 

reactions.  This catalyst was very similar to that used in the first reformer as well as the 

catalyst used in the reaction kinetics experiments by Pacheco et al. (2003).  The main 

advantage of this catalyst is its small average diameter, approximately 0.29mm, allowing 

for a smaller, more simplified reformer design. 
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Figure 3.4: Schematic of the new proposed design for the autothermal reforming of iso-octane 

  

In an attempt to make the modeling of the ATR as accurate and simplified as 

possible, plug flow conditions were adopted. This prevented recirculation and channeling 

in the catalyst bed.  Plug flow is said to be achieved when the ratio of the reformer 

diameter (or wall to wall distance) to the catalyst pellet diameter is greater than 10 and 

when the ratio of the reformer bed length to the catalyst pellet diameter is greater than 

600 (Mears, 1976).  For reasons described later, a 1/8” O.D. tube was placed along the 
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centerline.  Therefore, in order to satisfy the Mears Criteria (1976) for plug flow, a 

9.5mm (3/8inch) diameter tube was used for the reformer with a catalyst bed length of 

12cm.  These dimensions also satisfy the plug flow criteria used in the first ATR that 

were described in Equations 3.1 and 3.2. 

 In order to achieve a uniform velocity profile in the reformer before the catalyst 

bed an inert porous region 3cm in length was added.  Typically, low-surface-area 

materials such α-alumina and silicon carbide (SiC) are preferred as inert solids in fuel 

reforming (Berger, 2002).  For the purpose of this project, SiC was chosen as the inert 

solid because of its good heat transfer properties.  The SiC was sieved to approximately 

the same diameter as the catalyst pellets using 100 mesh and 60 mesh screens.  Another 

3cm long region of SiC was added after the catalyst bed.   The catalyst bed was held in 

place using a 100 mesh screens (approximately 0.15mm holes) made of Inconel 600.  It 

was later determined that a screen was necessary at the entrance of the reformer as well to 

prevent the catalyst and SiC from traveling upstream.  Both screens were held in place by 

trapping them between the 3/8” reactor tube and Swagelok fittings.  It should be noted 

that all tubing and Swagelok connections in the region close to the reformer were made 

from Inconel 600 due to the high temperatures reached in these regions. 

 One of the main advantages of the new reformer design was that it allowed for a 

small centerline tube to be inserted along the entire length of the bed, as shown in Figure 

3.4, so that centerline temperature measurements could be made.  A custom made 

multipoint thermocouple was used to obtain these readings.  This allowed for detailed 

centerline temperature readings at any given point along the bed.  The multipoint 

thermocouple was mounted on a stand below the reformer casing where it could be 
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manually adjusted to the desired position along the bed.  There were several options 

considered when determining how to seal the centerline tube in place.  It was established 

that by using specialty high temperature breakable seals it would be possible to 

disassemble the autothermal reformer.  This is a particularly advantageous design feature 

as it allows for new catalysts to be put into the reactor easily and allows changes to 

reformer parameters such as catalyst length or reactor diameter, to be done quickly and 

easily.  This therefore permits for the testing of more extreme experimental conditions 

where the potential for coking of the catalyst would be high and also allows for the 

testing of different reformer dimensions (diameter and length). This could be used to 

greatly improve the accuracy of the model.  

In order to prevent the centerline tube from having negative heat transfer effects 

on the reactor, a very low flow rate (approximately 0.25mL/min) of inert nitrogen was 

fed from the top of the tube.  Various flow rates of nitrogen were tested to see the effect 

on the reactor and are discussed in chapter 5. 

 In order to achieve a better estimate of the temperature profile along the catalyst 

bed, wall thermocouples were attached to the outside of the reactor.  Four multipoint 

thermocouples were used to measure the outside wall temperature at 0.635mm (0.25”) 

intervals for a total of 24 measurements.  The wall thermocouples were attached by 

wrapping them in flexible, high temperature Ni-Chromium wire as shown in Figure 3.5.   
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Figure 3.5: Picture of the new autothermal reformer with wall thermocouples 

 

In order to increase the contact surface between the reformer wall and 

thermocouples, four grooves were milled into the reactor wall with the same radius as the 

thermocouples.  These grooves also helped with the positioning on the thermocouples.  

The Solid Edge drawing of the reactor and grooves that was used to machine this part is 

included in Appendix F. 

Table 3.2 lists all major components of the reactor along with important 

dimensions, the source of the component and additional information. 
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Table 3.2: A list of all major ATR components with additional information 

Component Length 
(cm) 

Inner 
Diameter 

(in) 

Outer 
Diameter 

(in) 
Source Additional 

Information 

Reactor tube 18 0.305 3/8 Fuel Cell 
Technologies 

Four grooves 
milled on 

outside wall 
Centerline tube 90 0.085 1/8 Micro Group 

Inc. 
Thin-walled 

tubing 
Centerline 
thermocouple 

30.5 N/A 1/16 Armatek 
Controls Ltd. 

3 points,  
k-type 

Wall 
thermocouples 

10 N/A 1/8 Watlow 6 points, k-
type with 90º 

bends 
Fittings N/A N/A N/A Swagelok and 

Conex 
Breakable 

“Lava” seals 
(from Conex) 

Catalyst 
Screens 

N/A 1/8 3/8 Cleaveland 
Wire Cloth 

100 Mesh 
screens, cut to 
size in-house 

 

All the design goals were achieved with this new autothermal reformer.  Most 

importantly, detailed measurements of the wall and centerline temperature profiles are 

possible and the ability now exists to easily change the catalyst bed or reactor 

dimensions. 

3.2.2 Reformer Assembling Methods 

During the experimental research, the autothermal reformer was taken apart and 

reassembled on a number of occasions.  This section briefly explains some of the reasons 

behind this and also some important issues that should be noted for these changeovers.  

There were two main causes for the disassembling of the reformer apparatus 

during the experimental work.  The most frequent reason was due to carbon formation in 

the catalyst bed.  On several occasions a consistent rise in the pressure drop across the 

bed was noticed while all controlled variables remained constant.  It was predicted that 
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this was caused by coking (carbon formation on the catalyst) that was occurring on the 

reformer bed and that new catalyst was therefore required.  Since it is impossible to 

actually confirm carbon deposition without taking the reformer apart, several methods 

were used to predict the need for a new catalyst bed including a sudden rise in pressure 

drop, unexpected product yields and general experimental experience.  It was predicted 

that this coking was caused by low operating temperatures, O/C ratios and H2O/C ratios 

which are generally the result of iso-octane flashing which is discussed further in chapter 

4. 

The second most common cause for disassembling the reformer was the 

requirement for accurate catalyst bed volume and weight measurements.  A fairly precise 

estimate of the length and location of the catalyst bed was necessary in order to obtain 

reliable experimental data.  This required accurate measurements of both the catalyst and 

SiC volume.  Initially, measurements were found to be very inaccurate due to the fact that 

when the catalyst is in the reformer it settles over time due to high pressures and small 

vibrations.  After rebuilding the reformer a few times this problem was solved by packing 

the catalyst and the SiC using the same method for both the volume measurement and the 

reactor loading.  Another issue was found to cause variations in the catalyst bed lengths.  

On several occasions it was noticed during the disassembling process that the packed bed 

had moved upstream slightly.  It was determined that the pressure induced from the 

combustor in the exit stream of the reformer during lower operating flow rates caused a 

disruption in the catalyst bed and inert pellets.  This was solved by adding a screen to the 

top of the packed bed, lowering the air flow in the combustor, and also preventing any 

backflow from occurring by shutting the exit valve off while the experiments were not 
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taking place.  It should be noted that it was fairly obvious if the start of the catalyst bed 

was not in the desired position from the temperature profile during experiments.   

Although the catalyst manufacturer reported mesh sizes of 100 to 45 for the 

catalyst particles, it was noticed that some smaller particulate was contained in the 

catalyst as supplied.  This caused an increase in the pressure drop along the catalyst bed.  

Once this was noticed, every catalyst sample used was placed between two 100 mesh 

screens and had air blown through it to remove any particles smaller than 100 mesh.   

It was also noticed that after performing several experiments at high temperatures 

and then attempting to disassemble the reactor, it was very difficult to loosen the fittings 

and separate some of the parts due to galling.  Galling can occur when metal parts form 

tiny welds or roughened surfaces due to extreme temperature or friction (Ling and Saibel, 

1957).  Although high temperature materials were used to prevent this, galling was still 

apparent.  Initially, the parts were separated with difficulty using penetrating lube and a 

lot of force.  Once the cause of the problem was identified, a product from Swagelok 

called Silver Goop, which is used to prevent galling on high temperature alloys, was 

found to solve this problem for the most part. 
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Chapter 4                                                        

Experimental Apparatus and Methodology 

 

This section of the thesis describes the experimental equipment used in the 

present study and describes how it functions together.  It also explores the methodology 

employed to characterize the reformer built.  First, the experimental apparatus is 

discussed in greater detail. This is followed by a description of how the experimental 

equipment was organized.  The method used to determine the operating conditions for the 

autothermal reformer will conclude the discussion in this area. 

4.1 Experimental Equipment 
 

A wide range of experimental equipment was required to operate and analyze the 

autothermal reformer.  The major components of the apparatus used are given in Table 

4.1.  It should also be noted that a great deal of time and effort was spent assembling, 

troubleshooting, and fixing the analysis and supply equipment as well as the reformer 

itself.  This thesis provides only a brief overview of the problems encountered and their 

solutions.   

 

 

 

 



 52

Table 4.1: A description of the major experimental equipment used for the control and operation of 
the autothermal reformer. 

Equipment Description/Source 
SCXI Data Acquisition National Instruments SCXI-1000 

Safety Box Custom  
Air Mass Flow Controller Brooks 5850E Model A239 

Nitrogen Mass Flow Controller MKS Model M100B24C 
Nitrogen Purge Mass Flow 

Controller 
Brooks 5851E Model A14B 

Fluid Pumps (Master and Slave) Gilson 305 and Gilson 306 
Computer Windows XP Operating System 

LabView Software Version 6.1 
Gas Chromatograph SRI Model 8610B 

Gas Chromatograph Analysis 
Software 

PeakSimple 3.12 

Mass Flow Meter Aalborg Model GFM171 
Condenser Custom  

Catalytic Converter Custom  
Air and Fuel Heating Tape 

Controllers 
Custom  

Inlet Heating Tape Controllers Barnant Temperature Controller 
Electrical Heating Tape HTS/Amptek Heavy AMOX Insulated Duo-Tape 

Back-Up Power Unit APC LS 700 
Condenser Temperature Controller Cole-Parmer Polystat 

Condenser Chiller PolyScience Model KR-80A 
Inlet Pressure Transducer Omega PX212-200GV (200 psig) 

Outlet Pressure Transducer Cole-Parmer Model 68074-08 (25 psig) 
 

 

Most reactant and gas chromatograph fluids were purchased through commonly 

used distributors as shown in Table 4.2.  Some of the more commonly used gases such as 

Nitrogen and Air were obtained from an in-house supply. 

Table 4.2: A listing of raw materials and sources used in the experiments 

Fluid Source 
Air House 

Nitrogen House 
Distilled Water House 

Iso-octane Fisher Scientific 
GC Sample Gases Fuel Cell Technologies 
 GC Carrier gas Praxair 
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Since the accuracy of the equipment has a large affect on the level of 

experimental control and the consequent results, the calibration of the equipment used 

required thorough consideration.  The calibration of the mass flow controllers (MFC), 

fluid pumps, pressure transducers and gas chromatograph (GC) were of high importance 

and are described in further detail below. 

The specifications of the three mass flow controllers used can be seen in Table 

4.3.  Initially, the MFCs were calibrated using information from previous experiments 

and a J&W Model ADM2000 flow meter.  Since the air MFC had a significant effect on 

the experimental results, a Molbox RFM from DH Instruments was used to increase the 

accuracy of the flow control and measurement.  The Molbox RFM is reported to be 

accurate to ±0.25% for the fluids used (DH Instruments, 2007).  It took into account the 

working fluid, pressure and temperatures.  The data collected from the Molbox to 

calibrate the air MFC is given in Appendix E.  The MFCs were then calibrated using the 

Molbox by deriving a linear relationship between the flow rate and the output voltages.  

This was then used to control and measure the flow rate of the fluid by inputting the data 

into the LabView software as described in Appendix B. 

 

Table 4.3: Specifications of the three mass flow controllers used 

MFC Type Fluid Range Calibration device 
Brooks 5850E Air 20SLPM Molbox RFM-M 

MKS Nitrogen 20SLPM J&W Flowmeter 
Brooks 5851E Purge Nitrogen 50SLPM J&W Flowmeter 

 
 

The accuracy of the water and fuel pumps also had a significant influence on the 

experimental accuracy.  Gilson high performance liquid chromatography (HPLC) pumps 
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were used to minimize the error.  Initially, there was some difficulty with both the water 

and iso-octane pumps, with bubbles apparent in the feed lines at low flow rates.  Several 

different solutions were attempted, but the problem was eventually solved by degassing 

the fluids with house nitrogen and increasing the pump stroke displacement.  The 

accuracy of the pumps was reported to be ±0.2% for the working fluids used and 

operating conditions considered in this study.  This was confirmed by allowing the pumps 

to run for several hours at comparable flow rates and measuring the volume of the output.   

The inlet and outlet pressure transducers were already calibrated when obtained.  

The accuracy of the pressure transducers were confirmed using a Winters analog pressure 

gauge, accurate to ±2 psi.  These calibration factors were used to derive a linear 

relationship with voltage, which was then input into the LabView software. 

Calibrating the GC ended up becoming the most time consuming and complicated 

calibration process.  The analysis of the chromatographs was performed with software 

package called PeakSimple that was made available by the GC manufacturer.  The 

column used in the GC was a ShinCarbon ST 100/200 column, capable of detecting 

carbon dioxide, carbon monoxide, hydrogen, nitrogen and methane.  An example of a 

typical chromatograph and data from this column is given in Figure 4.1.  A thermal 

conductivity detector (TCD) was used on the GC to determine the amounts of product 

gasses in the outlet flow.  Since hydrogen generates a negative to positive voltage profile 

when detected by the TCD, the carrier gas used was a mixture of 8.6% hydrogen with the 

balance being helium (McNair and Miller, 1997).  This eliminated the initial negative 

peak in the signal and allowed for an easier analysis of the reformate.    
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Figure 4.1: A typical gas chromatograph with details for the ShinCarbon column  

 

A calibration instrument preinstalled in the GC allows the carrier gas flow rate to 

stay at a predetermined level during temperature cycles.  This device was eventually 

determined to be broken.  A technician from Chromatographic Specialties Inc. was able 

to address the problem by bypassing the flow controller and using the carrier gas pressure 

regulator to adjust the flow manually.  This prevented the GC’s ability to perform a 

temperature ramp while maintaining the same carrier gas flow.  This was resolved by 

increasing the column starting temperature and the time required for each chromatograph.  

The column was regularly subjected to heating cycles above 200 degrees Celsius in order 

to prevent column contamination.   
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Table 4.4: Calibration gases used for the GC 

Gas Mixture #1 
(Vol. %) 

Mixture #2 
(Vol. %) 

Mixture #3 
(Vol. %) 

Mixture #4  
(Vol. %) 

CO 5.01 29.0 9.99 0 
CO2 45.1 29.0 10.0 0 
CH4 0 2.98 20.0 0 
H2 49.89 39.02 15.0 0 
N2 0 0 65.01 100 

 
 

The calibration of the GC was performed and checked on a regular basis using 

several gas mixtures, all containing various mixtures of carbon dioxide, carbon 

monoxide, hydrogen, methane, nitrogen and methane.  The composition of each of the 

three gas mixtures is given in Table 4.4.  For the initial calibration, each gas sample was 

passed through the sample loop at a rate of 50 mL/min and injected into the column to 

determine a calibration constant.  This process was repeated at least three times for each 

gas mixture. By doing so, the average calibration constants were obtained, these values 

are given in Table 4.5.  The calibration process was repeated regularly as it was essential 

that the results from the gas chromatograph maintained a high level of accuracy. 

 

Table 4.5: Average calibration factors for reformate gases found for the gas chromatograph 

Reformate gas GC calibration factor 
CO 0.584 
CO2 0.3124 
CH4 0.7355 
H2 30.586 
N2 0.530 
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4.2 Equipment Organization 

This section discusses the fluid and electrical interconnections for all the 

experimental components.  This discussion is accompanied by a basic description of the 

equipment used.  A picture of the experimental bench is given in Figure 4.2.       

 

 

Figure 4.2: Picture of the experimental Bench 

 

A schematic of the fluid connections used is given in Figure 4.3.  Except where 

noted, the tubing used throughout the experimental apparatus was 6.35 mm (1/4in) 

stainless steel tubing with 0.889mm (0.035in) thick walls used with stainless steel 

Swagelok connections.  The main exception to this was the Inconel 600 high temperature 

alloy tubing and Swagelok fittings used for flows entering and exiting the reactor.   
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Figure 4.3: Illustration of all piping connections in the experimental apparatus 
 

The air and nitrogen gas feeds were supplied from the in-house lines, and had a 

maximum pressure of 380 KPa.  This pressure limitation was one of the major restricting 

factors in selecting the operating conditions of the reactor and will be discussed in further 

detail later in this chapter.  The air and nitrogen were delivered to the reformer feed lines 

using MFCs controlled by LabView.  The nitrogen lines were just used for preheating the 

reformer and as a purge line in the case of an emergency.  After the MFC, the air line 

(and nitrogen during preheating) passed through approximately 6 feet of tubing wrapped 

in high temperature heating tape and insulation that was set to 600°C using control boxes.  
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It should be noted that all the insulation used for the piping and reformer was high 

temperature Durablanket S that is rated up to 1400°C.  For the remainder of this thesis, 

the word insulation will refer to the Durablanket S insulation. 

The distilled water and iso-octane were provided through HPLC pumps, with 

water as the primary pump, and iso-octane as the secondary pump.  Directly after the 

pumps, valves either directed the fluid back into the storage container, for priming 

purposes, or to the reformer feed lines that were 1.6mm (1/16in) O.D.  The water and fuel 

were then mixed together in a ten inch long inlet section that also included the inlet 

pressure transducer and the nitrogen purge line entrance.  The configuration of these 

components is shown in Figure 4.4.  

 

 

Figure 4.4: Fuel, water and nitrogen purge line inlet configuration 
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It should be noted that many different configurations were tested before arriving 

at the one shown in Figure 4.4 as the configuration had a much larger effect on the results 

than originally anticipated.  The major problem was the flashing of iso-octane where a 

sudden surge of fuel arrived at the catalyst bed causing temperature spikes, very low O/C 

and H2O/C ratios (causing carbon formation), and pressure spikes.  This resulted in the 

destruction of many of the catalyst beds and was the main cause of most of the reformer 

rebuilds that were necessary throughout the experimental program.  There were several 

major problems causing the flashing of iso-octane which will be briefly discussed here 

along with the actions taken to fix them. 

The first problem involved the nitrogen purge line.  It was initially easy for the 

iso-octane to flow back down into the nitrogen purge line and stop flowing into the 

reformer completely.  After a few minutes this caused the flashing of 2-3mL of fuel into 

the reformer with destructive results.  This was solved by the addition of a check valve 

and positioning the new nitrogen inlet above the fuel injection point as shown in Figure 

4.4.  The next two problems were caused by the iso-octane injection method used.  

Flashing was occurring at the point where the fuel was being injected.  There were two 

solutions to this problem.  The first entailed repositioning all of the tubing around this 

point to create a downhill slope and prevent “pooling” of the fuel.  Heating tape was 

wrapped around the entire inlet region in order to vaporize the fluid before entering the 

larger piping.  The inlet heating tape was set to 500°C.  This heating tape also preheated 

the water in the system replacing a large furnace that was originally used in the reformer 

testing. 
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Immediately after the preheated steam and iso-octane were injected the 

temperature was measured using a thermocouple.  After the injection point, the fuel line 

passed through approximately 6 feet of tubing wrapped with high temperature heating 

tape, set to 600°C using a control box, before mixing with the air line and entering the 

reformer.   

The reformer casing was constructed by altering a previous reformer stand and is 

shown in Figure 4.5.  The top half of the casing housed the reformer itself along with 

wall thermocouples, insulation and inlet and outlet tubing.  On each of the experimental 

runs the reformer was wrapped with approximately eight layers of the one-inch thick 

insulation.  Before the outlet tube of the reformer exited the casing, several passes were 

made along the inside wall of the casing utilizing it as a heat sink and cooling down the 

reformate.  The bottom half of the casing was used to mount the centerline thermocouples 

and a stand that could be used to set these thermocouples to any desired location.  
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Figure 4.5: New reformer casing with centerline thermocouple section 

 

The inlet and outlet of the centerline inert gas can be seen in Figure 4.5.  The 

nitrogen was supplied through in-house lines.  The flow rate was manually adjusted with 

a Dwyer Flowmeter and measured with a J&W Flowmeter due to the small flow rates 

(around 0.25 mL/min). 

When the outlet flow from the reformer exited the casing it passed through the 

exit pressure transducer before it went in one of two directions, either straight into the 

catalytic converter or into the condenser followed by the GC sampling loop.   
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The condenser apparatus consisted of a three liter container submersed in a cold 

bath solution of automotive antifreeze and distilled water.  The condenser was cooled 

using a PolyScience KR80-A chiller unit with an immersion probe that could only be 

turned on or off and is shown in Figure 4.6a.  The temperature of the condenser was held 

at 3°C using a Cole-Parmer 12112-11 digital circulator heater with control unit and is 

shown in Figure 4.6b.  There was also plumbing included in the condenser to remove 

condensate from the vessel. 

  

 
                                 (a)                  (b) 

Figure 4.6: (a) KR80-A Chiller Unit with Immersion Probe (b) Cole-Parmer 12112-11 

Digital Circulator 

  

Once the reformate exited the condenser it passed through a series of valves, 

filters and flow meters before entering the GC sample loop.  This is where the reformate 

was analyzed and finally sent to the catalytic converter.   

 Due to safety restrictions placed on the release of hydrogen and other 

hydrocarbons in the reformate, the combustible gasses present in the exhaust stream had 

to be oxidized prior to release in the atmosphere.  Therefore, all reformate gases, 

including GC samples, were sent through an automotive grade catalytic converter.  This 
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was heated using electrical heating tapes and fed with excess air to promote full 

conversion.   

 The electrical connections were also important and are shown in Figure 4.7.  All 

connections were 110V AC.   

 

 

Figure 4.7: Illustration of all electrical connections in experimental apparatus 

 

One of the most important electrical components of the experimental setup was 

the safety box.  The safety box monitored the data values at any given point of the 

experiment, including the inlet pressure, peak temperature in the reformer, and the 

catalytic converter temperature.  For each of the three data values breaker points were 
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chosen.  If these point values were exceeded the safety box tripped and shut off power to 

the power bar.  This power bar controlled the two HPLC pumps, the nitrogen purge 

solenoid valve, the combustor air solenoid valve and the heating tape for the catalytic 

converter.   

The tripping of the safety box set in motion several important safety events which 

ensured a proper cool down of the system.  First, and most importantly, the solenoid 

valve for the nitrogen purge line opens and allows the inert gas to purge the system at a 

maximum flow rate (determined by the house pressure of the nitrogen).  Both the water 

and iso-octane pumps lose power in this situation and completely stop any flow into the 

reformer.  The catalytic converter heating tape and air supply would also be shut off 

using a solenoid valve.  The overall effect of the safety box mechanism was to force inert 

gas through the reformer while stopping the flow of the reactants.  Since this action 

forces the remaining reactants and products out of the reformer quite rapidly, the air and 

heat source for the combustor is also shut down in order to prevent unintentional 

combustion in the catalytic converter.   

The safety shut off is also controlled manually by pushing the emergency stop 

button (located directly beside the control computer).  The nitrogen purge continues until 

the levels on the safety box are acceptable.  The reset button is then pushed on the safety 

box, and the emergency stop button is pulled out.  When the safety box is turned back on 

the nitrogen purge will shut off and air to the catalytic converter will continue. The 

pumps however, will not carry on pumping as the experimental start-up procedure will 

have to be initiated again for safety reasons.   
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The instrumentation was set up so that data logging occurred automatically 

through the National Instruments SCXI interface.  This recorded data for the pumps, 

MFCs, thermocouples, pressure transducers, and chromatographs.  A screenshot of the 

control screen is shown in Figure 4.8 while a diagram showing the program schematic is 

given in Appendix B.  

  

 

Figure 4.8: LabView control screen for reformer testing  
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4.3 Experimental Methodology 
 

This section describes the experimental procedures that were used for each set of 

conditions in the test program.  The experimental safety manual is given in Appendix C.  

This document describes the procedure for the operation of the experimental apparatus 

for all of the conditions tested.  A brief outline of the procedure is given below. 

The first step in the process is to get the gas chromatograph up and running by 

turning on the carrier gas to 10mL/min, the TCD to low and starting a heating cycle in 

PeakSimple.  The heating tape and air for the catalytic converter are then turned on to 

approximately 110°C and 1 SLPM respectively.  The operation of the catalytic converter 

prior to the reformer is to ensure that no condensation was formed in the piping around 

the combustor.  

The autothermal reformer is then preheated by turning on both the air and 

nitrogen MFCs to 2.5 SLPM.  Using LabView, the power to the air heating tape is slowly 

increased until a temperature of 600°C is reached.  Both HPLC pumps are then primed 

for at least one minute in order to prevent bubbles in the fluid streams.  Once the peak 

temperature in the reformer (thermocouple reading from CH4) reaches 350°C, the power 

to the inlet heating tape and the fuel line heating tape are increased until they reach 500°C 

and 600°C respectively.  A minimum reformer temperature of 350°C was imposed in 

order to prevent coking once the fuel is injected into the catalyst (Kang and Bae, 2006b).  

The master pump (water pump) is then turned on to 1mL/min or another appropriate flow 

rate for the experimental conditions to be used.  After running the water for a few 

minutes, the required water and iso-octane flow rates are inputted into the master pump 

and initiated.  The same flow rates are inputted into LabView at the same time. 
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Both the nitrogen and air flow rates are then brought down to the values required 

by predetermined operating conditions.  Finally the nitrogen line valve is shut off in order 

to ensure no leaks.  For each operating condition a centerline temperature profile is taken 

at least once by moving the thermocouple to the desired position, changing the position 

number on LabView and waiting for the temperatures to reach steady state before 

repeating the process for the next position.  Samples of the reformate are taken as often as 

possible after the initiation of the fuel flow. These samples are taken at intervals of 

approximately 25mins.  When reformate samples are not being taken, the flow is 

continuously replenishing the condenser to obtain more accurate chromatographs.  It 

should be noted that the GC was allowed to go through a full temperature ramp 

occasionally to confirm the assumption that no heavier hydrocarbons or other compounds 

were present in the outlet stream. 

 

4.4 Reactor Operating Conditions 
 

The purpose of this section is to describe the factors considered in the selection of 

the operating conditions for the experimental testing.  The three main variables chosen to 

control the reformer were the O/C ratio, the H2O/C ratio and the GHSV.  From these 

three main variables, the inlet air, water and fuel flow rates could be determined along 

with the pressure drop along the catalyst bed.  The experimental range for each of the 

main variables was based on results reported in literature, previously obtained results 

from the current and preceding designs, limitations on the inlet pressure and flow rates, 

information from the catalyst manufacturer, and experimental practicability.  The O/C 
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and H2O/C ratios will first be discussed followed by the GHSV as this was the order in 

which they were determined.  

It has been shown in literature, and discussed in chapter 2, that the optimal O/C 

and H2O/C ratios for maximum hydrogen production will vary greatly depending on the 

reformer design, type of catalyst, and reformer operating conditions.  The maximum O/C 

ratio was set at 1.3, as this value is on the outer limits of what has been reported in the 

literature.  Also, it was thought that any further increase in the O/C ratio would result in 

less desirable performance characteristics and temperatures exceeding the reformer 

design limits of over 1250°C.  There is a wide range of optimal values reported for the 

O/C ratio.  In order to prevent very low temperatures that would cause catalyst 

degradation and to achieve a range of values that would provide useful data, a lower limit 

of 0.7 was set for the O/C.  This value is between the thermally neutral values reported 

for comparable autothermal reformers which range from 0.6 (McIntyre, 2005) to 0.8 

(Pacheco et al., 2003).  It should be noted that throughout this thesis, the O/C ratio refers 

to atomic oxygen and not an O2/C ratio that is often reported in literature and confused 

with O/C. 

 
Table 4.6: Range of main input values used during experiments 

 Range of Experimental Inputs 
Oxygen to Carbon Ratio 0.7-1.3 
Steam to Carbon Ratio 1-3 

 

The H2O/C ratio was set according to the stoichiometric amount of water required 

in the system and from preliminary testing.  The stoichiometric amount of water required 

was determined using Equation 1.5 with the O/C ratio for each case.  These values are 

listed in Table 4.7 with comparisons to the actual H2O/C ratio used.  In order to avoid 



 70

carbon deposition on the catalyst bed, it was recommended that the H2O/C ratio be kept 

above 0.8.  Therefore, a minimum value of 1.0 was used.  A maximum value of 3 was 

chosen since this was the highest optimal H2O/C ratio reported in the literature.  Greater 

amounts of steam introduced into the system would cause low temperatures and carbon 

deposition at lower O/C ratios.  As can be seen from the values given in Table 4.7, the 

H2O/C ratio was only set below the stoichiometric value once and was usually above the 

stoichiometric value since this would result in more favorable hydrogen yields (Villegas 

et al., 2005).  Furthermore, in the operation of an ATR the amount of water required is 

usually greater than the stoichiometric value.  This prevents coking behavior, as it is this 

excess of water that encourages the steam reforming reaction (Ersoz et al., 2003). 

 
Table 4.7: Comparison of the stoichiometric H2O/C ratio to those used in experimental runs. 

Experimental Run 
Number 

Stoichiometric 
H2O/C Ratio 

H2O/C Ratio Used 

1 1.3 1 
2 1.3 2 
3 1.3 3 
4 1 1 
5 1 2 
6 1 3 
7 0.7 1 
8 0.7 2 
9 0.7 3 

 

The next step in determining the operating envelope for the reformer was finding 

appropriate gas hourly space velocities.  GHSV has been defined in various ways in 

literature.  In this thesis, the GHSV used is given by Equation 4.1 and was always 

calculated at STP and with respect to the catalyst volume.  

)(
)/()( 1

cccatalystofVolume
hccspeciesinletallofrateflowVolumehGHSVV =−  (4.1) 
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The GHSV values chosen were of great importance as they would be among the 

major criteria used in comparing the experimental data with the results given by the 

numerical model and for determining a new reaction mechanism which was one of the 

goals of this project.  Initially, the GHSV used in the experiments were at 10,000 h-1.  

This value is based on the recommendation of the catalyst developer from the value that 

would give the maximum conversion (Schwarz, 2007). 

After performing several experiments, it was found that in most cases the pressure 

drop along the catalyst bed continuously rose during the course of the experiment.  It was 

assumed and later confirmed that this was due to carbon deposition in the catalyst bed, as 

shown in Figure 4.9.  It was also found that the reformate in these cases had a much 

lower than expected hydrogen yield.  It was assumed that this was caused by the low 

catalyst bed temperatures, less than 600°C, which was not enough heat to promote the 

endothermic steam reforming reactions.  Since the reactor could not maintain a high 

enough temperature under these conditions to avoid carbon deposition and provide 

enough heat to drive the steam reforming reaction it was determined that a higher GHSV 

was required.  

 

 

Figure 4.9: Picture of the Pt/Cr catalyst at different stages 
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Once it was determined that a higher GHSV was needed, experiments were 

undertaken in order to determine a better operating range.  The lower temperature limit 

was set to 650°C in order to prevent carbon deposition and provide enough heat to drive 

the steam reforming reaction (Villegas et al., 2005).  The upper limit for the GHSV was 

restricted by the pressure drop through the bed due to inlet air being fed from in-house 

lines.  This upper limit was found by running the experimental condition with the most 

air, an O/C=1.3, through a series of GHSV.  It was found that the maximum GHSV 

acceptable for the experimental apparatus was 20, 000 h-1.  Tests with this space velocity 

was then conducted at the lowest temperature condition, O/C=0.7 and H2O/C=3, and 

were found to be acceptable.  The experimental runs and appropriate inlet conditions are 

listed in Table 4.8. 

Table 4.8: conditions for the testing of the autothermal reformer 

Experimental 
Number 

GHSV 
(h-1) 

O/C H2O/C Isooctane 
flow rate 
(mL/min) 

Air flow 
rate 

(SLPM) 

Water 
flow rate 
(mL/min) 

1 20,000 0.7 1 0.52 1.02 0.45 
2 20,000 0.7 2 0.38 0.75 0.67 
3 20,000 0.7 3 0.30 0.60 0.79 
4 20,000 1 1 0.42 1.16 0.36 
5 20,000 1 2 0.32 0.90 0.53 
6 20,000 1 3 0.27 0.74 0.69 
7 20,000 1.3 1 0.35 1.26 0.30 
8 20,000 1.3 2 0.28 1.02 0.49 
9 20,000 1.3 3 0.23 0.85 0.61 
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Chapter 5                                                        

Results and Discussion 

 
This chapter discusses the data collected during this experimental study of an 

autothermal reformer.  The data collected will also be compared to the modeling work 

completed on the reactor built for the current research as well as the results reported in 

relevant literature. 

 Using the methods previously described, two main output variables were used to 

analyze the results of the experimental process: temperature profiles and outlet 

composition.  A brief description of the methods used to collect this data is given in this 

section followed by an analysis of the results. 

The data collected are presented in several different ways.  The temperature 

profiles are discussed along with the effect that the input variables had on the average and 

peak temperatures.  This is followed by an analysis of the reformate composition and 

rector performance as well as the effect of the main input variables on these parameters.  

The repeatability of the experimental trials along with catalyst deactivation is then 

discussed.  Finally, a comparison of the experimental results with the model results and 

with other relevant results reported in the literature is explored. 

 

5.1 Data Collection 

All of the data presented in this thesis are for the steady-state operation of the 

autothermal reformer.  Results for the transient states (warm-up, cool-down and 

transitions between conditions) were recorded, but will not be discussed here in detail.  
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The transient state can provide valuable information concerning the operation of the 

ATR, and is discussed further in a later section.  It was assumed the ATR was running at 

steady-state when all temperatures and pressures remained constant.  The assumption of 

steady-state was confirmed by comparing the reformate composition from the gas 

chromatographs.   

Data points were collected using LabView for temperatures, pressures, and flow 

rates.  During transient states the data values were recorded every thirty seconds.  Once 

steady-state was achieved the time between the data collection points for LabView was 

set to two seconds for increased precision.  The reformate was analyzed approximately 

every twenty five minutes using PeakSimple and the GC.  When a temperature cycle of 

the GC was required (in order to clear the GC column of any contaminants), the time 

between reformate analysis increased to over an hour. This a direct result of the heating 

and cooling cycles for the TCD.  For each experimental condition, four to six reformate 

samples were analyzed.  For the purpose of this paper, all reformate compositions 

presented are the average of the last 3 GCs taken during steady-state. 

The order that the experiments were performed is shown in Table 5.1 along with 

the values of the main variables controlling the apparatus and some important selected 

results.  More detailed results, including temperatures, pressures, flow rates and product 

composition, are given in Appendix D. 

The order in which the experiments were performed was determined by trying to 

randomize the trials but keeping the more harmful catalyst conditions until the end.  

Therefore, operating conditions that had high O/C ratios were completed first because of 

their high temperatures.  Furthermore, in order to check catalyst deactivation and 
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operating conditions, back-checking was completed on a regular basis by repeating the 

first experiment (case number 9) and is further discussed in section 5.5. 

 

Table 5.1: Order of the experimental runs performed and selected results 

Dry Molar Percentage Experiment 
Number 

Order 
Performed 

O/C  
Ratio

H2O/C 
Ratio H2 CO CO2 CH4 

Fuel 
Conversion 

1 10 0.7 1.0 25.2 6.7 12.1 2.5 52.2 
2 9 0.7 2.0 27.7 4.6 14.4 2.7 56.5 
3 12 0.7 3.0 28.6 2.4 14.9 2.9 51.9 
4 7 1.0 1.0 28.6 7.4 10.0 1.0 65.0 
5 4 1.0 2.0 32.1 4.8 12.0 1.2 67.7 
6 6 1.0 3.0 32.4 2.8 12.9 1.4 63.6 
7 2 1.3 1.0 20.4 7.9 9.1 0.1 66.8 
7 3 1.3 2.0 22.2 5.1 11.5 0.1 66.6 
9 1 1.3 3.0 22.0 3.0 12.7 0.3 63.0 

9 R1 5 1.3 3.0 21.4 2.8 13.1 0.2 63.4 
9 R2 8 1.3 3.0 22.1 2.7 13.0 0.1 61.3 
9 R3 11 1.3 3.0 21.8 2.5 12.9 0.0 60.2 

Average 25.4 4.4 12.4 1.0 61.5 
Maximum 32.4 7.9 14.9 2.9 67.7 
Minimum 20.4 2.4 9.1 0.0 51.9 

 

The approximate locations of the wall thermocouples (TC) attached to both sides 

of the reformer and the locations where the centerline temperature readings were taken 

can be seen in Figure 5.1.  A more accurate description of the locations for the 

temperature readings along the catalyst bed can be seen in Table 5.2.  It should be noted 

that there were only eight centerline positions, but the multipoint thermocouple used had 

three reading points on it increasing the number of centerline temperatures to 24.  

Originally, 20 wall thermocouples were used to record the outer temperatures of the 

reformer.  During the initial experimental testing it was determined that three of these 
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thermocouples were broken. This was most likely a result of the 90 degree bend in the 

probes needed to install them on the reformer wall. 

 

 

Figure 5.1: Approximate positions for the permanent wall thermocouples and the centerline 

temperature reading locations along the ATR bed 

 

In order to monitor the status of the apparatus during experimental trials, more 

thermocouples, pressure transducers, pressure gauges and flow meters were used 

throughout the experimental apparatus.  The most notable were the inlet pressure 
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transducer, fuel injection thermocouple and reformer inlet temperature.  The inlet 

pressure was monitored closely as the catalyst was known to coke, causing a pressure 

build-up.  The fuel inlet temperature was also monitored closely as iso-octane flashing 

will occur if this value is too low. This causes a detrimental affects on the catalyst.  The 

reformer inlet temperature was measured with a thermocouple in the reactant stream 

approximately eight inches ahead of the reformer. 

 

Table 5.2: Axial distance for the wall thermocouples and the centerline temperature reading 
locations along the ATR bed 

Wall TC 
Number 

Axial Distance 
(cm) 

Centerline 
TC Number 

Axial Distance 
(cm) 

Centerline 
TC Number 

Axial Distance 
(cm) 

CH4 2.37 1a 1.7 5a 9.4 
CH5 3.00 1b 2.4 5b 10.0 
CH6 3.64 1c 3.0 5c 10.6 
CH8 4.91 2a 3.6 6a 11.3 
CH9 5.54 2b 4.3 6b 11.9 

CH10 6.18 2c 4.9 6c 12.5 
CH11 6.81 3a 5.5 7a 13.2 
CH12 8.08 3b 6.2 7b 13.8 
CH13 8.72 3c 6.8 7c 14.4 
CH14 9.35 4a 7.5 8a 15.1 
CH21  9.99 4b 8.1 8b 15.7 
CH24 11.26 4c 8.7 8c 16.3 
CH25 11.89     
CH26 12.53     
CH28 13.16     
CH29 13.80     
CH30 14.43     

  

One final detail of value  is that due to limitations of the column used in the gas 

chromatograph all fluids remaining as liquid at room temperature were taken out of the 

exit stream in the condenser before the GC.  This prevented water, fuel and other possible 

fluids from a direct analysis with PeakSimple.  For this reason, all reformate analyzed is 

on a dry molar percentage and equations requiring the flow rate of iso-octane at the exit 
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are found using a carbon balance described later.  Both of these practices were 

determined to have a small affect on the general state of the experiment as they are 

common in literature. 

 

5.2 Temperature Distributions 

This section gives a broad overview of the general trends and observations of the 

temperature profile along the reformer and of how the main input variables affect the 

reformer temperature distributions.   

Since the performance of the reformer is highly dependant on the temperature at 

which the reactions are taking place, it is useful to examine the temperature profile along 

the bed.  The average wall and centerline temperatures along the catalyst bed and the 

approximate locations of the inert and catalyst regions for all twelve experiments 

performed are shown in Figure 5.2.  Each thermocouple location or measuring point 

along the reformer is represented by a data point in Figure 5.2  
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Figure 5.2: Average temperature profile along the reformer for all experiments performed with 
approximate location of the catalyst labeled (vertical bars represent the maximum and minimum 
values reached for each averaged point) 

 

The temperature profile follows the expected form for an autothermal reformer.  

Soon after the reactants reach the catalyst bed there is a sudden rise in temperature.  

Although it is hard to see this in Figure 5.2, when the temperatures are compared with the 

average inlet temperature, 291°C, located eight inches before the reformer, the 

temperature spike is apparent.  The wall and centerline temperatures vary in the same 

general way.  The most noticeable difference between the two is at the peak temperature 

where the partial oxidation reaction creates a hot spot closer to the center of the reactor.  

The average peak temperatures were 855°C and 961°C for the wall and centerline 

temperatures respectively. 

The inert region in the reformer, upstream of the catalyst from 0 to 3cm and 

downstream of the catalyst from 15cm to 18cm, had a much smaller effect on the 

   Inert         Catalyst    Inert   
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temperature profiles than originally expected.  Since no heat is generated in these inert 

regions a larger temperature gradient was expected between the inert and catalyst regions.  

The high heat transfer characteristics of the inert pellets used, SiC, must have contributed 

to the small effect they had on the temperature profile. 

The fuel inlet temperature did not vary very much with the experimental 

conditions used, its average value being 550°C.  This high temperature was desirable 

since it promotes the vaporization and mixture of the fuel and water. 

The most noticeable difference in temperature profiles came with a change in the 

O/C ratio.  This can be seen by comparing the average centerline temperature profiles for 

each O/C ratio used, as shown in Figure 5.3.  With higher O/C ratios the temperature 

increased rapidly to its peak, with an average value of 1086°C, with little effect from the 

H2O/C ratio.  Conversely, at low O/C ratios the temperature had a much lower rate of 

increase to its peak, with an average value of 806°C, and the H2O/C ratio had a large 

effect on the operating conditions by reducing the overall temperatures in the reformer. 
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Figure 5.3: Average centerline temperature profiles along the catalyst bed for the 3 different O/C 
ratios used (vertical bars represent the maximum and minimum values reached for each averaged 
point) 

 

Initially, it was deemed to be important to examine the effect that the operating 

conditions had on the average and peak temperatures recorded.  The effect of the O/C 

ratio and the H2O/C ratio on peak and average temperatures are shown in Figure 5.4 to 

5.7.  There were no significant deviations in the pattern of the data points between the 

peak temperatures and average temperatures, other than the higher values of the peak 

temperatures.   

An increase in the O/C ratio resulted in a significant increase in the average bed 

temperature in the reformer as the exothermic partial oxidation reaction become more 

significant, as seen from the results given in Figure 5.4 and 5.5.  The most notable effects 

were at a O/C ratio of 1.3 and a H2O/C ratio of 1, where the highest peak temperature of 
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1226°C was found, and a O/C ratio of 0.7 and a H2O/C ratio of 3, producing a the lowest 

peak temperature of 723°C.  It would be expected that the temperature of the reactor 

would increase with higher O/C ratios until a ratio of 3.6, the stoichiometric point of 

complete combustion, where the temperature would probably be expected to drop slightly 

due to the cooling effect of the excess air (Villegas et al., 2005).   
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    Figure 5.4: Peak centerline temperature vs. O/C                        Figure 5.5: Average centerline 

                    temperature vs. O/C 
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Figure 5.6: Peak centerline temperature vs. H2O/C                        Figure 5.7: Average centerline 

                           temperature vs. H2O/C 
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 The H2O/C ratio also plays a significant role in determining the operating 

temperatures of the ATR, as can be seen in Figure 5.6 and 5.7.  As expected, when the 

flow rate of steam into the reformer increases, the temperature of the reactor drops due to 

the endothermic nature of the steam reforming reaction.  The most notable effects were at 

a H2O/C ratio of 1 and a O/C ratio of 1.3, these conditions producing the highest average 

centerline temperature of 940°C, and at a H2O/C ratio of 3 and an O/C ratio of 0.7, which 

produced the lowest average centerline temperature of 546°C.   

5.3 Effect of Main Input Variables on Results 

This section discusses the effect that the main input variables have on the 

reformer outlet composition the lower heating value efficiency, the hydrogen yield and 

the fuel conversion. 

5.3.1 Effect of Main Input Variables on Dry Outlet Composition 

 The O/C ratio and the H2O/C ratio had a significant effect on the composition of 

the reformate. Five different gaseous species were measured using the gas 

chromatograph, these being hydrogen, nitrogen, carbon monoxide, methane and carbon 

dioxide.  As mentioned before, this analysis was completed on a dry molar basis due to 

limitations of the column used in the GC.  This means that all the water and unconverted 

iso-octane are not included in the reformate analysis. It should be noted however, that the 

unconverted fuel was still analyzed using a different method which is discussed in section 

5.3.2.   

The relationships between the dry outlet composition and the O/C ratio can be 

seen in Figure 5.8, while its relationship to the H2O/C ratio can be seen in Figure 5.9.  In 
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order to show the pattern of the data more clearly, Figure 5.8 and Figure 5.9 use averaged 

data points.  For example, each O/C ratio was tested at three different H2O/C ratios.  In 

order to show the effect the O/C ratio on the reformate composition these three H2O/C 

ratios were averaged for every O/C ratio.  A detailed breakdown of all reformate 

compositions is given in Appendix D. 
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Figure 5.8: Average dry molar percentage of outlet gases vs. O/C (vertical bars represent the 
maximum and minimum values reached for each averaged point) 
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Figure 5.9: Average dry molar percentage of outlet gases vs. H2O/C (vertical bars represent the 
maximum and minimum values reached for each averaged point) 
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 The most noteworthy aspect of Figure 5.8 is the dry molar percentage of 

hydrogen.  As the O/C ratio increased from 0.7 to 1.3, the average hydrogen molar 

percentage increased from 27.2% to 31.0% at its peak, and then dropped quite 

considerably to 21.6% at an O/C ratio of 1.3.  These trends were to be expected since at 

the lower O/C ratio of 0.7, the partial oxidation reaction could not provide enough heat 

for the hydrogen efficient steam reforming reaction. At the larger O/C ratio of 1.3 the 

majority of fuel was consumed by the less hydrogen efficient partial oxidation reaction.  

Since the source of oxygen in these experiments was air, the increase in the molar 

percentage of nitrogen in Figure 5.8 can be explained by the increase in the O/C ratio.  

The trends of the other three gas components, carbon monoxide, methane and carbon 

dioxide, can be explained by the increase in temperature associated with increasing the 

O/C ratio.  When the O/C ratio increased from 0.7 to 1.3 the average molar percent of CO 

increased from 4.6% to 5.3%, while CO2 dropped from 13.8% to 11.1%.  The methane 

also dropped from an average molar percent of 2.7% to almost zero (0.1%).  These trends 

are associated with the reaction mechanisms used in this study. 

 In Figure 5.9, it can be seen that an increase in the H2O/C ratio resulted in a slight 

increase in the average dry hydrogen percent from 24.7% to 27.7%.  This shows that 

although steam reforming is a more hydrogen efficient reaction, it needs adequate heat in 

order to promote the reaction.  Since the O/C ratios are averaged in Figure 5.9, the effect 

of the steam reforming reaction is less significant.  Furthermore, the averaging also 

contributed to the small change in molar percent of nitrogen, from 56.3% to 54.6%.  The 

average CO and CO2 molar percentages decreased by 4.6% and increased by 3.1% 

respectively, while the CH4 molar percentage only increased slightly from 1.2% to 1.6% 
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when the H2O/C ratio was raised from 1.0 to 3.0.  As with the results given in Figure 5.8, 

these trends can be associated with temperature changes. 

5.3.2 Effect of Main Input Variables on Efficiency, Yield and Conversion 

Three performance indicators were used to evaluate the overall performance of 

the autothermal reformer and will be discussed in this section.  These indicators are the 

lower heating value efficiency, the hydrogen percent yield and the fuel conversion.  It 

should be noted that the same method described above for Figure 5.8 and Figure 5.9 for 

averaging the composition was used in this section.  Furthermore, it was noticed during 

the data analysis that this averaging technique did not change any of the trends for the 

performance parameters and was therefore deemed to be acceptable.  All data values can 

be seen in their raw form in Appendix D. 

The efficiency equation for a fuel reformer is expressed in many forms in the 

literature.  For the purpose of this study, the lower heating value fuel efficiency has been 

used and is defined in Equation 5.1. 
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This definition uses the lower heating value (LHV) for hydrogen in the output 

stream and divides it by the lower heating value of iso-octane present in the inlet stream.  

There are several things worth noting when using this equation since other efficiency 

equations are also common in the literature.  First of all, an argument can be made to use 

the higher heating value (HHV).  The main difference is that the HHV takes into account 
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the latent heat of vaporization of water (Hagh, 2004).  The use of the LHV does not take 

into account the heat input required for the steam generation in the apparatus.  However, 

the efficiency for reformers has conventionally used the LHV and it is therefore used here 

for comparison purposes.  Furthermore, it is possible to include both methane and carbon 

monoxide as an output in the LHV equation since they can both be used as fuel sources 

for a SOFC.  Since this study is not focusing on a specific type of fuel cell, methane and 

carbon monoxide were not used here in calculating the LHV efficiency.   

The variation of the average LHV efficiencies with the main input variables are 

shown in Figure 5.10 and Figure 5.11.  
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      Figure 5.10: LHV efficiency vs. O/C ratio                     Figure 5.11: LHV efficiency vs. H2O/C ratio 

 

It can be seen in Figure 5.10 that as the O/C ratio increased from 0.7 to 1.3, the 

average LHV efficiency increased significantly from a value of 26.4% to a peak value of 

43.4% and then dropped to 32.4% for an O/C ratio of 1.3.  Figure 5.11 shows that the 

LHV efficiency increases from 30.8% to 35.6% when the H2O/C ratio increased from 1.0 

to 3.0.  It is interesting to note the similarities between the LHV efficiency trends and the 

dry molar hydrogen percentage trends for both the O/C and H2O/C ratios.  However, the 
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LHV efficiencies show a larger variation and can be considered a better indicator of the 

reformer performance since it takes into account the potential energy of the fuel injected 

into the system. 

The hydrogen percentage yield can also be a good indicator of the ATR 

performance.  It is a ratio of useful hydrogen molecules in the reformate stream to the 

number of hydrogen molecules in the input, including the hydrogen in water.  Since the 

amount of hydrogen in water is involved in the percentage yield, two different equations 

were used for different steam to carbon ratios.  This approach was taken since with a 

H2O/C ratio of 1.0 there is a smaller maximum amount of hydrogen produced.  Using 

Equations 1.8 and 1.10, the steam reforming reactions, Equations 5.2 and 5.3 were 

derived for the hydrogen yield percentage.  It should be noted that percentage yield can 

be found for the other components in the reformate as well, but since the focus of this 

study is on the hydrogen, the term yield will refer to hydrogen yield for the remainder of 

this paper. 

 

%100
17

:1/
188

2

2 ×
×

==
inHC

outH

n
n

YCOHFor
&

&
                                 (5.2) 

%100
25

:32/
188

2

2 ×
×

==
inHC

outH

n
n

YorCOHFor
&

&
                              (5.3) 

 

The effect that the main input variables have on the hydrogen yield percentage 

can be seen from the results given in Figure 5.12 and Figure 5.13.  The percentage yield 

followed the expected trends for both input variables.  With respect to the O/C ratio, the 

average yield reached a peak of 41.6% at an O/C ratio of 1.0.  This peak in the hydrogen 
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yield can be explained by there being insufficient thermal energy at the lower O/C ratios 

to provide heat for the endothermic steam reforming reaction, while at higher O/C ratios, 

more of the fuel is consumed in the partial oxidation reaction.  At the lowest average 

H2O/C ratio conducted, 1.0, the maximum amount of hydrogen produced was 

respectively low because of the lower water flow rates.  This resulted in the highest 

average hydrogen yield of 38.1%.  When the H2O/C ratio was raised from 2.0 to 3.0 there 

was an insignificant change in the average yield, from 29.9% to 30.1%.  Since both of 

these H2O/C ratios have the same maximum hydrogen yield and also resulted in 

approximately the same dry molar percent of hydrogen, as seen in Figure 5.9, these 

trends were to be expected. 
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    Figure 5.12: H2 percent yield vs. O/C ratio                    Figure 5.13: H2 percent yield vs. H2O/C ratio 

 

The fuel conversion was another important value used to characterize the 

performance of the autothermal reformer.  Theoretically, fuel conversion is the number of 

moles of fuel that have reacted per mole of fuel fed to the system and is calculated using 

Equation 5.4 (Fogler, 1999).  However, due to the limitations in the gas analysis and the 

removal of iso-octane from the condenser as explained earlier, it was not practical to 
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measure the molar flow rate of the fuel exiting the ATR.  This is a common occurrence in 

the literature and it has been found that the fuel conversion can be determined using a 

carbon balance method as given in Equation 5.5 (Kang and Bea, 2006b).   
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Using Equation 5.5, a relationship between fuel conversion and the main input 

variables can be found and this is shown in Figure 5.14 and Figure 5.15.  When the O/C 

ratio increased from 0.7 to 1.3 the fuel conversions increased significantly from 53.5% to 

68.2%.  This was caused by an increase in the partial oxidation reaction resulting in 

higher fuel consumption and temperatures which also increased the steam reforming 

reaction.  The fuel conversion did not vary considerably with the H2O/C ratio, increasing 

from a value of 64.0% at a H2O/C ratio of 1.0 to a value of 59.5% at a H2O/C ratio of 3.0.  

This effect was probably caused by the decrease in temperature associated with higher 

H2O/C ratios. 
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     Figure 5.14: Fuel conversion vs. O/C ratio                    Figure 5.15: Fuel conversion vs. H2O/C ratio 

 

The overall trends in the performance indicators of the autothermal reformer used 

here, which includes the LHV efficiency, the hydrogen yield percentage and the fuel 

conversion, behaved as expected and were therefore used as parameters to be compared 

with literature in a later section.  It was found that the highest values for the dry molar 

percent of hydrogen, the LHV efficiency, the hydrogen yield percentage and fuel 

conversion all occurred at an O/C ratio of 1.0 and a H2O/C ratio of 2.0. 

 

5.4 Effect of Outlet Temperature on Reformate Composition 

The effect that the temperature had on the reformate will now be discussed.  The 

outlet temperature is used to describe the outlet composition since it is approximately the 

last temperature the reformate is exposed to while in the catalyst bed. It is assumed that 

no more reactions take place after this point.  For the purpose of this thesis, the outlet 

temperature refers to the last centerline temperature taken (location 8c in Figure 5.1 and 

Table 5.2). 
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The outlet temperature had an effect on almost all products, as can be seen in 

Figure 5.16 to 5.20.  Although hydrogen production is increased at higher temperatures 

for the steam reforming reaction, a slight decrease in hydrogen molar percentage with 

increasing temperature can be seen in Figure 5.16.  This was caused by the less hydrogen 

efficient partial oxidation reaction that is associated with the higher temperatures.  With 

increasing temperature the nitrogen molar percentage increased slightly and can be seen 

in Figure 5.17.  This correlation can be described by the increase in the air flow rate that 

was used to obtain high O/C ratios, which increased the average temperatures in the 

catalyst bed. 

The outlet temperature had a significant effect on the methane, carbon dioxide 

and carbon monoxide molar percentages.  The methane decreased with increasing 

temperature from 3.0% at 500°C to nearly zero (less than 0.1%) above a temperature of 

650°C as seen in Figure 5.20.  At higher temperatures the reaction kinetics, shown in 

Equation 5.6 and 5.7, favored the splitting of methane into hydrogen, carbon monoxide 

and carbon dioxide. 
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Figure 5.16: H2 molar % vs. outlet temperature      Figure 5.17: N2 molar % vs. outlet temperature 
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Figure 5.18: CO molar % vs. outlet temperature   Figure 5.19: CO2 molar % vs. outlet temperature 
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Figure 5.20: CH4 molar % vs. outlet temperature 

 

 2224 3HCOOHCH +⇔+                                  (5.6) 

224 42 HCOOHCH +⇔+                                   (5.7) 

  

As the outlet temperature increased, the molar percent of CO increased from 2.4% 

at 500°C to 7.9% at 751°C while the CO2 decreased from 14.9% at 500°C to 9.1% at 

751°C.  The relationship between temperature, CO and CO2 can be explained by the 

water gas shift reaction discussed earlier and shown in Equation 5.8.  In the WGS 
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reaction thermodynamic equilibrium favors high conversion of CO and steam to 

hydrogen and carbon dioxide at lower reactor temperatures (Bustamante, 2005). 

 

  222 HCOOHCO +⇔+                                                (5.8) 

  

As the temperature is increased, the WGS reaction is driven to the left, this 

producing more carbon monoxide and steam.  This relationship can be easily seen when 

CO and CO2 are plotted together, as shown in Figure 5.21. 
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Figure 5.21: The effect of the WGS reaction on CO and CO2 with temperature 

 

5.5 Repeatability and Confirmation of Results 

Throughout the present experimental study a repeat of the test with the first 

condition, experiment number 9, was undertaken.  This was done in order to check the 

repeatability of the results and to check for catalyst deactivation.  In order to compare all 
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the data collected during the experimental process it was necessary to verify that the ATR 

was operating at the same state from the first experiment to the last.  This was done by 

repeating the exact conditions tested in the first experimental run after every two or three 

trials.  The order that the experimental runs were undertaken is shown in Table 5.3.  Each 

of the 12 experimental runs took approximately 3-5 hours from start to finish depending 

on how long the autothermal reformer took to achieve a steady state.  Using this 

information along with data obtained from LabView, the number of hours the ATR was 

running at each condition was estimated and the approximate time when the majority of 

the data were collected can be seen in Table 5.3.   

 

Table 5.3:  The date and order that the experiments were performed 

Approximate total 
hours in operation Experiment Order

4 9 
8 7 

12 8 
16 5 
20      9 R1 
24 6 
28 4 
32      9 R2 
36 2 
40 1 
44      9 R3 
48 3 

 

By comparing the results obtained for each repeat trial (numbers 9R1, 9R2 and 

9R3) with the original data obtained for experiment number 9, a determination of whether 

the operating conditions of the ATR were consistent during the data collection process 

could be made.  Furthermore, this information could be used to determine if any catalyst 

deactivation was occurring over the range of experimental conditions tested. 
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Figure 5.22 shows the dry molar percentage of the outlet components and the fuel 

conversion for the duplicate experiments.  The figure compares the reformate at the same 

operating conditions to the total amount of operating hours for the ATR.  The data given 

in Figure 5.22 are at the end of each experimental running time since that is when most of 

the measurements were taken that are presented in this study. 
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Figure 5.22:  The molar composition of the four repeat trials completed for condition number 9 and 

the approximate hours the ATR had been running when these measurement were taken 

 

It can be seen in Figure 5.22 that throughout the duration of the experimental 

testing on the ATR, the operational characteristic basically remained the same.  The 

largest observed variation for each reformate gas was less than 1% for all the repeated 

experiments.  The only noticeable effect was that the fuel conversion dropped slightly, 

from 63.4% to 60.2%, over the course of the experiments.  This was likely the result of a 
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small decrease in the catalyst activity.  Further analysis of the consistency of the test can 

be obtained by comparing the temperature profiles for each of the duplicate experiments 

performed.  The wall and centerline temperature profiles for the repeat experiments are 

shown in Figure 5.23 and Figure 5.24 respectively. 
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Figure 5.23: Wall temperature profiles for the four duplicate experiments 
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Figure 5.24: Centerline temperature profiles for the four duplicate experiments 
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The results given in Figure 5.23 and Figure 5.24 show that the temperature 

profiles for all three repeating experiments were very close.  The one exception to this is 

that when comparing in the initial temperature spike, the three duplicate experiments 

have slightly higher values than the first experiment performed.  This indicates that there 

could be a small amount of catalyst deactivation in the first few centimeters of the 

catalyst bed causing slower reaction rates.  This can also help explain the small drop in 

fuel conversion discussed above. 

 In general, it was determined that although there might be a small amount of 

catalyst deactivation, the reformate composition and temperature profiles show that there 

was a good level of consistency throughout the experimental trials.   

5.7 Comparison of Experimental Results to Modeling Predictions 

A computational model was created that was intended to simulate the same 

autothermal reformer discussed in this thesis (Sylvestre, 2007).  The idea behind this was 

that the model would initially be confirmed using experimental testing and then small 

changes could be made to the operating conditions or overall reformer design in the 

model to easily see the effect on the performance of the ATR.  This section discusses 

some of the more significant findings from the model, possible sources of error between 

the model and experimental results, a comparison of temperature profiles, and finally, a 

comparison of the outlet composition and reactor performance.   

Some selected results that are comparable to the experimental conditions can be 

seen in Table 5.4.  It should be noted that all results presented in this section were taken 

directly from the raw data collected by Sylvestre (2007) and put in a presentable form 

that is relevant to this study.    
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Table 5.4: Selected results from the model of the ATR created by Sylvestre (2007) 

H2 CO CO2 Comparable 
Experimental 

Number 
O/C  

Ratio 
H2O/C 
Ratio Dry Molar Percentage 

H2  
Yield 

Fuel 
Conversion

1 0.7 1 30.8 14.1 5.9 11.4 30.5 
2 0.7 2 36.7 16.7 5.3 12.0 34.2 
3 0.7 3 38.0 17.0 5.1 14.6 33.6 
4 1 1 35.1 15.7 5.8 19.5 42.9 
5 1 2 37.9 17.6 5.4 17.6 44.5 
6 1 3 40.2 14.9 5.1 21.5 44.7 
7 1.3 1 30.5 14.5 6.2 19.7 41.3 
8 1.3 2 32.3 15.2 6.1 16.5 41.6 
9 1.3 3 33.6 15.2 5.9 19.5 42.0 

Average 35.0 15.7 5.6 16.9 39.5 
Maximum 40.2 17.6 6.2 21.5 44.7 
Minimum 30.5 14.1 5.1 11.4 30.5 

 

One of the more interesting investigations completed by Sylvestre (2007) was on 

the effect that the gas hourly space velocity had on the reformate.  In the experimental 

testing the GHSV was kept constant at 20,000h-1 due to equipment limitations of the 

designed apparatus.  As seen in Figure 5.25, the model predicted significant changes in 

the outlet composition (shown with water present in the figure) with increasing GHSV. 
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Figure 5.25: The molar fractions of the ATR outlet compositions for various GHSVs predicted in the 
model created by Sylvestre (2007) (conditions: O/C=1, H2O/C=2, inlet temperature: 500°C) 
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Figure 5.25 confirms the prediction that as GHSV increases (the resident time of 

reactant gases decreases) the smaller the desired product yields are.  The molar fraction 

of the steam present in the reformer increases with GHSV’s, indicating that the steam 

reforming reaction is occurring at a slower rate because of the lower residence time in the 

catalyst bed, resulting in lower product yields.  

5.7.1 Assumptions and Possible Sources of Error 

It was found during the comparative analysis and reported in the study completed 

by Sylvestre (2007) that there are a few possible reasons why the modeling results might 

not match experimental results.  These possibilities are discussed in this section along 

with their implications. 

The most significant difference between the model and the actual reactor is the 

centerline tube and thermocouple.  For simplicity reasons, the centerline tube that was 

used to make temperature measurements was not included in the model.  This could 

affect the modeling results in several ways including temperature profiles and catalyst 

activity.  The addition of the centerline tube was expected to help heat transfer 

throughout the catalyst bed.  Therefore, by not including this tube in the model, the 

temperature profile could be affected as well as the reactors ability to transfer heat from 

the partial oxidation reaction to the steam reforming reaction.  Furthermore, by not 

including the centerline tube, the volume of catalyst was reduced since the length of the 

bed was fixed at 12cm.    

In the study completed by Sylvestre (2007), it was found that the effectiveness 

factor can have a significant effect on the outlet composition.  The effectiveness factor is 
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commonly used in reactor modeling to account for diffusion limitations of gases to the 

catalyst sites.  Effectiveness factor can be expressed as seen in Equation 5.9. 

 

ionconcentratbulk   toexposed  wassurfacecatalyst  entire if existing rate
ratereaction  overall actual

=eη       (5.9) 

 

 It has been shown in literature that effectiveness factors typically range from 

0.0003 to 0.02 for autothermal reformers with similar operating conditions as the one 

investigated in the present study (Pacheco et al., 2003).  Figure 5.26 shows the 

relationship predicted by the model between the mole fraction of the reformate and 

various effectiveness factors.  It can be seen that the effectiveness factor has a large 

influence on the reformate composition, especially hydrogen.  Therefore, the choice of 

effectiveness factor in the modeling work can significantly influence the results and 

comparability with experimental work.  In the model created by Sylvestre (2007) the 

effectiveness factor was chosen to remain constant at 0.001 since it was predicted that 

this value would best represent the reactions at the beginning of the catalyst bed where 

the highest temperatures and majority of reactions took place. 
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Figure 5.26: A relationship between the mole fraction of the reformate and the effectiveness factor as 
predicted by the Sylvestre (2007) model (conditions: O/C=1, H2O/C=2, inlet temperature: 500°C, 
GHSV=30,000 h-1) 

 

Other assumptions and possible sources of error between the model and 

experimental work include the thermal conductivities used, methane is not included in the 

product analysis and catalyst deactivation was neglected.  Thermal conductivities in the 

model were shown to change temperature profiles and the peak values obtained.  The 

data collected could easily be influenced by changing the thermal conductivity of the 

catalyst, inert pellets or the reactor walls.  The model created by Sylvestre (2007) used a 

predetermined set of reaction mechanisms, this meant that the production of methane was 

ignored along with lighter hydrocarbons that could develop through chemical 

decomposition.  A range of GHSVs were tested in the model to determine the effect as 

discussed above.  Furthermore, the model did not take into account catalyst deactivation 

throughout the bed.  Although it was determined during experimentation that some 
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carbon deposition could be occurring at the beginning of the reactor, it was not deemed 

significant. 

5.7.2 Comparison of Temperature Profiles 

This section compares and discusses the temperature profiles predicted by the 

model and the data collected from the experiment.  Figure 5.27 shows both the model and 

experimental centerline temperature profiles along with the experimental wall profile.  It 

should be noted that the centerline temperatures are taken in different ways.  While the 

experimental centerline temperature was taken using a thermocouple inside an Inconel 

tube, the model centerline temperature is taken from the peak axial temperature in the 

catalyst.  Although the model and experimental data follow the same general trend and 

peak around the same location, a few dissimilarities are noticed.  The most noticeable 

differences are the temperature ramp to the peak temperature and the temperatures after 

this peak point.  The temperatures predicted by the model seem to respond immediately 

when the reactants hit the catalyst bed and maintain the high temperatures developed.  

This can be explained by the fact that the model assumes adiabatic walls, meaning there 

is no heat loss through the walls because of the high temperature insulation.  In reality, 

significant heat losses were noticed to occur and probably had a considerable effect on 

the temperature profiles.  Furthermore, thermal conductivities of the catalyst and inert 

pellets were not well known and were shown to have an influence on the temperature 

profiles as reported by Sylvestre (2007). 
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Figure 5.27:  Experimental wall and temperature profiles and the centerline profile predicted the 
model (conditions: O/C=1, H2O/C=2, model inlet temperature: 500°C) 

 

The peak temperatures achieved in the experiments compared to the main input 

values can be seen in Figure 5.28 and Figure 5.29. These tables also show the predicted 

values from the model.  The results obtained match those predicted by the model pretty 

closely for varying O/C ratios.  On the other hand, when the H2O/C ratio was varied, the 

model predicted little change in the peak temperature, a decrease of 13°K from a H2O/C 

of 1.0 to 3.0, while the experimental results showed a decrease of 189°K when the H2O/C 

was increased from 1.0 to 3.0.  This discrepancy could be caused by some of the sources 

of error described above or could potentially be an inaccurate description of the kinetics 

in the steam reforming reaction. 
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Figure 5.28: Peak Temperatures vs. O/C ratio           Figure 5.29: Peak Temperatures vs. H2O/C ratio 

 

5.7.3 Comparison of Reformate Composition and Reactor Performance 

A comparison of the outlet composition, the hydrogen yield and the fuel 

conversion for the model and experimental data is now discussed. Figure 5.30 to 5.35 

illustrate the differences between the predicted results and the actual data collected when 

compared to the H2O/C ratio.  Since the results shown here are for a gas hourly space 

velocity of 30,000h-1 for the model and gas hourly space velocity of 20,000h-1 for the 

experiment, it is only useful to analyze the general trends of the figures and not the 

differences between the values.  It is expected that the result of using a higher GHSV in 

the model would cause lower conversions and hydrogen yields, while the effect on the 

reformate composition should be less significant since it is completed on a dry molar 

basis.    
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Figure 5.30: H2 molar percent vs. H2O ratio                        Figure 5.31: N2 molar percent vs. H2O ratio 
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Figure 5.32: CO molar percent vs. H2O ratio                  Figure 5.33: CO2 molar percent vs. H2O ratio 
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Figure 5.34: H2 yield percent vs. H2O ratio                            Figure 5.35: Fuel conversion vs. H2O ratio 
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 With the exception of CO and CO2, the general trends of the figures are fairly 

accurate.  As expected, the fuel conversion and hydrogen yield are lower for the model 

because of the higher GHSV used.  As seen in Figure 5.32 and Figure 5.33, the CO and 

CO2 molar concentrations are considerably different.  This was most likely caused by the 

water gas shift reaction since the outlet temperature of the model was 1139°C on average 

and the experimental outlet temperature was 603°C. 

 Overall, there was a good correlation between the trends and results of the model 

and experimental data, but further improvement is needed. 

 

5.8 Comparison with Other Published Results  

This section focuses on a comparison of the results in this research with other 

relevant published results.  Since most experimental and modeling research is completed 

under different operating conditions it is somewhat hard to compare the data.  However, 

investigating the general trends and results of other researchers can be very useful and is 

therefore discussed briefly here. 

The data sets compared here are from both experimental and computational 

studies completed on autothermal reformers with similar dimensions, operating 

conditions and catalysts as the present study and were discussed in Chapter 2.  Only a 

selected portion of the results published are shown here since a lot of the operating 

conditions are different and difficult to compare.  A comparison of reactor outlet 

temperature and reformate composition is given in Figure 5.36 to Figure 5.39 for various 

researchers.  Since the majority of published results are N2 and H2O free, all results are 

presented in this form.  It should be noted that the temperatures reported in literature were 
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assumed to be reactor outlet temperatures unless otherwise noted.  A detailed breakdown 

of the raw data collected from various researches and used to create these figures can be 

seen in Appendix A. 
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Figure 5.36: Comparison of CO molar percent vs. outlet temperature for various researchers (N2 and H2O free)           

Figure 5.37: Comparison of H2 molar percent vs. outlet temperature for various researchers (N2 and H2O free)        

Figure 5.38: Comparison of CH4 molar percent vs. outlet temperature for various researchers (N2 and H2O free) 

Figure 5.39: Comparison of CO2 molar percent vs. outlet temperature for various researchers (N2 and H2O free)           

 

Figure 5.38: Comparison of CH4 molar 

percent vs. outlet temperature for  
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Figure 5.39: Comparison of CO2 molar 

percent vs. outlet temperature for 
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The effect of temperature on the water-gas shift reaction for all published results 

can clearly be seen in Figure 5.37 and Figure 5.39.  As the outlet temperature of the 

reactor rises, the CO2 decreased and the CO increased at approximately the same rate that 

was found in this research.  Methane is also seen to follow the same trends found in this 

research as seen in Figure 5.38.  At higher outlet temperatures the molar percent of 

methane approaches zero, as shown in Figure 5.38.  The effect that the outlet temperature 

has on the molar percent of hydrogen cannot be seen in Figure 5.36 for different 

researchers because of the various operating conditions used and their effect on hydrogen 

yield.  However, it can be seen that the results obtained in this study are very close to 

comparable studies in literature.  In general, the results obtained coincide with the trends 

and outlet composition of experimental and computational research completed on similar 

autothermal reformers. 
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Chapter 6                                                        

Conclusions and Recommendations 

6.1 Conclusions 

An autothermal reformer was successfully designed for the purpose of reforming 

iso-octane into a hydrogen-rich gas stream that utilized proprietary platinum on ceria 

catalyst.  The autothermal reformer’s key design features include its ability to obtain 

detailed temperature profiles along the reactor and having the option of easily switching 

the catalyst bed or reactor conditions.   

The new autothermal reformer was tested under a variety of operating conditions.  

The main input variables, O/C and H2O/C ratios, were set to predetermined values while 

measuring the temperatures and outlet compositions in order to obtain a better 

understanding of the reactor performance.  These results were then compared to modeling 

work completed in conjunction with the experimental testing as well as other published 

results.  The main findings of this study include: 

• Detailed centerline and wall temperature data which were collected and found to 

follow the general temperature profiles associated with autothermal reformers. 

These averaged a peak temperature of 961°C for all the experimental runs. 

• The O/C ratio was found to have the most significant effect on both the 

temperature profiles and outlet composition, having the ability to consume fuel 

at higher ratios through partial oxidation and cause slower reaction kinetics at 

low ratios from the lower temperatures. 
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• For the range of experimental conditions tested, the highest molar percent of 

hydrogen for a gas hourly space velocity of 20,000h-1 was found at an O/C ratio 

of 1.0 and a H2O/C ratio of 2.0.  

• Performance characteristics used for the ATR were the lower heating value, the 

percent hydrogen yield and fuel conversion.  These were found to have 

maximum values of 46.0%, 47.6% and 67.7% respectively. 

• The molar concentrations of methane, carbon dioxide and carbon monoxide in 

the outlet composition were found to have a direct relationship with outlet 

temperature; as the temperature went up, the CH4 and CO2 molar percentages 

dropped and the CO molar percent increased. 

• All of the experiments demonstrated a high level of repeatability throughout the 

experimental process. 

• Carbon deposition on the catalyst bed was found in significant quantities under 

certain operating conditions, but had a very small effect on the overall 

experiment under the final testing conditions of the ATR. 

• A model created to aid in the analysis of the autothermal reformer was shown to 

generate accurate predictions for the temperature profiles and reformate 

compositions found experimentally.  However, several discrepancies were 

found between the model and experimental data, and further refinement is 

needed.  

 

 



 112

6.1 Recommendations for Future Work 

The experimental program was found to be successful in terms of the testing of a 

new autothermal reformer under different operating conditions and providing data for the 

modeling research.  However, there are several future projects that would help in 

developing a stronger understanding of the reforming process and would aid in validating 

the computational model. 

It would be beneficial to collect more experimental data on the current reformer in 

order to gain a better understanding of the reactor performance as well as validating the 

model.  By varying the O/C and H2O/C ratios and the gas hourly space velocity, 

important experimental data could be obtained.  Since the optimal operating conditions 

for this experimental setup were found (O/C=1.0 and H2O/C=2.0), additional testing 

around these values could be completed to “finely tune” the autothermal reformer.  For 

example, the new range of O/C ratios tested could be from 0.95 to 1.05.  Further work 

complete into varying the GHSV would also be useful as it would help determine a 

broader range of the ATR operating conditions.  This approach would also aid in the 

understanding of the reaction kinetics for the benefit of the accuracy of the computational 

model.  Since the GHSV was limited by the experimental apparatus, changes would have 

to be made to undergo this testing.   

Additional work could also be done on the current autothermal reformer with 

constant inlet temperature.  If the apparatus is set up to control the inlet temperature to 

the reformer (by using heating tape or inlet settings) results obtained would be useful and 

would aid in comparing the data to literature.  These data would also be particularly 
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useful for comparisons with the model developed for the reformer since it specifies the 

inlet temperature. 

Another relevant study that could be done is on the transient state of the 

autothermal reformer. This study focused on the steady state operation of the ATR.  The 

reformer’s performance during warm-up, cool-down and transitions between operating 

conditions is valuable information, as the ATR will be required to operate under many 

different conditions if used in an auxiliary power unit.     

One of the main advantages of this reformer design is its ability to switch catalyst 

beds and reactor tubes.  Additional studies on reactors with different volumes and lengths 

for the catalyst and the inert pellets, and different reactor diameters and lengths, would be 

beneficial.  Ideally, several computational models could be created, each with a different 

design and thus reactor characteristics to be experimentally tested. 

In order to advance the design and implementation of fuel cell auxiliary power 

units, a few general studies with concern to the ATR would be beneficial.  It would be 

beneficial to feed the outlet stream of the ATR to the SOFC to investigate their 

functionality together.  Also, feeding different fuels to the reformer other than the 

surrogate iso-octane, like diesel or gasoline, would help obtain more practical 

information on the ATR performance.  
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Appendix A: Selected Results from Relevant Literature 
 
 

H2 CO CH4 CO2

Author Type O/C H2O/C

Outlet 
Temperature

(C) 
 Molar Percentages  
(N2 and H2O free) 

  1.4 2 476 54 4 5 37 
  0.8 3 360 49 1 14 37 
  1.4 3 440 58 2 3 37 
  1.1 1 399 46 3 12 39 
  1.1 2 613 63 10 1 26 
  0.8 3 532 69 4 1 26 
  1.4 1 721 55 21 0 24 
Caners Exp. 1.1 2 534 63 7 3 28 
  1.1 1 557 54 11 7 27 
  0.8 2 481 61 3 5 31 
  0.8 1 366 47 2 19 32 
  1.4 2 598 61 8 1 29 
  1.4 3 601 63 6 0 31 
  1.4 3 703 61 9 0 30 
  0.8 1 556 60 13 7 21 
    0.8 2 535 68 6 2 25 
    1 1.25 600 53 9 1 37 
  1 1.25 650 57 15 2 26 
Kang 
and  Exp. 1 1.25 700 56 18 3 23 
Bae  1 1.25 750 57 20 2 21 
  1 1.25 800 56 24 2 18 
    1 1.25 850 59 25 1 15 
    3 0.5 700 67 15 3 15 
  3 1 700 65 12 1 24 
  3 1.5 700 57 12 1 30 
Moon Exp. 3 2 700 50 8 2 42 
  0.5 1 700 54 24 11 17 
  1 1 700 60 21 4 21 
  1.5 1 700 62 18 1 21 
    2 1 700 64 11 1 24 
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H2 CO CH4 CO2

Author Type O/C H2O/C
Temperature

(C) 
 Molar Percentages  
(N2 and H2O free) 

    1.43 0.84 700 55 22 4 20 
Pacheco Model 1.43 0.84 800 56 21 5 18 
  1.43 0.84 700 61 20 2 18 
    1.43 0.84 800 50 22 5 23 
  0.7 1 1031 61 28  12 
  0.7 2 1086 63 28  9 
  0.7 3 1059 63 28  8 
  1 1 1181 62 28  10 
Sylvestre Model 1 2 1176 62 29  9 
  1 3 1137 67 25  9 
  1.3 1 1205 60 28  12 
  1.3 2 1195 60 28  11 
  1.3 3 1178 61 28  11 
    0.7 1 573 54 14 5 26 
  0.7 2 545 56 9 5 29 
  0.7 3 500 59 5 6 30 
Shaw Exp. 1 1 638 61 16 2 21 
  1 2 598 64 10 2 24 
  1 3 552 65 6 3 26 
  1.3 1 751 54 21 0 24 
  1.3 2 654 57 13 0 30 
    1.3 3 612 58 8 1 33 
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Appendix B: LabView Schematic 
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Appendix C: Experimental Procedure manual 
 
Pre-experimental:  
Items to be completed prior to activating any heat source or reactant feed 
 
Safety override control box should always be active (red light indicates that the 
power to the system is on) 
 
Power on: Computer 

• User: Shaw 
 
Power on: Control system 

• SCXI chassis, Flow controller and pressure transducer power box 
 
Power on: Combustor control 

• Temperature monitor and heater control (heater set point < 30°C) 
 
Power on: Inlet feed pumps 

• Flowrate set to 0 ml/min 
 
Power on: Fume Hood 

• Control on other half of laboratory 
 
Set outlet flow path through condenser or combustor as necessary 
 
Turn on gas supply:  
 Nitrogen in-house supply 

Air in-house supply (Check that FM466OA lever 4 in down position in 
SOFC side of lab) 

  
Gas Chromatograph (GC) 

• Manually ensure that there is carrier gas flow – approximately 10 
mL/min 

• Power button on left-hand side of GC 
• Turn on Thermal Conductivity Detector (TCD) to LOW setting 

 
Run Temperature ramp cycle in Peak Simple to clean out column (2-3hours) 
 On channel 1 in PeakSimple: 

• Edit -> Channels -> Temperature -> TempRamp 
 
Open and activate LabView control program (May.7) 

 

Ensure that the flows for the pumps and the set point for CH7 are set properly 
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Open and activate PeakSimple control program.   
 On channel 1 in PeakSimple: 

• Edit -> Channels -> Temperature -> Temp1 
 On channel 2 in PeakSimple: 

• Edit -> Channels -> Temperature -> Temp1 
• Edit -> Channels -> Events -> Evt1 
• Edit -> Channels -> Components -> Comp1 
• In the Post run section, remove the checkmarks on saving the 

chromatogram 
 
Run PeakSimple temperature ramp program for at least 2 hours prior to use until 
the baseline remains constant 
 
Pressure test system at 50 psig for ½ hour with N2 
               Maximum pressure loss = -1 psi/hr 
 
 
 
Set N2 inlet feed rate = 2.5 SLPM 
Set Air inlet feed rate = 2.5 SLPM 
 
Set the safety temperature and pressure settings on the safety box to reflect the 
operating temperature being used in the experiment 

 
Power on: Combustor Air and Heating Tape 

• Set combustor air feed to 1 SLPM 
• Set combustor heating tape temperature to 120 C DO NOT SET 

HIGHER 650C 
• Safety box shut-off should be set at 600 C 
• Allow sufficient time for combustor temperature to increase above 

100 C 
 
Power on: Air Heating Tape 

• Set at 300 C  
• Increase set point to desired temperature: DO NOT SET HIGHER 

650C 
• Note that there is no safety shut-off function for the heating tape 

 
Power on: Fuel Heating Tape 

• Once the reformer temperature (ch4) is about 300C, turn on fuel 
heating tape 

• Set at 300 C, Increase set point to desired temperature: DO NOT 
SET HIGHER 650C 
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Power on: Water Pump (Pump A) 
• Turn both pumps on 
• See Pump notes for setup.  Also see lookup table and program table 

next to pump for which program or set of conditions to run.  
• Prime pump – remember to set valve to “prime” 
• When CH4 (or the lowest temperature in the reformer) is greater 

than 300 C, start the water pump at 1 mL/min (or at the 
experimental flowrate) 

• Immediately input pump parameters into LabView 
• Note that flowrate is “combined” flowrate for both pumps.  i.e. If 

total flowrate is 2mL/min, and B = 50 %, then each pump will 
output 1 mL/min. 

 
 
PUMP notes: 
 
To edit or create files: 
Menu-> File -> Enter file number [ENTER] -> Edit 
 
To run a program: 
Menu -> Mode -> Prog -> Choose File Number [ENTER]-> Run 
 
To change between programs on the fly: 
Same as above 
 
To change from a program to a non-programmed item: 
If in a program: 
Cond-> Flow [ENTER] -> Mixture [ENTER] -> Run 
 
Power on: Condenser 

• Turn on cooling coil 
• Turn on heating controller – set temperature to 3 C 
• Make sure the cooling coil is NOT touching the condenser! 

 
Start of experimental run: 
Only to be done if all items in the previous section have been completed 
 
Wait for CH4 to be at least 350 C 
 
Decrease N2 feed rate appropriately 
 
Power on: Inlet Heating Tape 

• Set at 500 C 
 
Start isooctane inlet – slow at first, with high steam to carbon ratio.  Immediately 
input pump parameters into LabView 
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As time passes, may reduce N2 flow and water flow, depending on conditions for 
test. 
 
Eventually turn off the N2 flow with valve to guarantee no N2 leaks. 
 
Allow the reformer to come to steady-state operation. 
 
Take 4-5 chromatographs of the outlet products at steady state (see GC sampling 
procedure) 
 
To change conditions during experimental run: 
 
Turn on N2 flow to 2 SLPM or another appropriate level 
Adjust the pump flow as shown above (while inputting parameters into LabView) 
Input adjusted pump flow immediately into LabView program 
Adjust air flow appropriately for next experimental run 
Reduce N2 air flow appropriately when ready to proceed with the experiment 
 
GC sampling – procedure 
 
At the time when loading the sample, select “Load” on the remote control for the 
GC 
Note however that the switch should already be in the “Load” position 

• Ensure that condenser fluid is approximately 3 C 
• Open valve that leads to condenser 
• Open valves that lead to GC 
• Ensure that flow is approximately 50 mL/min through sample loop 
• Carrier gas flow should be approximately 10 mL/min 
• Wait for 15 minutes until condenser is full of reformate 
• Adjust outlet valve for the combustor to make the flowrate into the 

sample loop for the GC approximately 50 mL/min 
• Immediately change the remote control lever to “Inject”  
• Start the run on the PeakSimple software 
• Make note of the time of sampling and other data required by the 

“GC Data Sheet” provided for that purpose in lab book 
• Record the room temperature and pressure (pressure can be obtained 

from the Weather Network website) 
• When run is completed, fill out the “Comments” section with the 

atmospheric pressure and room temperature, as well as the steady 
state conditions under which the sample was obtained. 

• Save the chromatogram as the date, along with the run number.  I.e. 
June16-01, June16-02, etc. 

 
 
End of experimental run: 
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Increase N2 flowrate to 3 SLPM 
 
Stop pumps – Cond -> Stop 
 
Turn pump valves to “Off” 
 
Power off pumps, both water and isooctane 
 
Shut off air flow (also shut off regulator valve) 
 
Allow nitrogen to run through the system 
 
Turn off heating tapes 
 
Turn power off pumps 
 
Turn TCD off on GC (keep carrier gas flowing for at least 1 hour to allow TCD to 
cool down) 
 
Once the water has been removed from the system, turn off combustor heating tape 
and air flow 
 
Turn off power to GC 
 
Set inlet N2 feed to 0 SLPM 
 
Stop LabView DAQ.   
 
Save LabView file under ATR Data -> LabView Data -> Month -> filename  The 
filename should be of the date of the experimental run, e.g. June17 
 
Restart LabView DAQ – Save file as “overnight”.  You may overwrite the previous 
file of that name. 
 
Turn on N2 flowrate to 2 SLPM.  Allow system to cool in a stream of 2 SLPM of 
N2 

 
Shut off combustor heater (allow air to run for at least 1 hour) 
 
Turn off valves for the GC inlet to ensure no flow 
 
Empty the condenser 
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Emergency procedures 
 
If safety override initiates, determine the reason for the override, and take 
appropriate action.  If unsure of the cause, allow the system to cool down and shut 
down reaction. 
Turn off pumps, heating tape immediately 
 
If there is a hydrogen leak, initiate emergency shut down by pressing safety button. 
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Appendix D: Experimental Results 
 

GHSV 
Isooctane 
flow rate 

Air flow 
rate 

Water flow 
rate 

Total 
pump 
flow 

Run 
Number 

 (h-1) 
O/C 

 
H2O/C 

 (mL/min) (SLPM) (mL/min) (mL/min) 
1 20000 0.7 1.0 0.52 1.02 0.45 0.98 
2 20000 0.7 2.0 0.38 0.75 0.67 1.05 
3 20000 0.7 3.0 0.30 0.60 0.79 1.10 
4 20000 1.0 1.0 0.42 1.16 0.36 0.78 
5 20000 1.0 2.0 0.32 0.90 0.56 0.89 
6 20000 1.0 3.0 0.27 0.74 0.69 0.96 
7 20000 1.3 1.0 0.35 1.26 0.30 0.65 
8 20000 1.3 2.0 0.28 1.02 0.49 0.76 
9 20000 1.3 3.0 0.23 0.85 0.61 0.84 

9 R1 20000 1.3 3.0 0.23 0.85 0.61 0.84 
9 R2 20000 1.3 3.0 0.23 0.85 0.61 0.84 
9 R3 20000 1.3 3.0 0.23 0.85 0.61 0.84 

 
 
 

Run # H2 N2 CO CH4 CO2 H2 N2 CO CH4 CO2 

 Dry Molar Percent Output Flow rate (SLPM) 
1 25.2 53.5 6.7 2.5 12.1 0.381 0.807 0.101 0.037 0.183
2 27.7 50.7 4.6 2.7 14.4 0.326 0.594 0.054 0.032 0.169
3 28.6 51.2 2.4 2.9 14.9 0.263 0.470 0.022 0.027 0.137
4 28.6 52.9 7.4 1.0 10.0 0.494 0.917 0.128 0.017 0.173
5 32.1 49.9 4.8 1.2 12.0 0.460 0.714 0.069 0.017 0.172
6 32.4 50.5 2.8 1.4 12.9 0.375 0.585 0.033 0.016 0.149
7 20.4 62.5 7.9 0.1 9.1 0.324 0.994 0.125 0.002 0.144
8 22.2 61.1 5.1 0.1 11.5 0.292 0.802 0.066 0.001 0.151
9 22.0 62.0 3.0 0.3 12.7 0.239 0.673 0.032 0.004 0.137

9 R1 21.4 62.4 2.8 0.2 13.1 0.231 0.673 0.030 0.002 0.142
9 R2 22.1 62.8 2.7 0.1 13.0 0.237 0.673 0.029 0.001 0.139
9 R3 21.8 62.7 2.5 0.0 12.9 0.234 0.673 0.027 0.000 0.139
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 Wall Temperatures (°C) [locations in cm] 
Run 

# 

Fuel 
injec
tion 
(°C) 

Refor
mer 
inlet 
(°C) 

CH4 
(x=2.4) 

CH5 
(x=3.0) 

CH6 
(x=3.6) 

CH8 
(x=4.9) 

CH9 
(x=5.5) 

CH10 
(x=6.2) 

CH11 
(x=6.8) 

1 540 288 459 563 656 787 788 780 758 
2 550 293 333 395 464 689 729 750 736 
3 539 282 240 281 336 551 596 632 637 
4 540 288 564 691 775 889 889 877 849 
5 563 346 431 523 619 833 860 865 837 
6 546 250 327 397 478 719 765 797 789 
7 540 142 574 711 831 1055 1084 1089 1060 
8 564 362 522 643 755 949 966 961 928 
9 555 332 352 436 535 807 852 878 864 

9 R1 549 210 403 494 590 832 868 885 864 
9 R2 559 350 407 508 623 819 860 875 852 
9 R3 560 348 392 488 585 818 860 877 855 

 
 Wall Temperatures (°C) [locations, x, in cm] Run 

# 
  

CH12 
(x=8.1) 

CH13 
(x=8.7) 

CH14 
(x=9.4) 

CH21 
(x=10.0) 

CH24 
(x=11.3) 

CH25 
(x=11.9) 

CH26 
(x=12.5) 

CH28 
(x=13.2) 

CH29 
(x=13.8) 

CH30 
(x=14.4) 

1 725 708 688 668 630 623 600 580 573 561 
2 707 689 670 648 608 600 577 559 550 538 
3 637 622 605 587 554 548 527 512 501 491 
4 798 777 754 730 690 682 656 645 636 625 
5 773 749 724 700 657 649 625 614 603 590 
6 741 717 690 665 615 606 581 579 568 556 
7 999 970 937 904 836 822 788 774 763 755 
8 866 842 814 787 733 722 694 680 668 659 
9 818 793 767 739 684 672 643 631 618 610 

9 R1 807 782 755 728 675 665 637 628 612 598 
9 R2 803 780 754 728 676 666 639 622 610 600 
9 R3 808 781 758 729 676 664 637 624 611 600 

 
Centerline Temperatures (°C) [locations, x, in cm] Run 

# x=1.7 x=2.4 x=3.0 x=3.6 x=4.3 x=4.9 x=5.5 x=6.2 x=6.8 x=7.4 x=8.1 x=8.7 
1 454 511 633 775 819 870 896 845 812 781 767 752 
2 310 337 398 495 596 772 842 836 805 770 754 737 
3 230 244 273 333 405 569 680 723 723 693 675 660 
4 567 646 795 884 946 1010 1050 961 912 875 852 829 
5 410 464 584 719 819 930 976 950 902 866 840 813 
6 319 354 429 523 633 819 867 886 855 808 781 755 
7 581 661 805 931 1013 1166 1226 1208 1164 1143 1105 1066 
8 515 590 715 863 947 1051 1039 1012 971 921 895 873 
9 330 370 462 592 700 898 992 995 954 912 884 857 

9 R1 396 450 551 677 784 932 1001 991 946 899 873 847 
9 R2 404 464 579 707 823 927 975 962 922 882 860 837 
9 R3 381 435 537 665 768 918 984 980 938 895 872 845 
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Centerline Temperatures (°C) [locations, x, in cm] 

Run 
# 

x=9.3 x=10.0 x=10.6 x=11.3 x=11.9 x=12.5 x=13.2 x=13.8 x=14.4 x=15.1 x=15.7 x=16.3 

1 737 723 708 692 680 663 643 626 605 592 581 573 
2 717 704 689 668 655 639 615 598 578 562 553 545 
3 653 642 629 612 600 585 565 550 532 521 511 500 
4 800 786 771 756 744 729 710 693 670 658 645 638 
5 770 756 740 720 708 691 668 651 630 619 610 598 
6 727 711 692 679 665 646 622 604 582 571 569 552 
7 1022 999 972 938 918 893 848 821 789 776 765 751 
8 861 839 816 806 786 762 735 714 687 675 663 654 
9 830 810 787 770 753 731 697 676 650 635 624 612 
9 

R1 823 805 785 754 733 714 676 657 634 622 613 604 
9 

R2 808 789 768 748 731 710 688 668 643 628 620 608 
9 

R3 817 801 777 752 732 714 686 667 640 627 617 607 
 

Run Number LHV % Conversion % H2 % Yield 
1 23.6 52.2 29.2 
2 27.5 56.5 23.1 
3 28.0 51.9 23.5 
4 38.5 65.0 47.6 
5 46.0 67.7 38.7 
6 45.7 63.6 38.5 
7 30.4 66.8 37.6 
8 33.8 66.6 28.4 
9 33.0 63.0 27.8 

9 R1 32.0 63.4 26.9 
9 R2 32.7 61.3 27.5 
9 R3 32.3 60.2 27.2 
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Appendix E: Air MFC Calibrations 
 
The following tables and graphs were used in the calibration of the air MFC. 
 

GUI CMD 
(SLPM) 

Analog Read back 
(On The GUI) Molbloc Reading % error 

Molbloc-Read back 
Error (%) 

0 -0.003 0.0000 0.00% 0.01%
0.25 0.27 0.2569 0.03% -0.05%

0.5 0.495 0.5016 0.01% 0.03%
0.75 0.748 0.7449 -0.02% -0.01%

1 0.997 0.9930 -0.03% -0.02%
1.25 1.247 1.2423 -0.03% -0.02%

1.5 1.496 1.4930 -0.03% -0.01%
2 2.01 1.9848 -0.06% -0.10%

2.5 2.503 2.4836 -0.07% -0.08%
3 3.003 2.9816 -0.07% -0.09%

3.5 3.498 3.4922 -0.03% -0.02%
4 4 4.0000 0.00% 0.00%

4.5 4.494 4.5090 0.04% 0.06%
5 4.94 4.9550 -0.18% 0.06%

5.5 4.908 4.9390 -0.022 0.12%

Molbloc Command

y = 0.3854x + 0.0091
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Appendix F: Reactor Drawings 
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