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Abstract 

This research was aimed at investigating a counter-diffusive catalytic 

reactor for mitigation of methane and BTEX emissions from the natural gas 

dehydration process. A commercial radiant heater unit was used in the 

experiments and the effect of methane flow rate on its conversion was studied. 

Methane conversion decreased with increasing methane feed rate. It was found 

that the external diffusion of oxygen through the boundary layer was the limiting 

factor in the system. Complete methane conversion was achieved when the 

oxygen diffusion limitation was overcome by inducing convective air flux in the 

boundary layer in front of the catalyst pad. 

To simulate natural gas dehydration emissions, which contain excess 

amount of water, the effect of addition of liquid water and water vapor on 

methane combustion was also studied. Small volumes of liquid water did not 

affect the methane combustion, however, at 2 g/min liquid water, which is 

comparable to the amount of water produced during the reaction, combustion was 

inhibited. Added water vapor did not show any influence on combustion 

efficiency. The presence of pentane and toluene, representing the non-aromatic 

hydrocarbons and BTEX substances in the emissions, inhibited methane 

conversion due to the competition for oxygen since pentane and toluene are easier 

to oxidize compared to methane.  

Two-dimensional modeling of the radiant heater system was conducted 

using the COMSOL Multiphysics software package. Comparing the model data 



for methane conversion with experimental results revealed similar decreasing 

trend in conversion with increasing the methane flow rate; however, the model 

under-predicted the conversion. Increasing the mass transfer coefficient, resulted 

in improved methane conversion, confirming the dominance of mass diffusion 

limitation in the system. In fact, the real mass transfer coefficient was 1.5-2 times 

higher than the values originally used in the model. Changing the kinetic 

parameters did not significantly improve the conversion leading to the conclusion 

that the catalytic radiant heater system is not kinetically controlled. Developing 

the three-dimensional model of the system in Fluent revealed that the fuel 

distribution in the system is not a significant factor, in agreement with 

experimental observation.  
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1.1 Background 

Canada, with its significant natural resources, is considered to be one of 

the world leaders in energy production and export. Western Canada, and 

particularly the province of Alberta, has abundant resources of energy, including 

fossil fuels, and is the energy centre of the country. About three quarters of 

Canada’s total primary energy supply comes from fossil fuels (International 

Energy Agency 2004). Canada’s total energy production grew substantially from 

274 Mtoe1 (million tonnes of oil equivalent) in 1990 to 392 Mtoe in 2002, and net 

energy export increased from 61 Mtoe in 1990 to 138 Mtoe in 2002, with oil and 

gas representing 30% and 61%, respectively. The United States of America is the 

main market for Canada’s energy products and services, accounting for 98% of 

Canada’s export in 2004 (Foreign Affairs and International Trade Canada 2010).  

Alberta’s economy relies heavily on the production, sale and combustion 

of fossil fuels. Its rich economy has brought wealth and prosperity to the region; 

however, the increased rates of oil and gas production and processing activities 

has led to many environmental issues, including greenhouse gases (GHG) 

emissions. This region has the highest GHG emissions among all the provinces in 

Canada. In 2008, about 42% of the facility reported GHG emissions belonged to 

                                                 

1 The tonne of oil equivalent is the amount of energy released by burning one tonne of 

crude oil. 
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Alberta with energy related activities being the major emission source 

(Government of Canada, Environment Canada 2010). 

Recently, the climate change and the potential impacts associated with it 

have been a major concern and a hotly debated issue in Canada and around the 

world. The average temperature of the earth’s surface has risen by 0.74oC since 

the late 1800s and it is predicted to increase by another 1.8oC to 4oC by the year 

2100 (United Nations Framework Convention on Climate Change (UNFCC) 

2010). Many speculate that the main reason behind the increasing temperature is 

industrialization which is associated with burning oil, gas and coal, the cutting of 

forests, and the practice of certain farming methods. These activities have 

increased the amount of GHG in the atmosphere, especially methane, carbon 

dioxide and nitrogen oxides. Such gases occur naturally and they are critical for 

life on earth because they keep some of the sun’s warmth from reflecting back 

into space, without which the planet would be a cold and unlivable place. 

However, in increasing quantities they push the global temperatures to high 

levels, altering the climate. The consequences of increasing the temperature are 

expected to include rising sea levels, melting of glaciers, changes in precipitation 

patterns with increased risk of flooding and draught, and changes in frequency 

and intensity of extreme weather events (Khilyuk, Chilingar 2004, Jaccard M. 

2007). Although many impacts of climate change are expected to be felt most 

strongly in developing countries, Canada is not immune from direct impacts. A 

4oC average global warming, the estimate for 2100, would be expected to warm 

northern Canada by roughly 8oC. This change would have dramatic effects on 
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natural systems and human inhabitants in northern Canada. Other parts of Canada 

would probably suffer from water shortages and extreme weather events.                

To address this global challenge, over a decade ago, most countries joined 

the United Nations Framework on Climate Change (UNFCC) to consider what 

can be done to overcome the climate change issue. In 1994, UNFCC entered into 

force with the objective of “stabilization of GHG concentrations in the 

atmosphere at a level that would prevent dangerous anthropogenic interference 

with the climate system” (United Nations Framework Convention on Climate 

Change (UNFCC) 2010). The role of convention was to encourage the 

industrialized countries to stabilize GHG emissions while the Kyoto Protocol is 

an international agreement linked to UNFCC which commits these countries to do 

so. Kyoto Protocol was adopted in Kyoto, Japan on 1997 and came into force in 

2006. The protocol set targets for 37 industrialized countries, including Canada 

and the European community for reducing GHG emissions by an average of 5% 

against 1990 level over the period of 2008-2012. Canada ratified the UNFCC on 

December 1992 and its Kyoto Protocol on December 2002.  

Other than GHG, some volatile organic compounds (VOC) are among 

harmful and toxic materials that are being emitted from different industrial 

processes. Compounds such as benzene, toluene, ethylbenzene and xylene 

(BTEX) are among the VOC that need to be mitigated before being released into 

the atmosphere. Therefore practical solutions are required to influence the 

increasing trend of global warming and climate change.       
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1.2 Motivation and research objectives 

An increasing number of climatologists, researchers and environmental 

groups believe that the higher concentrations of GHG will induce global warming 

sufficiently to cause extensive disruption in climatic patterns. According to the 

reports by United Nation’s Intergovernmental Panel on Climate Change (IPCC), 

global GHG emissions due to human activities have grown dramatically in recent 

decades and are very likely to be the primary cause of the observed increase in 

global average temperatures (IPCC, 2nd assessment report, the science of climate 

change). The influence of different GHG on global warming is usually compared 

using the global warming potential (GWP). The GWP is defined as the time-

integrated change in radiative forcing due to the release of 1 kg of the gas relative 

to the radiative forcing from the release of 1 kg CO2 (Government of Canada, 

Environment Canada 2010, Brühl 1993). Radiative forcing is a “measure of the 

influence a factor has in altering the balance of incoming and outgoing energy in 

the earth-atmosphere system and is an index of the importance of the factor as a 

potential climate change mechanism”. GWP is a relative measure of the warming 

effect that the emission of a GHG might have on the surface troposphere with 

carbon dioxide taken as the reference. Methane is the second largest contributor to 

global warming however its GWP is 23 times higher than that for carbon dioxide 

over a 100-year time span (Su, Agnew 2006, Salomons et al. 2003).  

The energy sector is responsible for the largest growth in GHG emissions 

(Forster et al. 2007). The primary GHG are carbon dioxide, methane, nitrous 

oxide and halocarbons (Government of Canada, Environment Canada 2010, 



 
6

Danny Harvey 1993). In 2004, Canadians released about 758 megatonnes of 

carbon dioxide equivalent of GHG into the atmosphere (Government of Canada, 

Environment Canada 2010). Energy related activities are the largest source of 

GHG emissions in Canada. Alberta is the first jurisdiction in North America to 

impose comprehensive regulations requiring large facilities in various sectors to 

reduce their GHG emissions. As part of its efforts to address climate change, the 

province of Alberta has introduced legislation to address GHG emissions in the 

province: The Climate Change and Emissions Management Act. There are 

currently three regulations in effect under this Act. The Alberta Specified Gas 

Reporting Regulation indicates reporting requirements for large emitters; 

Specified Gas Emitters Regulation sets the targets for regulated entities and 

guidelines for compliance achievement; and Administrative Penalty Regulation 

indicating the penalty for not complying with the Climate Change and Emissions 

Management Act. As of July 1, 2006, the Specified Gas Emitters Regulation 

requires Alberta facilities that emit more than 100,000 tonnes of GHG per year, to 

reduce emission intensity by 12%. These facilities have four options to comply 

with the regulations: 

• Reduce their emission by improving their operation system 

• Purchase Alberta based offset credits 

• Contribute to Climate Change and Emissions Management Fund 

• Purchase or use Emission Performance Credits 

• Offsets must be Alberta-based and originate from a voluntary 

action in a non-regulated sector.  
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A significant source of methane emissions in Alberta is the natural gas 

glycol dehydration process. Produced natural gas contains excess water that needs 

to be removed before being transported and delivered to the consumer. In addition 

to methane, the effluent of glycol dehydrator unit contains a mixture of BTEX, 

water and other hydrocarbons (Jodeiri et al. 2010). In fact, emissions from natural 

gas dehydration (glycol dehydration) facility are the primary source of benzene 

emissions in the oil and gas industry. Benzene is a hazardous air pollutant (HAP) 

and classified as toxic substance under the Canadian Environmental Protection 

Act (Canadian Environmental Protection Act 1993). It is carcinogenic to humans 

and studies have shown the correlation between exposure to benzene and onset of 

certain forms of leukemia.   

To reduce benzene emissions from glycol dehydrators, on July 2006, the 

Alberta Energy and Utilities Board (EUB) and Alberta Environment have jointly 

issued Directive 039, entitles: Revised Program to Reduce Benzene Emissions 

from Glycol Dehydrators and licensees are required to comply with the defined 

benzene emission limits. Benzene emission limits were set depending on the date 

of installation or relocation of the glycol dehydrator. Also licensees are required 

to submit an annual dehydrator benzene inventory list by July 1 of each year 

(Canadian Association of Petroleum Producers June 2006).  

These regulations and mandates for the GHG reduction and benzene 

emission control is the major motivation for conducting this research. The main 

objective of this research is to investigate the application of a catalytic reactor 

system for mitigation of methane and BTEX substances emitted in the oil and gas 
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industry operations particularly from glycol dehydrator effluents. This research 

includes the experimentation using a commercial reactor and computer modeling. 

By conducting this research through experiments, a better understanding of the 

physical phenomena involved in operation of the catalytic reactor system is 

achieved. Modeling is a useful approach for predicting the system behavior at 

different conditions. In fact using the model, the effect of different operating 

parameters on the system performance can be predicted without doing the real 

experiment which could be costly, dangerous and/or time consuming. 

1.3 Thesis overview 

This research was initiated to evaluate the performance of a catalytic 

reactor for treatment of methane and BTEX substances. Before reporting the 

experimental and modeling results some background information is needed to 

understand the problem in hand. Chapter 2 is devoted to introducing and defining 

the GHG and BTEX substances and their sources and sinks. The Natural gas 

dehydration process is described in detail and the emission sources are identified. 

In this chapter also the regulations for emission control and available emission 

control technologies are introduced. The conventional method of treatment of 

these compounds, along with the disadvantages and concerns related to these 

methods is discussed and reviewed. Then the proposed catalytic combustion 

method of treatment is introduced and discussed to gain an understanding of the 

characteristics of this system. 
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In Chapter 3, which is the literature review, previous works done in the 

area of catalytic combustion of methane and BTEX substances including kinetics 

and reaction mechanism and the factors influencing the catalytic system 

performance are covered. In Chapter 4, the results of the experiments with 

commercial counter-diffusive radiant heater unit are reported including parametric 

study of methane flow rate and its effect on reactor performance in terms of 

conversion, effect of mass transfer on system operation and the influence of 

addition of liquid and vapor compounds, representing the natural gas dehydration 

effluent, on the system.   

The procedure and the generated data from a two-dimensional model of 

the counter-diffusive radiant heater are presented in Chapter 5 along with the 

comparison of the model and experimental results. Also the results of the three-

dimensional model are presented in this chapter. The last chapter includes 

conclusions drawn from the results of this research and the recommendations for 

optimum performance of these systems.     
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2.1 Introduction 

The transition from a worker-based industry to machine-based economy, 

with the growth of factories and mass production, is traditionally known as the 

industrial revolution, which began in England and introduced the most 

fundamental changes to society (Silverstein, Silverstein & Nunn 2009). This 

revolution was accompanied by massive growth in energy consumption, met by 

the burning of coal. In fact, the industrial revolution marked the beginning of the 

period during which mankind began substantially altering the composition of the 

atmosphere. Nowadays, uncontrolled release of VOC to the atmosphere from 

different industrial processes has become a challenge for all the nations around 

the world. VOC are a class of substances in which carbon is bound to hydrogen or 

other elements. VOC may be defined as organic liquids or solids whose room 

temperature vapor pressures are greater than 0.01 psi and atmospheric boiling 

points are up to about 533 K (Hunter, Oyama 2000). 

Two major categories of these compounds are methane, which is a strong 

GHG, and BTEX substances. Now there is scientific evidence that GHG alter the 

global climate and BTEX substances such as benzene, which are among 

hazardous air pollutants (HAP), pose health risk to human beings. In the 

following sections of this chapter, these two categories of VOC are discussed and 

their sources will be introduced.      
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2.2 What is the greenhouse effect? 

The earth receives radiant energy from the sun, but it must re-radiate much 

of that energy back into space or our world would become progressively hotter. 

This radiation from the sun may be reflected back into space by the earth, or 

absorbed by naturally occurring trace gases in the atmosphere including water 

vapor, carbon dioxide and methane. This absorption occurs primarily in the 

troposphere, the region from the earth’s surface up to an altitude of 10 to 15 km. 

When these molecules absorb energy, they cause general atmospheric warming, a 

phenomenon commonly called the greenhouse effect. In fact, the trace gases act 

like a thermal blanket to keep the earth warm enough to be a livable place. If no 

atmosphere would exist, the temperature would be low and no life would be 

possible (Danny Harvey 1993, Florides, Christodoulides 2009, Metz 2010). 

Because these trace gases can absorb heat and contribute to the earth warming, 

they are called GHG.  

2.2.1 Radiative forcing 

The influence of a GHG in causing the climate change is often evaluated 

in terms of its radiative forcing. It is “a measure of the influence of a factor in 

altering the balance of incoming and outgoing energy in the earth-atmosphere 

system and is an index of the importance of the factor as a potential climate 

change mechanism”. The word radiative arises because these factors change the 

balance between incoming solar radiation and outgoing infrared radiation within 

the earth’s atmosphere. This radiative balance controls the earth’s surface 
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temperature. The term forcing is used to indicate that earth’s radiative balance is 

being pushed away from its normal state. 

Radiative forcing is usually quantified as the ‘rate of energy change per 

unit area of the globe as measured at the top of the atmosphere’ and is expressed 

in units of ‘Watts per square metre’. When radiative forcing from a factor is 

evaluated as positive, the energy of the earth-atmosphere system will ultimately 

increase, leading to a warming of the system. In contrast, for a negative radiative 

forcing, the energy will ultimately decrease, leading to a cooling of the system 

(Forster et al. 2007).  

2.2.2 Global warming potential 

Human activities have caused the increase of GHG in the atmosphere and 

changed their balance. These additional gases are responsible for the additional 

warming of the earth. Carbon dioxide, methane, nitrous oxide and halocarbons are 

the most important GHG. Global GHG emissions due to human activities have 

grown since pre-industrial times, with an increase of 70% between 1970 and 2004 

(Bernstein et al. 2007).  

GHG differ in their warming influence on the global climate system due to 

their different radiative properties and lifetimes in the atmosphere. The ability and 

potential of a GHG to cause global warming is defined as GWP. The GWP may 

be expressed through a common metric based on the radiative forcing of CO2. 

GWP is the time-integrated change in radiative forcing due to the instantaneous 

release of 1 kg of the gas expressed relative to the radiative forcing from the 
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release of 1 kg of CO2. The GWP of CO2 is set to one. Often GHG emission is 

expressed in terms of CO2-equivalent which is defined as the amount of CO2 

required to produce a similar warming effect. The equivalent CO2 emission is 

obtained by multiplying the emission of a GHG by its GWP for the given time 

horizon. For a mix of GHG, it is obtained by summing the equivalent CO2 

emissions of each gas. Equivalent CO2 emission is a standard and useful 

parameter for comparing emissions of different GHG.  

Assigning the GWP value for GHG allows policy makers to compare the 

impacts of emissions and reductions of different gases. For instance, methane is a 

significant contributor to the greenhouse effect and has a GWP of 23. This means 

methane is approximately 23 times more heat-absorptive than carbon dioxide per 

unit of weight. Therefore methane is most important GHG to be considered for 

mitigation.  

2.3 Methane 

Methane is a colorless, odorless, flammable gas that is the simplest 

hydrocarbon and is the major constituent of natural gas. Once emitted, methane 

remains in the atmosphere for about 12 years. It is mainly destroyed by oxidation 

reactions initiated by hydroxyl radicals. The reaction finally leads to formation of 

CO2 and H2O (Lelieveld, Crutzen & Brühl 1993, Wahlen 1993). Increasing 

emissions of methane and also reaction of hydroxyl radicals with other VOC, lead 

to lower hydroxyl radials concentrations which may increase methane lifetime in 
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the atmosphere. A small amount of methane is also absorbed directly by soils and 

oxidized by bacteria (Wahlen 1993).  

In the atmosphere, methane is an infrared absorber contributing to global 

warming. When methane reaches the stratosphere, it undergoes photochemical 

dissociation and the released hydrogen oxides form water leading to formation of 

stratospheric ice clouds (MacDonald 1990). These clouds provide the substrate 

for the reaction involving derivation of chlorine from chloroflurocarbons (CFCs) 

and cause the stratospheric ozone depletion. Ozone depletion can lead to 

increased skin cancer, eye damage and harm to biological species due to the 

increased levels of ultra violet radiation reaching the earth surface (Dincer, Rosen 

1999). Therefore methane not only contributes to global warming, it also is partly 

responsible for ozone depletion. Methane, usually in the form of natural gas, is 

used as feedstock in the chemical industry and as fuel for different applications 

such as heating homes and operating vehicles (Government of Canada, 

Environment Canada 2010). 

2.3.1 Methane emission sources 

Several sources contribute to methane emissions. The major difference 

between these emissions is the role of human in initiating these emissions. Levels 

of methane emission could vary significantly between different countries 

depending on the climate, human lifestyle, energy production and demand and 

waste management practices. However the climate change issue is not specific to 

industrialized countries only, since no boundary can be assumed between 

different regions in terms of climate and environment.    
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2.3.1.1 Natural methane emissions 

Methane emissions are divided in two categories: natural and man-made 

(anthropogenic) sources. Methane is emitted from a variety of sources including 

wetlands, gas hydrates, permafrost, termites, oceans, freshwater bodies, non-

wetland soils and other sources such as wildfire (Wuebbles, Hayhoe 2002, 

Silverstein, Silverstein & Nunn 2009). Wetlands are the main natural source for 

global methane emissions. In this ecosystem methane is produced by methane-

producing bacteria from decomposition of organic material. The bacteria require 

an environment with large amount of organic material and no oxygen and this 

condition is available in wetlands. Termites are the second largest natural source 

of methane emissions. Methane is produced by the digestive system of insects and 

the amount depends on the type of species. 

Methane emission in oceans and rivers is due to anaerobic digestion in 

zooplankton and fish and also methanogenisis in sediments and drainage areas 

along coastal regions. Methane is also emitted from methane hydrates. These 

hydrates are ice-like crystals formed between water and gas at high pressure and 

ambient temperature. These solid deposits with trapped methane in the structure 

can be found deep underground in polar regions and in ocean sediments. Changes 

in factors such as temperature, pressure and salt concentrations can trigger the 

methane release from hydrates.  

Geologic emissions are another source of methane release. Mud volcanoes 

are one of the main sources of geologic methane emissions which release methane 

from within the earth (Etiope et al. 2007, Etiope, Favali 2004). Other geological 
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sources are geothermal seepage and submarine seepage. Wildfire also contributes 

to natural methane emissions as a result of incomplete combustion of organic 

material. Another source of methane which is due to wildfire, is release of 

methane trapped in the soil by melting the permafrost.    

2.3.1.2  Anthropogenic methane emissions 

Any GHG emission caused by human activity is called an anthropogenic 

emission. Canada is one of the highest per capita emitters of GHG mainly due to 

its size, climate and higher energy demand and resource-based economy 

(Government of Canada, Environment Canada 2010). In 1990, Canadians released 

21.4 tonnes of GHG per capita which increased to 22.0 tonnes per capita by 2008.  

Methane emission sources by sector can be categorized into energy, 

agriculture, waste and land use, land use change and forestry. In 2008, energy 

sector in Canada had the highest contribution to methane emissions. In the next 

section, emissions in this sector will be discussed in more details.  

2.4 Energy sector  

Energy related activities are the main source of methane emissions in 

Canada (Government of Canada, Environment Canada 2010). The emissions in 

the energy sector come from stationary combustion sources, transport and fugitive 

emissions. Fugitive emissions are defined as intentional or unintentional (e.g. 

leaks, accidents) GHG releases from the production, processing, transmission, 

storage and delivery of fossil fuels. Methane emissions from the energy sector in 
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2008 are presented in Table 2.1. From Table 2.1 it can be seen that fugitive 

emissions has the largest contribution to methane emissions in energy sector. 

Table 2.1. Methane emission trend for energy sector (Government of Canada, 
Environment Canada 2010).  

CH4 sources/sinks CH4 emissions (kt CO2) eq) 
Total energy 53000 
A. stationary combustion sources 4000 
    Electricity and heat generation 96 
    Fossil fuel industries 2000 
    Mining and oil and gas extraction 10 
    Manufacturing industries 60 
    Construction 0.5 
    Commercial and institutional 10 
    Residential 2000 
    Agriculture and forestry 0.8 
B. Transport 600 
    Civil aviation 9 
    Road transportation 190 
    Railways 7 
    Navigation (domestic marine) 9 
    Other transportation 300 
C. Fugitive sources 48000 
    Coal mining 800 
    Oil and natural gas 46800 

2.4.1 Fugitive emissions 

As mentioned previously, fugitive emissions are intentional or 

unintentional releases of GHG from production, processing, transmission, storage 

and delivery of fossil fuels. Also emissions from combustion of released gases 

before disposal, like flaring of natural gas in oil and gas production and 

processing units are considered fugitive emission (Government of Canada, 
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Environment Canada 2010). Coal mining and handling, and oil and natural gas 

production activities are the two sources of fugitive emissions. Overall the 

fugitive emission have increased from 1990 to 2008 with emission from oil and 

natural gas contributing to more than 99% of total fugitive emissions in 2008. 

Although the fugitive emissions from coal mining have decreased from 1990 to 

2008, emissions from oil and natural gas sub-sector has increased 55% in this 

period due to increased production of heavy oil and natural gas mainly for export 

to the United States.  

2.4.1.1 Coal mining 

Coal in its natural form contains methane gas. Methane in coal deposits is 

either trapped under pressure in the open pores or adsorbed to the coal. Methane 

is released during coal mining due to lowering the pressure and exposure of coal 

surface to the atmosphere. Activities such as coal handling, storage, processing 

before combustion and transportations also contribute to methane emissions.   

2.4.1.2 Oil and natural gas 

This category includes the fugitive emissions from oil and gas production, 

processing, oil sands mining, bitumen extraction, heavy oil/bitumen upgrading, 

natural gas transmission and natural gas distribution. The oil and natural gas 

source category has three main components: conventional oil and gas production, 

unconventional oil production, and natural gas distribution. 
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2.4.1.2.1 Unconventional oil production  
Emissions in this category come from oil sand open pit mining operations, 

in situ bitumen extraction, and heavy oil/bitumen upgrading to produce bitumen, 

synthetic crude oil and other derived products for sale. Fugitive methane 

emissions result from the open mine surfaces and from methanogenic bacteria in 

the mine tailings settling ponds. 

2.4.1.2.2 Natural gas distribution 
High pressure natural gas from the gate of transmission system is received 

by gas distribution system and distributed to the consumer through local pipelines. 

The major emission sources are fugitive emissions from main and service 

pipelines and meter/regulator stations. 

2.4.1.2.3 Conventional oil and gas production 
Emissions in this category include all fugitive emissions from exploration, 

production, processing and transmission of oil and natural gas. Emissions are 

usually the result of equipment leakage (bleed valves, fuel gas-operated 

pneumatic equipment), incomplete seals on equipment (flanges and valves), 

accidents, spills and intentional vents. 

Natural gas that is produced needs some processing before being ready for 

use. This process is one of the major sources of fugitive methane emissions in the 

oil and gas industry. In addition to methane, VOC and BTEX substances are also 

released, which are known to have potential health risks for humans. In the next 

section the dehydration process and sources of methane and BTEX emissions will 
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be discussed in detail. Typical natural gas dehydrator emissions are shown in 

Table 2.2.  

Table 2.2. Composition of emissions from natural gas dehydrator (personal 
communications, Elizabeth Dupuis, 2008) 

Component Amount (vol%) 
H2O 40.4 
CH4 40.1 
C2H6 6.37 
C3H8 4.6 
i-C4H10 0.685 
n-C4H10 1.84 
i-C5H12 0.521 
n-C5H12 0.607 
Benzene 0.541 
Toluene 0.762 
Xylenes 0.435 
CO2 0.541 
N2 0.208 
Methylcyclohexane 0.399 
Ethylbenzene 0.197 
hexanes 1.794 
 

2.4.2 Natural gas dehydration 

Natural gas is saturated with water at the wellhead; the water has to be 

removed before being delivered to the end user. This process is called natural gas 

dehydration. Presence of water in the gas can cause solid hydrate formation and 

pipeline corrosion (Braek et al. 2001). Typical water specification in many 

jurisdictions in Canada is 64 mg/Sm3; however type of the process determines the 

water content (Carroll 2003). There are several methods for natural gas 
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dehydration. The most common method is using a liquid desiccant contactor-

regeneration process. Wet gas is brought to contact with lean solvent. The water is 

absorbed by the solvent and the rich solvent containing water is regenerated. Dry 

gas is produced with this method. 

2.4.2.1 Appropriate liquid desiccant  

There are some criteria for the liquid desiccant in order to be suitable for 

gas dehydration. Some of the specifications for commercial application are: 

• high affinity of the absorbing liquid for water (hygroscopic) 

• low solubility of hydrocarbon  components of natural gas in the solvent 

• easy regeneration of rich liquid using heat  

• very low vapor pressure to minimize the solvent loss due to vaporization 

and high thermal stability 

• non-corrosive to the dehydration equipment 

• non-reactive toward any components of natural gas including CO2 and 

sulfur compounds 

Different absorbing material could be used for gas dehydration such as 

monoethylene glycol, diethylene glycol, triethylene glycol and tetra ethylene 

glycol. The best water absorber which meets most of the above mentioned criteria 

is triethylene glycol (TEG) (Braek et al. 2001, Greenhouse Gas Technology 

Center, Southern Research Institute 2003).  
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2.4.2.2 Process description 

A schematic of natural gas dehydration process is shown in Figure 2.1. 

Overall the process can be divided into two parts: water absorption and glycol 

regeneration. Wet natural gas enters a gas/liquid scrubber in counter current mode 

where free water in the stream is removed. The scrubber should have a high 

efficiency wire mesh mist extractor in the top portion to remove any liquid 

entrainment and particulates from the gas stream before moving into absorber. In 

the absorber, gas and liquid are mixed and actual water removal takes place. In 

this stage not only water is absorbed, some methane, BTEX and VOC are also 

absorbed by glycol (Braek et al. 2001). Gas enters from the bottom while solvent 

enters from the top and flows to the bottom of the unit absorbing water as it 

travels downward. The separator contains several equilibrium stages to ensure 

mass transfer from gas phase to liquid, so that the outlet gas contains desired 

water. Structured packing could be used for this purpose. The temperature in the 

separator is uniform and the pressure is in the range of 4000 to 8500 kPa. 

The rich glycol containing water, methane, VOC and BTEX, is withdrawn 

from the bottom of the absorber. The rich glycol is usually preheated and then 

flashed at low pressure in flash tank where most of the volatile components are 

vaporized. Pressure in the flash tank is in the range of 300 to 700 kPa. The typical 

operating temperature is 100 to 160oC (Fisher et al. 1995). The regeneration unit 

is composed of a reboiler, a still (distillation) column and a surge tank. The 

temperature of the reboiler is around 175oC. The rich glycol flows into the still 
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column, where water and glycol are separated by fractional distillation. Water and 

glycol are separated based on the wide difference in their boiling points.   

 
 

Figure 2.1. Schematic of glycol dehydration process (Carroll 2003) 

 

In the still column, water-rich vapor rises in close contact with descending 

glycol-rich liquid. Between two phases, continuous exchange of heat and material 

takes place. The main purpose of still column is final separation between 

absorbed water and glycol, venting the separated water to atmosphere and 

recovering the glycol vaporized by reboiler. The hot and rich glycol, which is 

becoming lean, enters the surge tank and passes to the lean-rich heat exchanger 

where it is cooled. Then it is returned to the absorber and the cycle is repeated.  
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2.4.3 BTEX and other VOC emissions 

The regeneration unit is the main source of emissions in natural gas 

dehydration process. The flash tank and still column vent are two major emission 

sources which contain water, methane, CO2, VOC and BTEX (Braek et al. 2001, 

Greenhouse Gas Technology Center, Southern Research Institute 2003, 

Kirchgessner et al. 1997, Darwish, Al-Mehaideb & Break 2004, True 1995). 

BTEX substances are monocyclic aromatics that can be found in gasoline and 

other petroleum products (Braek et al. 2001). They are volatile and relatively 

soluble in water. Strong odor and high flammability are the other characteristics 

of these substances.  

Exposure to BTEX compounds is associated with potential health risks. 

Toluene, ethylbenzene and xylene are irritants with narcotic effects, and benzene 

is also a human carcinogen. Benzene among these substances has higher solubility 

in TEG, higher solubility in water and greater volatility. These properties of 

benzene explain the high quantities of benzene emission in natural gas 

dehydration process.    

2.4.3.1 Health risks of benzene 

Benzene is a simple cyclic organic compound with aromatic odor. It is 

volatile, flammable and colorless liquid at room temperature. Benzene is used 

extensively in industry as a volatile solvent and as an intermediate in the 

production of many chemicals including ethylbenzene/styrene, cumene, and 

maleic anhydride (Environment Canada 1990). Benzene is also a natural 

component of petroleum (Kirk et al. 1983). In gasoline, benzene acts as an octane-
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enhancer. Benzene has been demonstrated to cause cancer in human and 

experimental animals (Canadian Environmental Protection Act 1993). Therefore 

it is considered “non-threshold toxicant” meaning that exposure to benzene at any 

concentration would cause adverse health effects. Workers may become exposed 

by inhalation or by direct contact with the skin. This can occur during changing 

the pumps and when handling rich glycol at dehydrators. The main route of 

exposure to benzene is by inhalation. Once inhaled, it is either exhaled or 

absorbed by the blood. The absorbed benzene is distributed in the body and 

processed to an easily excreted form. The by-products can be toxic to bone 

marrow and cause blood disorder such as leukemia and anemia. This is the 

influence of long term (chronic) exposure to benzene. In Alberta, the 

Occupational Exposure Limit (OEL) to benzene is 1 ppm. Short term exposure to 

high concentrations (greater than 1 ppm over 8 hour period) is unlikely to occur 

when workers are operating the glycol dehydration.   

2.4.3.2 Government regulations for benzene emissions 

The Canadian upstream oil and gas industry has committed to minimize 

the health risks associated with benzene emissions from glycol dehydrator 

operations with a continuous reduction program. Their target was to reduce 

emissions by 90% from the 1995 national emissions baseline, which was about 

9000 tonnes/year by January 2005 (Canadian Association of Petroleum Producers 

June 2006). Alberta Environment and Alberta EUB have jointly issued the 

Directive 039 named “revised program to reduce benzene emissions from glycol 

dehydrators” which came into effect on July 2006. Licensees are required to 
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comply with benzene emission limits. For dehydration facilities that are installed 

or relocated prior to January 1999, if its distance to permanent resident or public 

facility is less than 750 m, the benzene emission limit is 3 tonnes/year. This limit 

is 5 tonnes/year for facilities located more than 750 m away from a public facility. 

The emission limit from all dehydrators starting from January 1999 was set to 3 

tonnes/year and after January 2007 this limit was set to be 1 tonnes/year. 

According to 2004 industrial survey, there are 3863 dehydrators in service in 

Canada.   

2.5 Methane and VOC treatment methods 

Production of energy has been increased due to the increase in global 

population and per capita consumption of energy. However high energy 

production rates in terms of oil and natural gas is associated with environmental 

challenges including global warming. Also adverse health effects on human are 

associated with these activities. In fact these negative effects on human and 

environment is the main motivation for development of treatment technologies for 

mitigation of these air pollutants. In the next sections of this chapter, different 

treatment methods for methane and other VOC will be explained. 

2.5.1 Homogeneous combustion 

Homogeneous combustion is the conventional method used for treatment 

of methane and other VOC emissions from glycol dehydrator vent stream (Fisher 

et al. 1995, Kirchgessner et al. 2004). Typical combustion devices include flares 

and thermal incinerators. Condensers are also used to separate condensables from 
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the vent stream while non-condensable gases are released into the atmosphere or 

combusted in flare or incinerator (Greenhouse Gas Technology Center, Southern 

Research Institute 2003).  Condensers could be used prior to flares or incinerators.    

2.5.1.1 Flaring 

Flares are one of the devices used for treatment and control and methane 

and VOC including BTEX substances. In a flare, organic compounds are 

combusted in an open flame in open air using supplementary fuel to maintain the 

flare operation. Parameters affecting the efficiency of flare combustion are gas 

flammability, auto-ignition temperature, heating value (Btu/Scf), density and 

combustion zone mixing of the reaction components (U.S.EPA 2002, Stone et al. 

1991). The flammability limit is defined as the minimum and maximum 

stoichiometric composition of fuel-oxygen mixture that will burn continuously at 

a given temperature and pressure without further ignition. Gases such as hydrogen 

with wide flammability limits will be combusted easier. The flammability limits 

affect the ignition stability and extinction. Heating value also can affect the flame 

structure and stability since low heating value gases produce cooler flames, 

weaker buoyant forces and non-complete mixing that could lead to extinction of 

flame.             

In flares the velocity is usually very low and most of the flame structure is 

developed due to buoyancy forces induced by combustion. Therefore lighter gases 

will burn better. Mixing has an important role in flare combustion. Mixing can be 

achieved by injecting steam in the combustion zone to promote turbulent mixing 

and to induce air into the flame. Poor mixing can lead to smoking, which is more 
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likely to happen in case of fuels with high carbon to hydrogen molar ratio. Fuels 

with carbon to hydrogen molar ratio greater than 0.35 require more steam 

injection to prevent smoking. Mixing and temperature are the most critical factors 

in flare operation since there is no residence chamber to continue combustion 

reaction (Tyler 1995). The operating temperature in the flare is 1370-1920 K 

(Hunter, Oyama 2000). 

2.5.1.1.1 Disadvantages of flares 
There are several concerns regarding the operation of flares including 

noise, NOx formation, energy consumption and safety problems (Hunter, Oyama 

2000, Tyler 1995). Mixing at the flare tip can cause excess noise in nearby 

neighborhoods. Formation of harmful combustion by-products such as NOx 

cannot be avoided in flares due to high operating temperatures (Seo, Kang & Shin 

1999, Seo et al. 2002). Another disadvantage of flares is the need for 

supplemental fuel in case of less concentrated stream to maintain the flare 

operation. Flares are not safe control devices due to the presence of open flames 

and they are not accepted by the public as a VOC control option. In fact, fire 

hazard is the reason for elevating the flare to above ground levels (Vatavuk 1991). 

Another disadvantage of flaring in case of natural gas dehydration emission 

treatment, is the possibility of water and hydrocarbons condensing in the flare 

which can lead to smoking (Fisher et al. 1995, Kirchgessner et al. 2004). 

2.5.1.2 Thermal incineration 

Thermal incineration is another type of homogeneous combustion system 

for control of VOC. The heart of a thermal incinerator is the combustion chamber 
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where VOC are being combusted. It consists of a nozzle-stabilized flame 

maintained by a combination of supplementary fuel, organic waste gas and 

supplementary air if needed. Since the inlet temperature of organic gases is 

usually low, supplementary fuel is commonly supplied in order to raise the inlet 

gas temperature to sustain the combustion. Significant saving in supplementary 

fuel can be achieved by exchanging the heat between the hot combusted gas 

stream and the cold inlet gas flows. Upon passing through the flame, the waste 

gas is heated from its inlet temperature to its ignition temperature. Ignition 

temperature is defined as the temperature at which the combustion reaction rate 

and the energy production rate exceed the rate of heat loss that results in high gas 

temperatures (U.S.EPA 2002). Therefore any mixture of organic waste and air 

will ignite if its temperature is high enough and reaches the ignition temperature. 

Ignition occurs at some point during the heating of gas as it passes through the 

flame regardless of its concentration. The mixture will continue to react as it 

flows through the combustion chamber. Removal efficiency depends on residence 

time, temperature and proper mixing. There is flexibility between time and 

temperature such that the residence time can be shortened by elevating the 

temperature. Thermal incinerators usually operate in the range of 973-1073 K 

(Hunter, Oyama 2000). 

2.5.1.2.1 Disadvantages of thermal incineration systems 
Thermal incinerators also suffer from the formation of toxic NOx 

compounds at high temperatures. These devices are susceptible to damage caused 

by severe temperature changes, and large fluctuations in temperature can induce 
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thermal stress (Hunter, Oyama 2000). Therefore they are better suited for 

treatment of constant flow streams. The operating costs of thermal incinerators are 

also relatively high since no hydrocarbon is recovered for sale (Fisher et al. 1995). 

This emission control method is not economically feasible due to the cost of 

additional fuel supplemented to sustain the incineration of VOC (Gearhart 1998). 

2.5.1.3 Condensation 

Condensation is a separation technique in which one or more components 

of a vapor mixture are separated as liquid from other volatiles by either cooling or 

pressurizing the gas stream (Hunter, Oyama 2000, U.S.EPA 2002). The efficiency 

of condensation depends on vapor pressure of the component to be separated, 

pressure and temperature that can be achieved during this process and the 

concentration of that component in the gas stream. Water-cooled condensers are 

common in the industry although a refrigerant can be used for this purpose instead 

of water. The choice of a refrigerant is important in order to ensure that potential 

leakage of the coolant is not more hazardous than the original gas stream. 

Condensation systems are more efficient when the gas stream compounds have 

low vapor pressures. Typically, condensation works best for higher molecular 

weight compounds. 

There are two primary types of condensers: contact and non-contact 

(surface). Surface condensers are the most common type in which, heat is 

transferred across a barrier that separates gas stream from coolant. Shell and tube 

heat exchanger is an example of non-contact condensers.  In contact condensation 

system, the coolant is directly sprayed into the gas stream to achieve the 
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maximum heat transfer. These systems are less complicated and less expensive 

however, the separation of coolant from condensate is required if either one is to 

be reused. Coolant in surface condensers is not in contact with the gas stream and 

can be reused without the need for additional processing. 

2.5.1.3.1 Disadvantages of condensation 
There are some drawbacks associated with condensation. First of all it 

does not completely eliminate the VOC from waste gas and the non-condensable 

stream still contains VOC. Another problem is related to recovery of liquid 

stream. If the condensate is not reused, the liquid stream needs to be discarded 

usually through a wastewater treatment plant. Thus, a wastewater problem is 

created from an air pollution problem (Hunter, Oyama 2000).     

2.5.2 Catalytic combustion 

The combustion system in which a catalyst is used to change and promote 

the rate of combustion reactions is called catalytic combustion system. Catalyst is 

a substance that increases the rate of reaction toward equilibrium (Thomas, 

Thomas 1967, Satterfield 1991, Thomson, Webb 1968, Bond 1987). It works by 

providing an alternative reaction pathway with lower activation energy, without 

being consumed during the reaction. The overall change in free energy for 

catalytic reaction equals that of the uncatalyzed reaction. Therefore the catalyst 

does not affect the equilibrium constant. In other words, catalyst changes the 

kinetics but not the thermodynamics (Chorkendrorff, Niemantsverdriet 2003). 

Catalyst was first discovered more than 190 years ago by Humphry Davy who 

realized that platinum wires could promote the combustion reactions in flammable 
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mixtures while he was investigating the development of a miner’s safety lamp and 

the resulting reactions appeared to take place on the wire surface without flame 

(Weinberg 1986, Moulijn, van Leeuwen & van Santen 1993). Today platinum is 

used in many different catalyst formulations such as catalytic converters used for 

control of vehicle exhaust emissions (Hayes, Kolaczkowski 1997). In catalytic 

combustion systems, the catalyst is usually in solid phase while the reactants are 

in gas or liquid phase. Therefore catalytic combustion is alternately called 

heterogeneous combustion. Heterogeneous catalysis describes the enhancement in 

the rate of reaction by presence of an interface between two phases (Thomas, 

Thomas 1967).  

2.5.2.1 Advantages of catalytic combustion 

Compared to homogeneous combustion, catalytic combustion occurs at 

lower temperatures, which greatly reduces the chance of formation of NOx 

(Jodeiri et al. 2010, Seo, Kang & Shin 1999, Pfefferle, Pfefferle 1987). Thermal 

and prompt NOx are the two sources of NOx formation in catalytic combustion. 

Thermal NOx originate from direct combination of oxygen and nitrogen at 

temperatures higher than 1650oC while prompt NOx is generated due to the 

combustion of nitrogen containing fuel (Trimm 1983, Thevenin, Menon & Jaras 

2003). Example applications of catalytic combustion are treatment of car exhaust, 

heaters and gas turbines. The operating temperatures in all three areas are less 

than 1200 K and the formation of NOx is greatly reduced. 

Using catalytic combustion, lean fuel:air mixtures can be oxidized without 

any limitation of flammability, which is not the case in homogeneous combustion. 



 
34

Flammability limit is the composition limits outside which, the mixture will not 

permit the flame to propagate indefinitely however powerful the source of 

ignition that is applied (Ghigier 1981). The flammability limits depend on the 

type of fuel. For example for methane in air, the limits are between 5% and 16% 

methane by volume and the flame can only occur between these two compositions 

while in catalytic combustion there is no flammability limit to be considered 

(Hayes, Kolaczkowski 1997, Goralski, Schmidt 1999). If the fuel concentration is 

too low to maintain catalyst temperature heat needs to be supplied to the catalyst 

so that the oxidation is initiated. Since fugitive methane and BTEX emissions are 

usually at low concentrations, catalytic combustion can be applied for treatment 

of these lean fugitive emissions. Another advantage of catalytic combustion 

systems is that there is no visible flame involved which gives higher safety 

standard against fire (Seo et al. 2002). 
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3.1 Introduction 

Fossil fuels have been used as the main source of energy for a long time, 

and currently more than 90% of the world energy demand comes from fossil fuels 

(Litto 2008). Natural gas, which has low amounts of nitrogen and sulfur, and the 

highest H:C ratio, is considered to be a clean fuel among fossil fuels (Burch, 

Loader 1994). The supply of natural gas is predicted to last through the 

foreseeable future, and therefore natural gas should be a very significant source of 

energy in the future (Ciuparu et al. 2002, Lyubovsky et al. 2003). The world 

population is expected to double by the middle of the 21st century, and economic 

development will continue to grow. Global demand for energy is expected to 

increase by as much as an order of magnitude by 2050, while primary energy 

demands are expected to increase by 1.5-3 times (Dincer, Rosen 1999). Increase 

in energy production is associated with environmental issues such as GHG and 

BTEX emissions, which is currently a large concern around the world. Therefore 

collaborative efforts are required to tackle the VOC emissions associated with 

excessive production and consumption of fossil fuels, especially natural gas.  

Gas phase combustion has been the conventional method for mitigation of 

fugitive VOC emissions. However, with increasing awareness on the magnitude 

of environmental damage caused by these emissions and subsequent stringent 

regulations on the acceptable levels of these compounds, the shortcomings of this 

method cannot be overlooked. Catalytic combustion is an alternative to 

homogeneous combustion that offers zero NOx emissions due to low operating 
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temperatures, flexible operating condition in terms of VOC concentration and 

flammability limits and safe operation. Catalytic combustion currently has several 

commercial applications including radiant heaters for paint drying and surface 

curing (Seo, Kang & Shin 1999, Seo et al. 2002) and space heating for well site 

buildings, compressor sites and oil batteries; sensors for detecting flammable 

gases in the air by measuring the heat liberated from its combustion; domestic 

catalytic burners such as stove for outdoor use that is not sensitive to wind and 

furnace burners (Saint-Just, der Kinderen 1996). 

Catalytic combustion of methane which is the main component of natural 

gas, and BTEX substances has been extensively studied in the past in terms of 

kinetics and mechanism, reactor design and catalyst preparation in order to 

understand the process and to improve the performance of the system. To gain an 

insight into the work done in this area, relevant literature will be reviewed and 

compared in this chapter.  

3.2 Methane catalytic combustion 

Methane combustion produces the lowest CO2 per unit of energy produced 

among all hydrocarbons (Ciuparu et al. 2002). It is the most stable and the most 

difficult hydrocarbon to oxidize. The overall complete methane combustion 

reaction is: 

4 2 2 2 298CH 2O CO 2H O H 802.9 kJ / mol+ + Δ = −  (3.1)
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The strength of C—H bond in methane molecule is 435 kJ/mol, indicating 

high activation energy for homogeneous combustion while the activation energy 

for dissociative adsorption of methane on the surface of transition metal catalyst is 

an order of magnitude lower implying the low temperature requirement for 

catalytic combustion of methane with negligible NOx formation (Ciuparu et al. 

2002). Catalytic combustion occurs according to the following steps: 

1. Transport of reactants from bulk stream to the external surface of 

the catalyst (external or interphase diffusion) 

2. Diffusion of reactants from catalyst surface into the catalyst pores 

(intraphase diffusion) 

3. Adsorption of reactants on the active catalytic site 

4. Reaction on the catalyst surface  

5. Desorption of reaction products 

6. Diffusion of products from catalyst pore to the catalyst surface 

7. Transport of products into the bulk gas stream    

Steps 1, 2, 6 and 7 are physical transport steps while steps 3, 4 and 5 are 

chemical kinetic steps (Moulijn, van Leeuwen & van Santen 1993). Combustion 

of all hydrocarbons is an exothermic reaction and the generated thermal energy 

within the catalyst is transported to the bulk gas phase by conduction and 

convection. The rate of surface reaction as a function of temperature is shown in 

Figure 3.1 (Lee, Trimm 1995). In section A-B which corresponds to lower 

temperatures, the reaction is controlled by kinetics. By increasing the temperature 

(B-C) rate of reaction is increasing exponentially and the system becomes mass 
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transfer controlled. In section C-D homogeneous gas phase reaction becomes 

significant and the effects of mass and heat transfer become important.  
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Figure 3.1. Hydrocarbon conversion in catalytic combustion vs. temperature (Lee, Trimm 

1995) 

 

3.3 Catalysts for methane combustion 

The catalyst used for combustion generally consists of an active catalytic 

part and a support or substrate. There are a large number of combinations between 

different catalysts that makes the classification of catalysts complicated. On the 

other hand, some materials that are used as catalyst in a catalytic combustion 

system could be used as support in another system that adds to the complexity of 

catalyst systems classification. Examples of these materials are perovskites and 
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hexaaliminates (Choudhary, Banerjee & Choudhary 2002). Catalysts for methane 

combustion can be divided into two categories: noble metals and other transition 

metal oxides. They can be used with or without a support, however, supported 

catalysts are more common (Litto 2008, Guan et al. 2008).  

The main role of the support is to maximize the surface area of the active 

metal catalysts by providing a large area over which it is dispersed (Moulijn, van 

Leeuwen & van Santen 1993, Escandón et al. 2005). Other positive effects of the 

support include increased thermal stability of the catalyst particles thus preventing 

agglomeration and sintering with subsequent loss of active sites, and greater 

resistance to poisoning (Thomson, Webb 1968). Catalysts for combustion may be 

supported on different types of materials such as pellets, honeycomb monoliths, 

parallel plates, fiber pads and gauze and sintered metals (Hayes, Kolaczkowski 

1997, Kiwi-Minsker et al. 2000). Typical substances that are used as catalyst 

support are silica gel and γ-alumina that can be prepared with surface areas in the 

range of 100-800 m2/g. The support could be catalytically inactive and undergoes 

little or no chemical interaction with metal or it can contribute to catalytic activity 

by modifying or reacting to some extent with other catalytic ingredients 

(Escandón et al. 2005). 

In general a catalyst needs to possess several characteristics to be suitable 

for commercial applications (Trimm 1983, Hartley 1985): 

• High selectivity toward the desired product, otherwise separation of 

products is needed which could be costly.  
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• High activity per unit volume of reactor, otherwise the cost of catalyst per 

unit of product would be high. In other words it should have high turn 

over frequency (TOF) which is defined as the number of molecules 

reacted per active site per unit of time.  

• High mechanical strength and thermal stability at temperatures 

encountered in combustion.  

• Adequate heat transfer properties to distribute the heat generated at the 

active site. Also a good catalyst should initiate the reaction at low 

temperatures. 

• High attrition resistance (resistance to mechanical wear)        

3.3.1 Noble metal based catalysts  

For complete methane combustion, platinum and palladium are the most 

extensively studied and commonly used catalysts (Su, Agnew 2006, Sadamori 

1999, Hayes 2004, Forzatti, Groppi 1999, Demoulin et al. 2008). Other noble 

metals are highly volatile and are not favored in catalytic combustion because of 

high temperatures achieved in combustion. The main advantage of noble metal 

catalysts over metal oxides is higher catalytic site activity and greater resistance to 

sulfur poisoning (Choudhary, Banerjee & Choudhary 2002). However noble 

metals are more expensive compared to metal oxides. Dispersing the noble metal 

on a support is an economic way of using these materials since lower amount of 

noble metal is needed when they are distributed on a support. 
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The most common catalyst for methane combustion is Pd supported on γ-

alumina (Escandón et al. 2005). During catalytic combustion in oxygen-rich 

atmosphere, palladium oxide is the most active state compared to Pd (Choudhary, 

Banerjee & Choudhary 2002, Burch 1997). In fact during the combustion, Pd 

undergoes oxidation and the oxidized state plays an important role in catalyst 

activity. However, it is not stable due to sintering of PdO particles during 

combustion (Gao et al. 2008). Deactivation of Pd could also be due to formation 

of Pd(OH)2. On the other hand, activity of platinum catalyst increases in going 

from oxygen-rich to fuel-rich condition. Although Pd is considered the most 

preferred catalyst for methane combustion, Pt supported on alumina is reported to 

be more effective than Pd/alumina in case of stoichiometric or rich mixtures 

(Choudhary, Banerjee & Choudhary 2002).  

3.3.2 Metal oxide catalysts 

Metal oxides are less expensive compared to noble metals and their use is 

more desirable from the economic stand point. However, they suffer from lower 

catalyst site activity and higher light-off temperatures (Choudhary, Banerjee & 

Choudhary 2002). Among different types of metal oxides including single metal 

oxides and mixed metal oxides, perovskite type metal oxides are more commonly 

investigated and used. These types of materials are represented by general 

formula of ABO3 where larger cation A has a dodecahedral coordination and 

smaller B cation has a six-fold coordination. Among different perovskites, 

LaMnO3 is considered a good candidate for methane combustion (Cimino, Pirone 

& Lisi 2002).  
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3.4 Mechanism and kinetics of methane catalytic 
combustion 

There has been extensive research on the surface reaction mechanism and 

kinetics of methane combustion. All heterogeneous combustion processes follow 

the steps that involve transportation of reactants to the catalyst surface, diffusion 

into the catalyst site, adsorption and reaction, product desorption and transport to 

the external surface of the catalyst. In all heterogeneously catalyzed reactions at 

least one of the reactants must attach to the exterior surface of the catalyst. In case 

of reaction of two reactants A and B producing C two scenarios are possible. 

Either both species are attached to the surface and re-organization of atoms occurs 

in the resulting adsorbed layer or only one reactant is bound and converted to 

product:   

ads ads

ads gas

1. A B product
2. A B product

+ →

+ →
 

Case 1 is called the Langmuir-Hinshelwood mechanism and Case 2 is 

called Eley-Rideal mechanism (Zhdanov 2002). Eley-Rideal mechanism suggest 

that the catalyst surface is covered with one species and reaction takes place 

between chemisorbed radical or atom and a molecule, the later impacting directly 

from gas phase (Chorkendrorff, Niemantsverdriet 2003). In Langmuir-

Hinshelwood mechanism it is assumed that all species are adsorbed and 

accommodated in thermal equilibrium with the surface before they take part in 

reaction and species react in the chemisorbed form on the surface. Most reactions 

in heterogeneous catalysis follow this mechanism. However, in the Eley-Rideal 
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mechanism one of the reactants reacts directly out of the gas phase without being 

accommodated at the surface.  

Most catalytic reactions include adsorption, desorption and Langmuir-

Hinshelwood steps. Hougen and Watson have developed rate models based on 

Langmuir-Hinshelwood adsorption (Hayes, Kolaczkowski 1997). The procedure 

for developing the rate model is: 

A) Proposing a mechanism based on Langmuir-Hinshelwood adsorption, 

surface reaction between adsorbed species and desorption.  

B) Assuming one of the steps in mechanism is intrinsically slow (rate 

determining step) meaning that the value of rate constants in this step are 

small. Other steps are assumed to be in equilibrium. 

C) Writing the overall rate of reaction in terms of the rate determining step 

which will contain concentration of adsorbed species, eliminating the 

adsorbed species concentration using the steps in equilibrium resulting in a 

rate expression in terms of gas phase concentrations.  

The underlying assumptions of Langmuir-Hinshelwood adsorption is that 

each catalytic site can accommodate only one adsorbed species (monolayer) and 

the surface is completely uniform so that there is the same probability of 

adsorption on all sites. Attractive or repulsive forces between two adsorbed 

species are neglected so that the chance of adsorption to an empty site is 

independent of whether or not the adjacent site is occupied. Further, adsorption 

equilibrium is assumed to be established at all times (Satterfield 1991).   
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Based on previous numerical studies, Chou et al. (1999) proposed an 

improved multi-step surface reaction mechanism for methane combustion on Pt. 

The mechanism involves adsorption of O2 and CH4 and intermediates including 

CO, H2 and OH on the active sites, surface reaction and desorption of CO2 and 

H2O. This mechanism is shown in Table 3.1. Note that Pt(s) represent the vacant 

Pt active site and species with label (s) are the adsorbed species on the active site. 

With the assumption of Langmuir-Hinshelwood surface reaction mechanism, the 

onset of surface ignition is determined by the competition between O2 and CH4 

for surface sites. The dominant limiting process changes from O2 desorption to 

CH4 adsorption as the surface temperature increases. Through third reaction in 

Table 3.1, conversion of CH4 may proceed on surfaces with high coverage of 

O(s). The heat generated by this reaction raises the surface temperature. 

Increasing the surface temperature leads to the drop in the surface O(s) coverage 

and increases the CH4 adsorption process via the first reaction. When the surface 

temperature reaches a certain point, the CH4 adsorption rate exceeds the O2 

adsorption rate such that the first reaction becomes dominant. Consequently, more 

CH4 is adsorbed on the surface resulting in ignition on the catalyst surface. 

Deutschmann et al. (2000) and Deshmukh and Vlachos (2007) also developed 

surface reaction mechanisms for methane combustion on Pt. These mechanisms 

are also shown in Table 3.1. 
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Table 3.1. Proposed surface reaction mechanism for methane combustion on Pt 

Chou mechanism Deutschmann mechanism Deshmukh mechanism 

Adsorption Adsorption Adsorption 

4 3CH 2Pt(s) CH (s) H(s)+ → +  2H 2Pt(s) 2H(s)+ →  2O 2Pt(s) 2O(s)+ →  

2O 2Pt(s) 2O(s)+ →  H Pt(s) H(s)+ →  2 2H O Pt(s) H O(s)+ →  

4 3CH O(s) Pt(s) CH (s) OH(s)+ + → + 2O 2Pt(s) 2O(s)+ →  4 3CH 2Pt(s) CH (s) H(s)+ → +  

CO Pt(s) CO(s)+ →  a
2O 2Pt(s) 2O(s)+ →  2 2CO Pt(s) CO (s)+ →  

2H 2Pt(s) 2H(s)+ →  O Pt(s) O(s)+ →  Surface reaction 

OH Pt(s) OH(s)+ →  2 2H O Pt(s) H O(s)+ →  H(s) O(s) OH(s) Pt(s)+ → +  

2 2H O Pt(s) H O(s)+ →  OH Pt(s) OH(s)+ →  OH(s) Pt(s) H(s) O(s)+ → +  

Surface reaction CO Pt(s) CO(s)+ →  2H(s) OH(s) H O(s) Pt(s)+ → +  

3 2CH (s) Pt(s) CH (s) H(s)+ → +  4 3CH 2Pt(s) CH (s) H(s)+ → +  22OH(s) H O(s) O(s)→ +  

2CH (s) Pt(s) CH(s) H(s)+ → +  Surface reaction 3 2CH (s) O(s) CH (s) OH(s)+ → +  

CH(s) Pt(s) C(s) H(s)+ → +  O(s) H(s) OH(s) Pt(s)+ ⇔ +  2CH (s) O(s) CH(s) OH(s)+ → +  

H(s) O(s) OH(s) Pt(s)+ → +  2H(s) OH(s) H O(s) Pt(s)+ ⇔ +  CH(s) O(s) CO(s) H(s)+ → +  

OH(s) Pt(s) H(s) O(s)+ → +  2OH(s) OH(s) H O(s) O(s)+ ⇔ +  2CO(s) O(s) CO (s) Pt(s)+ → +  

2H(s) OH(s) H O(s) Pt(s)+ → +  2CO(s) O(s) CO (s) Pt(s)+ → +  desorption 

22OH(s) H O(s) O(s)→ +  3 2CH (s) Pt(s) CH (s) H(s)+ → +  22O(s) 2Pt(s) O→ +  

2H O(s) Pt(s) OH(s) H(s)+ → +  2CH (s) Pt(s) CH(s) H(s)+ → +  2 2H O(s) H O Pt(s)→ +  

C(s) O(s) CO(s) Pt(s)+ → +  CH(s) Pt(s) C(s) H(s)+ → +  2 2CO (s) CO Pt(s)→ +  

CO(s) Pt(s) C(s) O(s)+ → +  C(s) O(s) CO(s) Pt(s)+ → +   
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2CO(s) O(s) CO 2Pt(s)+ → +  CO(s) Pt(s) C(s) O(s)+ → +   

desorption desorption  

22O(s) 2Pt(s) O→ +  22H(s) 2Pt(s) H→ +   

CO(s) CO Pt(s)→ +  22O(s) 2Pt(s) O→ +   

22H(s) 2Pt(s) H→ +  2 2H O(s) H O Pt(s)→ +   

OH(s) OH Pt(s)→ +  OH(s) OH Pt(s)→ +   

2 2H O(s) H O Pt(s)→ +  CO(s) CO Pt(s)→ +   

 2 2CO (s) CO Pt(s)→ +   

a) Reactions 4 and 5 in this mechanism represent alternative competing pathways.  
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In the former study the proposed mechanism consists of seven gas phase 

species and eleven surface species. The later study used a computer-assisted 

model reduction strategy and reduced the original 104 reactions to 15 reactions 

that can capture the predictions of the original detailed model. All these 

mechanisms take into account both homogeneous gas phase reactions and 

heterogeneous reactions on the catalyst surface. 

After developing a mechanism for the reaction, rate expressions can be 

derived from these elementary reactions. Kinetics of methane combustion on Pt 

still is not well understood due to the special behavior of this reaction. For 

example under certain conditions reaction rate measured under steady state 

condition, exhibit step wise change with varying reactant pressure. Specially a 

two times increase of oxygen pressure can lead to five times decrease in reaction 

rate and then with further increase of oxygen pressure, reaction becomes 

independent of oxygen pressure (Firth, Holland 1969). 

Another observation was that by increasing the surface coverage of 

oxygen, methane conversion increases rapidly and then decreases (Burch, Loader 

& Urbano 1996). Despite all this unusual behaviour, reaction rate can be 

represented in simple power law form:  

                 
4 4 2CH CH O

' α β-r =k P P     (3.2) 

                     '
0

Ek =k exp -
RT

⎛ ⎞
⎜ ⎟
⎝ ⎠

 
   (3.3) 
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'k  is the rate constant and α  and β  are reaction order with respect to 

methane and oxygen, respectively. Kinetic studies of methane combustion have 

revealed non-monotonic dependence on oxygen pressure with both positive and 

negative order with respect to oxygen depending on its partial pressure (Ma, 

Trimm & Jiang 1996). In this study using Pt/γ-Al2O3 catalyst, the reaction rate 

increased by increasing the methane pressure and decreased by increasing oxygen 

pressure. In a study of combustion of C1-C4 hydrocarbons on Pt, Yao (1980) 

found the reaction order of 1 and -0.6 with respect to methane and oxygen in 

O2/CH4 of 1-4, respectively. In another study of methane combustion on Pt and 

Pd in a pulse flow microreactor, the orders of reaction with respect to methane 

and oxygen were found to be near 1 and zero at CH4:O2 in the ranging from 1:10 

to 10:1 at temperature 580-710 K (Cullis, Willatt 1983). The same conclusion was 

made by Niwa et al. (1983) who investigated the methane combustion on Pt 

catalyst supported on Al2O3 at stoichiometric conditions. 

The most common approach for developing the reaction rate is by 

applying the Langmuir-Hinshelwood model. The main advantage of this model is 

that the reaction order can be negative or positive depending on the reaction 

condition (Deshmukh, Vlachos 2007). Several Langmuir-Hinshelwood and Eley-

Rideal type models have been developed for predicting the kinetics of methane 

oxidation and have been compared with experimental findings. The best 

expression is based on the reaction of adsorbed methane with atomic oxygen 

which can describe the reaction rate using the following equation:  
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( )

4 2

4

4 2

CH O
CH

CH O

' ' ' 0.5 0.5
1 1 2

' ' 0.5
1 2

k K (K P ) (P )
-r =

1+K P +(K P )
 

  (3.4) 

where '
1k , '

1K  and '
2K  are rate constant, adsorption coefficient for methane and 

adsorption coefficient for oxygen, respectively. The activation energy using this 

model is 34.7 kJ/mol while this value in case of power law model is 88.5 kJ/mol 

(Ma, Trimm & Jiang 1996). In another study kinetics data was fitted with 

different possible Langmuir-Hinshelwood kinetic models and the following rate 

expression for low temperature combustion of methane (793 K) was obtained: 

            4 2 4 2

4

2 2

CH O CH O
CH

O O

' 0.5 '
1 4

' 0.5 '
2 3

k (P )(P ) k (P )(P )
-r = +

(1+k (P ) ) (1+k (P ))
 

(3.5)

where 
'
1k , '

2k , '
3k  and '

4k  are rate constants (Trimm, Lam 1980a). This 

expression is based on the reaction of gaseous or weakly adsorbed methane with 

surface oxygen adsorbed monatomically or diatomically on two different sites. 

Neglecting 
2

' 0.5
2 ( )Ok P  and 

2

' 0.5
3( )Ok P  in this rate expression compared to unity 

leads to the following expression: 

         
4 4 2 4 2CH CH O CH O

' 0.5 '
1 4-r =k P P +k P P  (3.6)

The effect of temperature on order of reaction with respect to methane and 

oxygen was measured experimentally at constant CH4:O2 ratio over Pt supported 

porous and non-porous alumina fiber (Trimm, Lam 1980a). It was found that the 

reaction order with respect to methane is one while the order with respect to 

oxygen is 0.75 at T < 813 K and 1 at T > 813 K.  
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3.5 Important factors in catalytic activity   

In catalytic combustion, catalytic material plays an important role and the 

system efficiency depends on the choice of the catalyst. Different types of 

catalysts, their synthesis and characterization and factors affecting their 

performance have been extensively studied in the past. There are several factors 

that can affect methane and VOC catalytic combustion efficiency including the 

feed ratio, type of catalyst, type and nature of support, catalyst loading, 

combustion products H2O and CO2, catalyst pre-treatment and temperature. Some 

of these factors will be discussed in the following section.  

3.5.1 Type of catalyst and nature of active sites 

Burch and Loader (1994) have investigated the activity of 4% Pt/Al2O3 

and 4% Pd/Al2O3 at both fuel-lean and fuel-rich mixtures. In fuel-lean mixture 

(O2:CH4 was 5:1), Pd was more active compared to Pt in temperature range of 

300-550oC. In fuel-rich mixture, again Pd showed higher activity at low 

temperatures however above 350oC Pt showed superior activity. The activity of Pt 

increased by moving from oxygen-rich to methane-rich conditions. In fact, in 

oxidizing environment, Pt is less active. Hicks et al. (1990) and Aryafar and Zaera 

(1997) also reported that the dispersed Pt in the form of PtO2 catalyst is less active 

than large Pt crystals on which a layer of chemisorbed oxygen is formed which 

can be related to different activities of surface oxygen species. Measurement of 

the heat of adsorption of oxygen on reduced and oxidized Pt surfaces showed that 

oxygen is bound more weakly on Pt metal than on the oxide. Therefore, a less 
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oxidized form of Pt will be more active and Pt catalysts will be less active under 

oxygen-rich conditions. In case of Pd, oxygen bond on oxidized Pd is weaker 

compared to metal Pd and Pd is more active in oxidized form which is reflected in 

greater activity of Pd in fuel-lean conditions. Superior activity of Pt compared to 

Pd was also confirmed in another study at methane-rich conditions (Cullis, Willatt 

1983).    

3.5.2 Reaction products 

The effect of combustion products, H2O and CO2 on catalyst activity has 

been studied. Cullis and Willat (1984) investigated the effect of CO2 and H2O 

addition on Pd/Al2O3 activity at 625 K and reactant mixture of 1.8×10-6 mole CH4 

and 3.6×10-6 mole O2 and found that the addition of water in comparable amount 

to that formed during methane combustion has no effect on the catalyst activity. 

However large quantities of water inhibit the methane combustion. The same 

behavior was observed for CO2. Ribeiro et al. (1994) studied the order of methane 

combustion with respect to H2O at 550 K by maintaining the condition of excess 

CO2 and changing the H2O concentration. A similar procedure was repeated for 

finding the reaction order with respect to CO2. They found the reaction order of -

0.98 for H2O suggesting the competition between methane and H2O for active 

sites. Water reacts with PdO which is the stable form of Pd under fuel-lean 

condition (oxidizing), resulting in formation of Pd(OH)2 (Cullis, Nevell & Trimm 

1972). Therefore strong H2O inhibition could be due to formation of Pd hydroxyls 

blocking the active sites preventing the CH4 access to the sites. Inhibition by CO2 

was observed at concentrations greater than 0.5 vol% with reaction order of -2.   
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In an extensive study, Burch et al. (1995) measured methane conversion 

on Pd/Al2O3 at different temperatures with addition of either 20% CO2 or 2.7% 

water to the reactant mixture. Both compounds showed inhibitory effect with 

effect of H2O being much more significant. This effect was negligible at higher 

temperatures (conversions). The combined effect of CO2 and H2O on catalyst 

activity was studied indicating the independent inhibitory effect of the two 

compounds. When H2O was first switched on, catalyst activity decreased rapidly 

such that later addition of CO2 did not show significant effect on activity. Catalyst 

activity recovered by switching off the water but not to the original level. 

Switching off the CO2 resulted in complete recovery of activity. When water was 

first switched on, it blocked the active sites and the effect of CO2 was not 

pronounced. Negative effect of CO2 was also observed at different metal support, 

loading and dispersion. The discrepancy between these results and findings of 

Ribeiro et al. (1994) regarding the stronger inhibitor could be due to the lower 

conversion levels (less than 2.5%) and low level of H2O addition in the later 

study. In another study on methane combustion on Pd/Al2O3, zero reaction order 

with respect to CO2 was reported while reaction order with respect to H2O was 

close to unity in the temperature range of 563-773 K (van Giezen et al. 1999). It 

seems that the reported results for inhibitory effect of CO2 on methane 

combustion are not consistent.             

The activity of Pd/Al2O3 for methane combustion has been compared to 

that of bimetalic Pd-Pt/Al2O3. Pd/Al2O3 initially showed excellent activity toward 

methane combustion at 500oC however the activity decreased dramatically during 
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the course of reaction possibly due to formation of Pd(OH)2. Slight increase in 

activity with time for 2:1 Pd-Pt/Al2O3 was observed. To confirm the water 

inhibition effect on Pd/Al2O3, 5 vol% water was added periodically to the feed 

stream. In case of the bilemetalic catalyst, after water addition, activity decreased 

abruptly; however, it recovered when water flow was discontinued. The behaviour 

of Pd/Al2O3 was different since the catalyst activity decreased continuously and 

did not fully recover when water was removed (Persson et al. 2007).  

3.5.3 Particle size and catalyst loading 

The effect of catalyst particle size on activity was studied by measuring 

the specific rate of methane oxidation (Burch, Loader 1994). There was no 

correlation between the Pt particle size in the range of 1.4-3.7 nm on specific rate 

at temperature range of 425-500oC, however, small increase in rate was observed 

at higher temperatures. Ribeiro et al. (1994) also reported small apparent 

activation energy and TOF change with Pd particle size in the range of 2-110 nm 

indicating structure insensitivity. In contrast, Hicks et al. (1990) observed the 

structure sensitivity of methane oxidation on Pt evident by higher TOF and lower 

apparent activation energy for small crystallites compared to large particles. For 

Pt, two types of Pt particles on the surface exist: completely dispersed Pt and Pt 

crystallites. In dispersed form, Pt is oxidized to PtO2 while in the later form 

oxygen is adsorbed on crystallites providing highly active adsorbed oxygen. 

Therefore the large crystallites are more active than small dispersed Pt. Similar 

behavior was observed for Pd where the activity of dispersed PdO was lower than 

that for small Pd crystallites. 
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For a given support, increasing the precious metal loading leads to the 

increase in size of particles and higher catalyst loading does not necessarily 

guarantee the enhanced dispersion of metal. It instead leads to agglomeration of 

the particles. Increase in Pd particle size did not have any effect on its activity for 

methane oxidation (Cullis, Willatt 1983). However, Niwa et al. (1983) observed 

improved methane oxidation rate by increasing the Pt loading from 0.1% to 2% at 

temperature in the range of 300-500oC. Burch and Loader (1994) also observed 

increase in methane oxidation in oxygen-rich environment by increasing the Pt 

loading from 0.5% to 4%. Sarbak and Andersson (2007) also found improved 

performance of Pt by increasing the metal loading from 3% to 9%. The rate of 

increase of activity from 3% to 9% loading was not very significant, indicating 

lower dispersion of Pt at 9% loading and limited availability of extra Pt particles. 

3.5.4 Catalyst pre-treatment 

Effect of pre-treatment of 2.7% Pd/Al2O3 on CO2 production from 

methane oxidation was studied by conditioning the catalyst in H2, He and O2. Pre-

treatment with H2 increased the activity whereas pre-treatment in O2 led to 

reduced activity (Cullis, Willatt 1983). Reactant gases were also used for catalyst 

pre-treatment. Baldwin and Burch (1990) studied the effect of Pd exposure to 1% 

methane/air mixture on methane conversion and observed higher conversions 

compared to the catalyst heated only in air although heat treatment in the reaction 

mixture leads to sintering and increase of Pd particle size. Briot et al. (1990) 

studied the effect of catalyst pre-treatment by preparing two samples: freshly 

reduced Pt/Al2O3 sample with H2 (Catalyst I) and exposure of reduced sample to 
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reaction mixture (oxygen-rich) at 873 K for 14 hours and purging the sample with 

nitrogen at the same temperature and cooling to room temperature (Catalyst II). 

Catalyst II was more active in temperature range of 570-720 K. Above 720 K 

both catalysts showed the same activity. Also lower apparent activation energy 

was observed for Catalyst II.  

3.6 Catalytic combustion of other VOC 

Most of the work in the area of catalytic combustion involves methane. 

There are limited studies on the catalytic combustion of other VOC. One of the 

studies is devoted to catalytic combustion of benzene, toluene and n-hexane over 

Pt/γ-Al2O3 in a fixed bed reactor (Ordóñez et al. 2002). Total conversion of 

benzene and toluene was achieved at 155-160oC and 180-190oC, respectively 

while temperatures higher than 240oC was needed for n-hexane combustion. 

Reactivity of each compound was studied by measuring the temperature at 10% 

and 50% conversion (T10 and T50) at different concentrations. T50 was decreased 

by increasing the n-hexane concentration while slight increase in T50 was 

observed for toluene. In case of benzene first a decreasing trend was observed 

until 2000 ppm followed by increase in T50. At concentrations less than 1000 

ppm, n-hexane was the least reactive while at higher concentrations it had higher 

reactivity compared to benzene and toluene which was reflected in lower T50. The 

same trend was observed at T10 with toluene having the highest T10 value at all 

concentrations. 
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Inhibitory effect of each compound on the conversion of others has also 

been investigated. Presence of hexane has negligible effect on combustion of 

benzene and toluene; however, hexane conversion decreased significantly when 

toluene and benzene were present which could be due to higher affinity of 

aromatics toward catalyst surface. Comparing the effect of benzene and toluene 

on each other showed higher inhibitory effect of toluene for benzene conversion. 

The inhibitory effect of n-hexane on toluene conversion on Pt/Al2O3 was also 

confirmed by Grabic et al. (2004). 

The effect of mass transfer limitation on benzene combustion on Pd was 

studied at excess oxygen by evaluating the pore size and shape of the porous 

support. Catalysts with larger pore size showed better activity and steep increase 

in benzene conversion with increasing the temperature indicating efficient 

diffusion of benzene in larger pores (Ryoo et al. 2003). Takeguchi et al. (2003) 

investigated the toluene combustion over PdO supported on Al2O3, SnO2, ZrO2 

and CeO2 with 1.1 wt% catalyst loading in a fixed bed flow reactor and found that 

not only the catalyst activity is responsible for rate of toluene combustion, catalyst 

structure also plays an important role due to low toluene and oxygen 

concentrations at the end of catalyst bed, low diffusivity of toluene and weak 

interaction of toluene with PdO. PdO/SnO2 showed the lowest light-off 

temperature while complete toluene conversion was achieved at lower 

temperature with PdO/Al2O3 with highest surface area. Therefore, pore structure 

plays an important role for effective diffusion of toluene to the active sites. The 

effect of pore structure was also confirmed by Xia and Kawi (2001) who 



 
58

investigated catalytic combustion of toluene, benzene, ethylbenzene, cumene and 

mesitylene using different Pt supported catalysts. Higher activity was observed 

for catalysts with larger pore size which is due to lower resistance for diffusion of 

reactants and products in and out of pores. Toluene oxidation was more efficient 

in presence of catalyst with high loading and same dispersion due to availability 

of more active sites. They emphasized the role of hydrophobicity since the 

catalyst with higher surface hydrophobicity of support exhibited higher activity 

due to easy removal of water produced during the oxidation from active sites. 

Also addition of water to the reaction has the least effect on the most hydrophobic 

catalyst. They also confirmed the higher activity for catalysts with larger pore 

size. 

Structure sensitivity of benzene combustion on Pt/Al2O3 has been 

investigated in a fixed bed tubular reactor by Garetto and Apesteguía (2001). By 

increasing Pt particle size, the light-off curves shift to lower temperatures and 

higher TOF can be achieved. Pre-treatment of catalyst in O2, N2 and reaction 

mixture (benzene, O2 and N2 mixture) revealed that only pre-treatment in reaction 

mixture shifted the light-off curve to lower temperatures. The reaction order of 

zero and one with respect to benzene and oxygen was found which is different 

from the order of reaction in case of methane combustion suggesting different 

reaction mechanisms. In fact assuming Langmuir-Hinshelwood mechanism, the 

rate constant for oxygen adsorption is very low compared to surface reaction. 

Hong et al. (2003) also reached to the same conclusion that the rate liming step is 

oxygen adsorption since catalyst activity increased by increasing oxygen from 10 
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to 30 mole % but remained unchanged with change in benzene concentration from 

0.5 to 2 mole %. Order of reaction of one with respect to benzene has also been 

reported in other studies (Gangwal et al. 1988, Barresi, Baldi 1997).    

3.7 Methane catalytic combustion in counter-
diffusive mode  

All the above reviewed works involve mixture of controlled amounts of 

reactants to the reactor. There is some research devoted to the catalytic 

combustion of methane and VOC in a counter-diffusive mode. A schematic of a 

counter-diffusive combustion system is show in Figure 3.2. It consists of inlet 

tubes for fuel, insulation layer, catalyst pad and electrical heating element. To 

start up the system, the heating element is used to warm up the reactor. The fuel is 

introduced using the fuel distributor while oxygen diffuses from the front face 

through the catalyst pad. Fuel and oxygen meet at the catalyst section and 

catalytic combustion takes place. The electrical heater is unplugged before fuel is 

fed. Trimm and Lam (1980b) used a convective-diffusive combustion system 

similar to Figure 3.2 for study of total oxidation of methane over Pt supported on 

alumina fiber pad both experimentally and numerically. They studied the effect of 

methane flow rate on temperature distribution across and through the catalyst pad 

and radiant energy from the catalyst surface. 
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Figure 3.2. Schematic diagram of a counter-diffusive catalytic system 

 

By increasing methane flow rate, the maximum temperature moved 

toward the front of the pad and its value decreased. The combustion efficiency 

also decreased at higher methane flow rate. The same results were obtained using 

a one-dimensional model except the predictions of temperature and combustion 

efficiency did not match the experimental observations in the edge of the pad.  

The effect of fuel flow rate, pad thickness and pad packing density was 

investigated using the one-dimensional model. There is an optimum methane flow 

rate for the best performance of the system. The rate of heat generation is 

increased depending on the reaction rate which rises at higher methane flow rate. 

However, at the same time high methane flow rate prevent the diffusion of 

oxygen into the pad leading to detection of unburned methane in the exhaust gas. 

At lower flow rates oxygen diffusion becomes easier and with O2:CH4 > 2, 

complete methane conversion with no slippage can be achieved. It was found that 
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the catalyst pad thickness affects the temperature within the pad. Increasing the 

pad thickness could result in higher temperatures inside the pad while the 

temperature is the same in front of the pad. The combination of high temperature 

and low O2:CH4 could result in CO formation at higher pad thicknesses. The 

effect of increasing packing density was reflected on improved heat transfer and 

radiation efficiency (energy transmitted by radiation/energy released) and reduced 

combustion efficiency, maximum temperature and minimum O2:CH4 ratio. 

In another study by Seo et al. (1999) a counter-diffusive catalytic system 

with propane and toluene as fuel was used. The objective was to alternatively use 

the toluene mixture evolved during the textile acrylic coating as fuel. Propane 

combustion was carried out in counter-diffusive mode with natural air diffusion 

while when switched the fuel to toluene, premixed toluene and air was used. The 

effect of system installation mode on combustion efficiency of propane was 

studied at vertical, upward and downward locations. In vertical and upward 

locations combustion efficiency was 99.5%; however, it started to decrease in 

case of downward installation suggesting that the hot combustion gases prevent 

the diffusion of combustion air. Since during the coating process, the materials are 

moved on a conveyer and the radiant heater is above these materials, air supply by 

force and premixing the fuel and air was examined. System performance was 

improved in both cases. The first method was preferred due to the high catalyst 

temperature associated with premixed feed causing the catalyst sintering. 

Catalytic combustion of toluene revealed that the amount of unburned toluene 

increases with increasing the hydrocarbon concentration and its space velocity. In 
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a later study, Seo et al. (2002) developed a catalytic burner with propane as fuel 

and Pt deposited on alumina fiber pad as catalyst for heating PVC tiles and tested 

the natural convection, forced convection and premixed feed flows at different 

installation modes. The installation mode significantly influenced the natural 

convection process which agrees with their previous study. The negative effect of 

higher space velocity on combustion efficiency was confirmed.  

Radcliffe and Hickman (1975) used a diffusive catalytic heater for 

combustion of pure methane using different types of catalytic pads and the results 

indicated that fiber glass pad was the best in terms of methane combustion 

efficiency. The common feature in all the pads tested was that the efficiency 

decreased at low and high fuel flow rates. They also measured the fuel slippage 

and found that the flow rate at which the slippage is minimum does not exactly 

correspond to the maximum combustion efficiency. The temperature distribution 

across the pad was not uniform and the size of local hot and cold spots was 

changing. The range of temperature on the surface was 600-750 K depending of 

the pad, fuel flow rate and location on the pad. They explained the non-uniformity 

of temperature possibly by in-homogeneity in pad porosity or poor distribution of 

fuel behind the pad.  

Heat that is released during the combustion is transferred to the 

surroundings by radiation from the front surface, by convection of hot combustion 

gases in the bulk flow through the pad and by conduction through the metal frame 

of the system. The contribution of each heat transfer mode was calculated and 

radiation was found to be the main mode. Substantial amount of nitrogen is 
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expected in the fuel side along with H2O and CO2 due to the diffusion of these 

components through the catalyst pad. Methane combustion efficiency was lower 

at the top of the pad and the O2 concentration was lower. In fact the air at top 

parts of the pad is vitiated by combustion products preventing the effective 

diffusion of O2 into the pad.   

Sadamori (1999) investigated the counter-diffusive heater for methane 

combustion on Rh-alumina fiber pad and measured the gas composition and 

temperature through the pad. By increasing methane flow rate the position where 

O2 and CH4 are consumed moved closer to the surface which is in agreement with 

the results of Trimm et al. (1980a) indicating the role of O2 diffusion from the 

front of the catalyst pad on heater performance. Kinetic studies at 400oC in a 

microreactor in presence of H2O and CO2 revealed the reaction order of one and 

0.5 with respect to methane and O2, respectively.  

There is very limited modeling work on counter-diffusive catalytic 

combustion and most of them are based on monolith channels (Mazumder, 

Sengupta 2002, Dupont et al. 2002, Hayes et al. 1996, Jahn et al. 1997, Veser, 

Frauhammer 2000, Groppi, Tronconi & Forzatti 1999). One of the few modeling 

works on counter-diffusive radiant system was conducted by Trimm and Lam 

(1980b) in which, a one-dimensional model was developed and the governing 

equations were solved using finite difference method. Model data were compared 

with experimental results form the counter-diffusive catalytic combustor. The 

model predicted wider reaction zone and the position of maximum temperature 

moved to the front of the catalyst pad by increasing fuel flow rate. However, 



 
64

temperature prediction at the front and back of the pad was not accurate. Both 

model and experiments showed decreasing trend in combustion efficiency by 

increasing fuel inlet flow rate. It was discussed that at higher fuel flow rate the 

diffusion of oxygen to the catalyst pad becomes difficult and combustion 

efficiency decreases. At higher fuel flow rate the reaction zone moves to the front 

of the pad and the low contact time leads to methane slippage.   

Specchia et al. (1981) proposed a model for methane catalytic combustion 

assuming very high reaction rate. They regarded the catalyst pad as an isothermal 

tubular reactor with constant longitudinal dispersion through the panel. The 

modeling data were compared with the experimental results obtained by 

Dongworth and Melvin (1977) in which they used a catalyst panel with 5% Pt 

deposited on γ/Al2O3. Two sets of data showed good agreement with each other in 

terms of components mole fraction. They report that the combustion takes place 

in a thin layer near the front surface of the catalyst pad. Both studies emphasize 

the oxygen diffusion into the catalyst pad to be the controlling factor in the 

diffusive catalytic combustion system. 

Ablow and Sadamori (1987) investigated the methane combustion on 

porous alumina pad impregnated with rhodium in counter-diffusive catalytic 

heater experimentally and analytically. The model included temperature 

dependent transport coefficients however these coefficients were not considered 

to be concentration dependent. The reaction was assumed to be fast and controlled 

by reactants diffusion. They used constant species diffusion coefficient and 

studied the effect of changing the diffusion coefficient on temperature and species 
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distribution and found that the position of reaction zone and temperature 

distribution changes with diffusion coefficient. The experimental species 

distribution in the system agreed only roughly with model data.
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4.1 Introduction 

Natural gas dehydration process emissions are one of the major sources of 

fugitive methane and BTEX emissions in the oil and gas industry. Methane is 

known as a strong GHG causing the global warming and climate change issues, 

while BTEX substances are proven to be carcinogenic and exposure to their 

emission impose serious health risks on human. Due to the governmental 

regulations on BTEX emission limits and inadequacy of homogeneous 

combustion, catalytic combustion is proposed to effectively mitigate these 

emissions. In addition to these hydrocarbons, natural gas dehydration emissions 

contain large amounts of water that makes the mitigation of the emissions even 

more challenging.  

In this chapter, the experimental set up, procedure and results obtained 

using the small scale counter-diffusive radiant heater is discussed in detail. The 

preliminary experiments were conducted using methane to understand the basic 

physical phenomena involved during the operation of the counter-diffusive 

radiant heater and to evaluate the catalytic combustion efficiency. The effect of 

several parameters including methane flow rate on its conversion was studied. In 

addition, the effect of addition of water, n-pentane (C5) and toluene (C7) in both 

liquid and vapor phase, on the performance of the system was investigated. 
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4.2 Materials and methods 

4.2.1 Chemicals 

Methane combustion experiments were conducted using the municipal 

natural gas supply. For the experiments with water, reverse osmosis water was 

used. Anhydrous C5 with a purity of 99 % from Sigma-Aldrich and C7 of HPLC 

grade from Fisher Scientific were used in the catalytic combustion of other 

hydrocarbons, respectively. C5 was used to represent all non-aromatic, non-

methane hydrocarbons, while C7 was selected to represent all BTEX substances.  

4.2.2 Radiant heater structure and operation 

Catalytic combustion of methane and BTEX substances were conducted in 

the counter-diffusive radiant heater system, provided by Scott Can. Industries Ltd. 

A diagram of the counter-diffusive radiant heater was shown in previous chapter 

in Figure 3.2. The dimensions of the unit are 0.3 m × 0.3 m × 0.05 m and the 

thickness of the commercial catalyst pad is 0.01 m. The unit consists of inlet tube 

for introducing the fuel, insulation layer, catalyst pad and electrical heating 

element. The fuel is introduced perpendicular to the catalyst pad. To start up the 

system, heating element is plugged in to warm up the catalyst pad. When the 

average temperature of the pad is about 150oC, the electrical heater is unplugged 

and the fuel is introduced using the inlet tube. Oxygen from ambient air diffuses 

from the front face through the catalyst pad. Fuel and oxygen meet at the catalyst 

pad and the catalytic combustion takes place leading to high temperatures 

observed across the catalyst pad. The detailed structure of the commercial unit 
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and the complete experimental setup are shown in Figure 4.1 and 4.2, 

respectively. The role of insulation layer is to prevent the transfer of generated 

thermal energy during exothermic combustion to the back of the unit, where fuel 

is introduced. The wire mesh shown in Fig. 4.1.d protects the catalyst pad and the 

funneling hood at the top of the unit (Fig. 4.2) is used to capture the exhaust gas 

for analysis.  

To study the effect of mass transfer to the catalyst pad, a 12 V fan was 

used to induce convective air flux in the boundary layer. The fan was mounted on 

top of the funneling hood. To improve the fuel combustion, in some of the 

experiments an aluminum plate with dimensions of 0.74 m × 0.45 m was used. 

The catalyst was Pt deposited on porous alumina fiber pad. The front face of the 

catalyst pad, which is exposed to air, was covered with a thin woven cloth to 

protect the pad and prevent the loss of active Pt particles from the surface. The 

cloth can be seen in Figure 4.1.a. The presence of Pt on the pad is identified by 

the color of the first layers of the pad near the surface.  

4.2.3 GC calibration and methane conversion 

The exhaust gas produced during the combustion along with unburned fuel 

is collected from the top of the funneling hood using Teflon tubes and is injected 

into the gas chromatograph (GC), 5890 model from HP for analysis with a 

thermal conductivity detector (TCD). The GC column was packed with Haysep Q 

from SUPELCO with helium from Praxair as the carrier gas. In addition to the 

exhaust gas, the incoming fuel could also be analyzed by the GC by taking a 

sample of the gas from the back space of the unit.  



 
70

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Views of the counter-diffusive radiant heater showing a) catalyst pad, b) 
electrical heater, c) insulation pad, d) catalyst pad protected by wire mesh  

 

Figure 4.2. Experimental setup for catalytic combustion  

 

 

(a) (b)

(c) (d)
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To calculate the methane fractional conversion, calibration plots for 

methane and CO2 were prepared, and response factors (RF) were calculated. RF is 

an indication of the sensitivity of the TCD to a compound that is analyzed. Figure 

4.3 and 4.4 show the calibration and RF plots for CO2 and methane, respectively. 

XCO2, XCH4, ACO2 and ACH4 represent the mole fraction of CO2 and CH4 and area 

under CO2 and CH4 peaks, respectively. Calibration mixtures were prepared by 

introducing known amounts of N2 and CO2 into a 2 L vessel and analyzing 

samples from the vessel by GC. Calibration mixtures of different compositions 

were prepared by diluting the gas mixture by addition of N2 in several steps to 

obtain the lowest CO2 concentration in the vessel in the last stage. The following 

equation was used to calculate the RF of CO2: 

            2 2

2

2 2

2 2

2 2

CO N
CO

CO N

A /ACO peak area/N peak areaRF = =
CO mole fraction/N mole fraction X /X

 
  (4.1) 

A method, replacing CO2 with CH4, was used to obtain the RF of CH4. 

To evaluate the combustion efficiency, methane fractional conversion 

needs to be calculated. Methane flowing inside the heater is combusted producing 

CO2 and H2O. Also some unburned methane can be detected in the exhaust gas. 

The overall methane fractional conversion is defined as: 

          4 4

4

4
CH (in) CH (out)

CH (in)

X -X
CH conversion=

X
 

 (4.2) 

where XCH4 (in) and XCH4 (out) represent the mole fraction of CH4 at the 

reactor inlet  and exhaust gas, respectively.  
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Figure 4.3. Calibration plot for CO2 in nitrogen (a) and the GC RF (b) 
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Figure 4.4. Calibration plot for CH4 in nitrogen (a) and the GC RF (b) 
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Assuming CO2 concentration in the air to be negligible, methane conversion can 

be calculated using only the outlet concentrations as: 

             2

2 4

4
CO (out)

CO (out) CH (out)

X
CH conversion=

X +X
 

 (4.3) 

Combining Equations 4.3 and 4.1, the methane conversion is given by: 

       2 2

2 2 4 4

CO CO
4

CO CO CH CH

A /RF
CH conversion=

A /RF +A /RF
 

 (4.4) 

where all the areas refer to the areas in the product (exhaust) stream. Note, the 

methane fractional conversion can be calculated from the analysis of the exhaust 

stream; the composition of the feed does not have to be known. 

4.2.4 Liquid and vapor components addition 

The effluent of natural gas dehydrator contains excess water, BTEX and 

also hydrocarbons with high number of carbons. The amount of both methane and 

water according to the effluent composition (Table 2.2) is 40 vol%. The 

remaining 20 vol% comprise the BTEX and other hydrocarbons. In a series of 

experiments the effect of addition of water on the radiant heater performance was 

investigated. Instead of feeding the exact effluent, C5 and C7 were selected as 

representatives of the non-aromatic hydrocarbons and BTEX substances, and fed 

to the radiant heater. In the experiments related to addition of liquid water to the 

system, a water pump from LabAlliance was used in which the desired flow of 

water is selected and continuously fed to the system. A syringe pump from ISCO 

500D model was used for delivering the C5 and C7 to the radiant heater. Water 
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and mixture of two hydrocarbons travelled through separate lines and were 

introduced to the heater from the back side to the heater. A cross sectional view of 

the system is shown in Figure 4.5. 

 

Figure 4.5. Cross sectional view of the counter-diffusive radiant heater 

 

For experiments with addition of steam, and C5 and C7 vapor, the water, 

C5 and/or C7 were vaporized in a shell and tube heat exchanger prior to being 

introduced into the reactor. The heat exchanger used hot oil as the heat transfer 

fluid, which was heated in an oil bath. The bath temperature was set to 150oC. 

The temperature of the catalyst pad and back space was monitored using type J 

thermocouples. Labview software package was used for data acquisition. 
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4.2.5 Methane conversion in presence of C5 and C7 

Methane is known to be the most difficult hydrocarbon to oxidize. When 

C5 and C7 are injected into the radiant heater, it is expected that these 

hydrocarbons are primarily oxidized before methane combustion is initiated. To 

evaluate the methane conversion, it is assumed that complete combustion of C5 

and C7 takes place. The ratio of molar flow rates of C5 and C7 in the feed is: 

   
4

5C (in)
5

CH (in)

N
X =

N
 

  (4.5) 

  
4

7C (in)
7

CH (in)

N
X =

N
 

  (4.6) 

where NC5(in), NC7(in) and NCH4(in) represent the molar flow rates of C5, C7 and CH4 

at the inlet. The total carbon molar flow rate at the inlet would be: 

      
4

( )c CH (in) 5 7N =N 1+5X +7X    (4.7) 

where Nc represent the total carbon molar flow rate at the heater inlet. Based on 

the dilution factor, NCH4(in) is not known at the heater inlet, however, NCH4(out) and 

NCO2 (out) are known. The total carbon balance can be written as: 

    
4 2 4

( )CH (out) CO (out) CH (in) 5 7N +N =N 1+5X +7X    (4.8) 

or 

    4 2

4

CH (out) CO (out)
CH (in)

5 7

N +N
N =

1+5X +7X
 

  (4.9) 

the overall methane conversion equation is: 
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    4 4

4

4
CH (in) CH (out)

CH (in)

N -N
CH conversion=

N
 

(4.10) 

substituting the NCH4(in) from Equation 4.9 in 4.10 and multiplying by 

(1+5X5+7X7) yields: 

        2 4

4 2

( )CO (out) 5 7 CH (out)
4

CH (out) CO (out)

N - 5X +7X N
CH conversion=

N +N
 

(4.11) 

This Equation reduces to Equation 4.3 when no C5 or C7 is present in the feed. 

4.3 Results and discussion 

4.3.1 Temperature distribution at different methane flow rates 

To understand the fundamental phenomena involved in radiant heaters, 

some basic information is needed about its operation. In the first step, catalytic 

combustion of methane at different methane flow rates was studied. Temperature 

was monitored at four locations, which are shown in Figure 4.6. T1, T2 and T3 

represent the temperatures at three locations at 5 mm depth inside the catalyst pad, 

while T4 is the temperature in the back space filled with fuel.  

 

 

 

 

 

Figure 4.6. Location of thermocouples in the radiant heater 
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Figure 4.7-4.11 show the temperature at these locations at different 

methane flow rates. To check for the reproducibility of the results, the radiant 

heater operation was repeated regularly at each fuel flow rate. The two plots in 

Fig. 4.8 represent the temperature distribution from the radiant heater, operated on 

two different days. The temperature distributions across the catalyst pad were 

very similar indicating the high reproducibility of the experimental results.      

It is observed from Figure 4.7 and 4.8 that the temperature is highest at the 

lower corner of the catalyst pad (T1). It was initially hypothesized that the 

temperature distribution observed might result from variations in catalyst activity 

within the pad, or to the location of the feed pipe. The temperature distribution 

was subsequently measured at three different pad orientations.   

In each new test, the heater was rotated 90 degrees to account for the 

effects of non-uniform catalyst distribution or feed point. The same temperature 

distribution was observed in all the different pad orientations indicating that the 

temperature distribution is related to the boundary layer development in front of 

the pad and mass transfer limitation of oxygen transport. At methane flow rate of 

0.89 g/min, T1 starts to decline after ignition, and at the same time T2 and T3 

increase. At low methane flow rate, it seems that there is no combustion at the 

lower part of the pad; therefore more oxygen is available at the upper parts of the 

pad. When methane flow rate is decreased to 0.36 g/min, the heater could not be 

ignited. At around 75 min, the electrical heater was plugged in again to try to re-

ignite the heater; however, there is no combustion taking place at this low fuel 

flow rate. 
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Figure 4.7. Temperature distribution at methane flow rate of 2.15 g/min 
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Figure 4.8. Temperature distribution at methane flow rate of 1.79 g/min on two different 
days 
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Figure 4.9. Temperature distribution at methane flow rate of 0.89 g/min 
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Figure 4.10. Temperature distribution at methane flow rate of 0.71 g/min 
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Figure 4.11. Temperature distribution at methane flow rate of 0.36 g/min 
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The flow rate of methane was changed during one experimental run and 

the results are shown in Figure 4.12. These runs also allow for the reproducibility 

check of previous experiments at each flow rate. It can be seen that, T1 decreases 

by raising the flow rate from 1.79 g/min to 2.5 g/min. At high flow rates, methane 

pushes away the oxygen in front of the pad and prevents it from diffusing into the 

pad. This effect is less pronounced in the top parts of the pad. It seems that there 

is an optimum methane flow rate for radiant heater operation. This result was also 

observed in a previous study (Trimm, Lam 1980b). 
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Figure 4.12. Temperature distribution at varying methane flow rates 

 

4.3.2 Methane conversion at different flow rates 

Methane fractional conversion indicates the radiant heater efficiency for 

methane combustion. The radiant heater was operated at several flow rates. 
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Methane conversion was calculated at each flow rates, using Equation 4.4 and the 

results are shown in Figure 4.13. It is seen that, by increasing the flow rate, 

methane conversion decreased, i.e. higher concentrations of methane were 

detected at the exhaust gas. This decreasing trend in methane conversion could be 

an indication of O2 diffusion limitation through the boundary layer developed in 

front of the catalyst pad. The amount of methane combusted shows gradual rising 

trend in spite of decrease in conversion until it reaches a plateau. 
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Figure 4.13. Methane conversion and O2 consumption at different feed rates 

4.3.3 Combustion of methane and C5 with constant O2 demand 

In a series of experiments, different flow rates of methane and C5 was 

added to the radiant heater, keeping the mixture O2 demand, for complete 

conversion of hydrocarbons, constant. The amount of O2 consumed at different 

combinations of methane and C5 flow rates is shown in Figure 4.14.  
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Figure 4.14. Oxygen consumption during methane and C5 combustion with constant 
oxygen demand 
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Figure 4.15. Temperature profile during methane and C5 combustion with constant 
oxygen demand 
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It is seen that, O2 consumption did not remain constant and it increased 

with higher methane and lower C5 flow rates. These results are consistent with the 

results of methane conversion and the amount of methane combusted in Figure 

4.13. It seems that high methane flow rate induces the convective air flow in the 

boundary layer leading to higher O2 availability for combustion. Comparing the 

temperatures after addition of C5 shows rising trend with increasing methane flow 

rate (Figure 4.15), which supports the effect of larger convective air flux at high 

methane flow rate and more O2 availability for combustion resulting in higher pad 

temperatures. 

4.3.4 Effect of oxygen diffusion on methane conversion 

4.3.4.1 Effect of fan on methane conversion  

It is recognized that the diffusion of oxygen in the pad could be the limiting step 

in catalytic combustion since the heat of reaction accelerates the rate, leading to 

high temperature on the catalyst surface and mass transfer limitation (Ryoo et al. 

2003, Kolaczkowski 1999). However, it is equally possible that the mass transfer 

through the boundary layer is the rate limiting step. To examine the role of 

external mass transfer of oxygen on the observed behavior, a fan was installed on 

top of the hood to induce the forced convection in front of the catalyst pad. 

Methane conversion at different flow rates and fan speed are shown in Figure 

4.16-4.18. It is evident from Figure 4.16 that, the methane conversion did not 

improve at low fan speed (5 V). However at high speed, complete methane 

conversion was achieved. It seems that there is a critical speed that is required for 

complete methane conversion.   
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Figure 4.16. Effect of oxygen supply on conversion of 1.79 g/min methane 
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Figure 4.17. Effect of oxygen supply on conversion of 1.43 g/min methane 
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Figure 4.18. Effect of oxygen supply on conversion of 0.71 g/min methane 

 

In fact, at higher methane flow rate, oxygen demand for combustion is 

greater and with lower fan speed, complete methane conversion cannot be 

observed. These results indicate that oxygen diffusion is likely to be the 

controlling step in methane conversion. Monitoring the temperature revealed that 

there was no change in temperature distribution across the pad while the fan was 

on. 

The effect of presence of fan can be observed from the GC peak areas for 

CH4 and CO2. Operating the fan leads to dilution of the combustion products and 

smaller peak area reading from GC. The peak areas and concentrations of CH4 

and CO2 corresponding to Fig. 4.18 is shown in Table 4.1. By increasing the fan 

speed, peak areas and concentrations of CH4 and CO2 are decreasing.  
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Table 4.1. Effect of fan operation on GC peak area and concentration of CH4 and CO2  

 

Fan status CH4 peak 
area 

CO2 peak 
area 

CH4 
concentration 

CO2 
concentration 

12913 60385 0.909 1.353 

12753 60637 0.904 1.359 

 

fan: off 
12061 59487 0.881 1.332 

7378 39617 0.731 0.862 

6847 32706 0.714 0.698 

7520 37560 0.736 0.813 

 

fan: 3 V 

 6742 37056 0.711 0.801 

0 3086 0.495 0.000 

0 2664 0.495 0.000 

0 3101 0.495 0.000 

 

fan: 6 V 

 0 2439 0.495 0.000 

 0 2960 0.495 0.000 

 0 2594 0.495 0.000 

fan: 10 V 0 2625 0.495 0.000 

 0 2564 0.495 0.000 

 0 2760 0.495 0.000 

fan: off 12798 61250 0.905 1.374 

 12713 65385 0.902 1.472 

4.3.4.2 Effect of metal plate on methane conversion  

One way of improving the combustion is to place a metal plate at a close 

distance from the catalyst pad. Using the metal sheet induce the convective air 

flux between two surface leading to more oxygen availability for combustion. It 

was found that after placing the metal plate at 8 cm and 2 cm distance from the 

pad, all the temperatures increased; however, only a samll increase in methane 
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conversion was observed. The temperature distribution and methane conversion 

are shown in Figure 4.19 and 4.20, respectively. In fact, the thermal energy is 

transferred to the plate by radiation and it radiates the energy back to the pad. This 

leads to increase in pad temperature that could causes the rapid circulation of air 

in front of the heater.     
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Figure 4.19. Effect of presence of metal sheet at 2 cm distance from the catalyst pad on 
temperature distribution at methane flow rate of 1.79 g/min 
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Figure 4.20. Effect of presence of metal sheet at 2 cm distance from the catalyst pad on 
conversion of 1.79 g/min methane 

4.3.5 Effect of a thinner fiber cloth on methane conversion 

There was a fiber cloth in front of the catalyst pad to protect the active 

catalytic material. The presence of this cloth could have negative impact on the 

oxygen diffusion into the pad and consequently reduce the methane conversion. 

The old fiber cloth was removed and a new, thinner cloth was placed on the pad 

surface. The methane conversion is shown in Figure 4.21. Comparing these 

results with the conversion data in the unit with thicker cloth (Figure 4.13) reveals 

no significant improvement on methane conversion by covering the catalyst pad 

with a thinner cloth. Therefore, it would appear that no limitation is imposed by 

diffusion of O2 into the pad. 
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Figure 4.21. Conversion of 1.79 g/min methane with a thin fiber cloth 

4.3.6 Effect of removing the fiber cloth on methane conversion 

To rule out any effect induced by the fiber cloth on methane conversion, 

the fiber cloth was completely removed from the unit. Conversion of methane in 

the unit without fiber cloth is shown in Figure 4.22. Comparing Figure 4.22 and 

4.13 reveals that there is no significant change in methane conversion after 

removing the cloth. Therefore, it is concluded that the fiber cloth is not acting as a 

barrier for oxygen diffusion into the catalyst pad. 

Note that in both Figure 4.21 and 4.22, there is one data point showing 

high conversion at 148 min and 128 min, respectively. The common feature of 

these two points is that the samples at these two points were taken after a 

relatively long time passed from taking the previous sample. To confirm this fact, 
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an experiment was conducted in which a few exhaust gas injections were made 

without any delay between two injections. 
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Figure 4.22. Conversion of 1.79 g/min methane with fiber cloth removed   

 

Then next few injections were 60 min apart. The results are shown in 

Figure 4.23. It is obvious that the conversion is higher when there is longer time 

gap between each sample injection into the GC. The possible reasons are the 

accumulation of H2O either in the sampling line or in GC lines that leads to high 

reading for the CO2 peak and higher conversion. To investigate this observation, 

after taking the sample and injection into the GC, the sampling tube was moved 

far from the radiant heater and its opening was blocked. When it was time for 

sample injection, the tube was placed on top of the hood for a few minutes and 
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then sample was injected. The results are shown in Figure 4.24. The same trend 

can be seen in both Figure 4.23 and 4.24. Therefore it is concluded that high 

conversion is not due to accumulation of H2O in the sampling tube and high CO2 

reading is because of the accumulation of H2O in the GC lines.  
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Figure 4.23. Conversion of 1.43 g/min methane with thin cloth with longer time delay 
between each sampling  
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Figure 4.24. Conversion of 1.43 g/min methane with thin cloth and blockage of tube after 

sampling  

 

Looking at the GC peaks revealed that, when longer time is allowed 

before taking the sample, the GC base line drifts and the slope is steadily rising 

before the CO2 peak come out, therefore the integrated area for CO2 peak is 

higher. The reason for the change in base line is the accumulation of the water in 

the GC column. Therefore the closer the sample injections, the more reliable the 

conversion data are. 

4.3.7 Addition of liquid water to the radiant heater 

One of the potential applications of radiant heaters is treatment of natural 

gas dehydration process effluent. This effluent contains almost 40 vol% water 

along with methane, BTEX and other VOC. In a series of experiments, liquid 
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water was added to the radiant heater feed. Based on the effluent composition that 

contain the same amount of water and methane, and considering 1.79 g/min CH4 

in the feed, the amount of liquid water to be introduced to the system was: 

   
2

2 2 2 2

2 2

18 12500 2
min 22400 1 min

= × × =H O
mL H O g H O mL H O mL H OQ

mL H O g H O
 

(4.12) 

Water was injected to the system starting from 0.2 g/min up to the 

maximum flow rate of 2 g/min, which is equivalent to 40 vol% of water. 

Temperature distribution and methane conversion are shown in Figure 4.25 and 

4.26, respectively and the summary of methane conversion at different water flow 

rates is shown in Figure 4.27. In most of the runs the starting flow rate of water 

was 0.2 g/min that enables us to check for reproducibility of the results. 

Plots of temperature distribution show that at low water flow rate, the 

temperature across the catalyst pad was not affected by the added water. 

However, by increasing water flow to 0.4 g/min and higher, T1 is significantly 

affected. In fact, water was dripping down in the back of the heater, causing the 

cooling of the heater at the bottom. Lower part of the pad was damp at high water 

flow rates.  
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Figure 4.25. Temperature distribution in the radiant heater at methane flow rate of 1.79 
g/min with addition of a) 0.2 and 0.4 g/min, b) 0.2 and 0.6 g/min, c) 0.2 and 1.0 g/min, 

and d) 2.0 g/min liquid water   



 
98

Time (min)

0 100 200 300 400 500

C
H

4 c
on

ve
rs

io
n 

(%
)

0

20

40

60

80

100

H2O = 0.0 g/min
H2O = 0.2 g/min
H2O = 0.4 g/min

(a)

 

Time (min)

0 100 200 300 400 500

C
H

4 c
on

ve
rs

io
n 

(%
)

30

40

50

60

70

80

90

H2O = 0.0 g/min
H2O = 0.2 g/min
H2O = 0.6 g/min

(b)

 
 

 

 



 
99

Time (min)

0 100 200 300 400 500

C
H

4 c
on

ve
rs

io
n 

(%
)

0

20

40

60

80

100

H2O = 0.0 g/min
H2O = 0.2 g/min
H2O = 1.0 g/min

(c)

 

Time (min)

0 50 100 150 200 250 300

C
H

4 c
on

ve
rs

io
n 

(%
)

0

20

40

60

80

100

H2O = 0.0 g/min
H2O = 2.0 g/min

(d)

 
Figure 4.26. Conversion of 1.79 g/min methane with addition of a) 0.2 and 0.4 g/min, b) 

0.2 and 0.6 g/min, c) 0.2 and 1.0 g/min, and d) 2.0 g/min liquid water 
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Figure 4.27. Conversion of 1.79 g/min methane in presence of different liquid water flow 
rates 

Although presence of water in the system leads to considerable changes in 

the temperature distribution, it had no effect on methane conversion except at 2.0 

g/min. In fact, at low water flows, the amount of water produced during the 

reaction was more than the added water, which does not influence the methane 

combustion, while high water flow results in wetting the catalyst pad, preventing 

the methane combustion. Based on the stoichiometry of the reaction, one mole of 

methane produces two moles of water in case of complete combustion. At 1.79 

g/min methane, which is equivalent to 0.11 moles/min, conversion is about 57%, 

therefore the amount of water produced would be: 

   2
moles moles 18 gH O produced=0.22 ×0.57=0.125 × =2.26 g/min
min min 1 mole

 
(4.13) 
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which is still higher than the maximum amount of water added to the system (2 

g/min). Therefore only large amounts of added water influence the radiant heater 

performance in terms of fuel combustion. Cullis and Willat (1984) also reported 

that the addition of water in comparable amount to that formed during methane 

combustion, has no effect on the catalyst activity (Cullis, Willatt 1984).  

It is suspected that when the pad becomes wet, there is no combustion 

happening in that part of the pad and methane will come out at high 

concentrations. To verify that, the exhaust gas was sniffed from the wet part of the 

pad by placing the sampling tube in front of the pad in close distance. The GC 

peak area of methane was compared with that for dry pad without added water at 

the same location. Figure 4.28 shows the relative peak areas of methane. It was 

found that the methane peak area in case of wet pad was higher confirming the 

slippage of methane at wet parts of the pad.     
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Figure 4.28. Comparison of methane peak area by sniffing from the lower right corner of 
the pad with and without added liquid water at methane flow of 0.71 g/min 
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4.3.8 Addition of liquid water, C5 and C7 to the radiant heater 

Other than methane and water, all the other components in the natural gas 

dehydration effluent contribute to 20 vol% of the composition. To calculate the 

representative concentration of toluene, it was decided to include toluene, 

benzene, xylenes, methylcyclohexane and ethylbenzene in the calculation. The 

amount of toluene was calculated such that it would result in the concentration 

from all the included compounds: 

1 2 3 4 5
7

1

0.762×M +0.541×M +0.435×M +0.399×M +0.197×MC equivalent=
M

 
(4.14) 

where M1, M2, M3, M4 and M5 represent, the molecular weight of toluene, 

benzene, xylenes, methylcyclohexane and ethylbenzene, respectively.  

    7C equivalent=2.35 vol%   (4.15) 

for calculating the C5 equivalent in the effluent, ethane, propane, butane, pentane 

and hexanes were included: 

6 7 8 9 10
5

9

6.37×M +4.6×M +2.525×M +1.128×M +1.794×MC equivalent=
M

 
    (4.16) 

where M6, M7, M8, M9 and M10 represent, the molecular weight of ethane, 

propane, butane, pentane and hexanes, respectively.  

       5C equivalent = 10.97 vol%      (4.17) 

The numbers in the numerator are the amount of each component in the effluent 

in vol%. Noting that 1.79 g/min methane is equivalent to 2500 mL/min methane, 

the density of C7 and C5 are 0.865 and 0.626 g/mL, and the molecular weight of 

C7 and C5 are 92 and 72 g/mole, the flow rate of liquid C7 and C5 would be: 
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7

7

2500 mL/min 1 mole 92 g 1 mLC flow rate=2.35 vol%× × × ×
40 vol% 22400 mL 1 mole 0.865 g

C flow rate=0.69 mL/min
 

(4.18) 

5

5

2500 mL/min 1 mole 72 g 1 mLC flow rate=10.97 vol%× × × ×
40 vol% 22400 mL 1 mole 0.626 g

C flow rate=3.52 mL/min
 

(4.19) 

The total flow rate of C5 and C7 mixture into the radiant heater is: 

         5 7C +C flow rate=3.52+0.69=4.21 mL/min   (4.20) 

or 

    5 7C +C flow rate=0.6+2.2=2.8 g/min  (4.21) 

A mixture of C5 and C7 was fed to the radiant heater after it was ignited with 

methane and reached the steady state. Temperature distributions are shown in 

Figure 4.29. It is seen that by addition of C5 and C7 to the system, T1 decreased 

which is similar to the behavior of the heater in case of liquid water addition. T1 

decreased sharply after C5 and C7 flow started, which is explained by extensive 

wetness of the lower corner of the catalyst pad. When the liquid hydrocarbon 

mixture flow stopped, T1 started to recover.  

It is of interest to study the effect of addition of both water and 

hydrocarbons to the radiant heater. Figure 4.30 and 4.31 show the temperature 

distribution and methane conversion in presence of water and hydrocarbons 

mixture in the radiant heater. The temperature of the lower corner, T1, dropped 

rapidly when the water flow started and the lower corner of the pad became damp. 

Also the temperature in the middle of the pad, T2, declined rapidly after the 
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hydrocarbon mixture flow started. In fact, the addition of higher quantities of 

liquid compounds to the reactor results in the temperature in the back of the 

reactor, T4, falling below the boiling point of toluene. Increases in temperature at 

380, 420 and 480 min occurred when the heavy hydrocarbon feed was stopped. 
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Figure 4.29. Temperature distribution in the radiant heater with addition of liquid C5 and 
C7 at 1.79 g/min methane 
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Figure 4.30. Temperature distribution in the radiant heater with addition of liquid water, 
C5 and C7 at 1.79 g/min methane 
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      Figure 4.31. Methane conversion with addition of liquid water, C5 and C7 at 1.79 
g/min methane 
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Methane conversion is affected by the addition of liquid water to the 

radiant heater. When C5 and C7 start to flow into the heater, no methane is 

converted. Another experiment was conducted with addition of increasing 

amounts of liquid C5 to the radiant heater. The conversion is shown in Figure 

4.32. It is observed that as the flow rate of C5 increases, the conversion of 

methane decreases. This observation is consistent with the earlier one of 

decreasing methane conversion with increasing flow rate. In this experiment, by 

increasing the C5, the total oxygen demand is effectively increased because the 

flow rate of oxygen is held constant, thus a decrease in methane conversion is 

expected. In fact, there is essentially no C5 detected in the reactor effluent until the 

C5 injection rate reached 1.88 g/min. At this point, the calculated methane 

conversion is negative, indicating that, the C5 is not being completely combusted 

as assumed in Equation 4.12, which is confirmed by the presence of C5 in the 

effluent. The major result of this experiment is that, C5 is preferentially 

combusted, compared to methane. When at C5 flow rate of 1.25 g/min, fan was 

turned on; complete conversion of methane was achieved.  

It was shown previously in Figure 4.11 that, at lower methane flow rate, 

the heater would not remain ignited and when it was attempted to reignite the 

radiant heater, the same pattern was observed. However, the addition of C5 and C7 

as supplemental fuel allowed normal operation to be maintained. The reactor 

temperature distribution is shown in Figure 4.33 for 0.36 g/min methane with 0.56 

g/min of C5 and C7 mixture. Note that when the C5 and C7 flow stopped, the 

heater was extinguished. 
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Figure 4.32. Conversion of 1.79 g/min methane with addition of C5        
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Figure 4.33. Temperature distribution with supplemental addition of C5 and C7 to 

methane feed of 0.36 g/min  
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4.3.9 Addition of water vapor to the radiant heater 

Experiments with liquid water indicate that the presence of liquid water, 

cause the wetting of the catalyst pad and inhibit the methane combustion. In the 

real situation, water present in glycol regeneration effluent is in the vapor phase, 

thus a further set of experiments were undertaken, to obtain more information on 

the heater performance when water vapor instead of liquid water is fed to the 

radiant heater. The temperature distribution in the radiant heater and the 

conversion data are shown in Figure 4.34 and 4.35, respectively. After addition of 

water vapor, the temperature of the catalyst does not decrease at methane flow 

rate of 1.79 g/min, as was the case with liquid water feed. The methane fractional 

conversion remains steady at 2.0 g/min of water injected.  
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Figure 4.34. Temperature distribution in the radiant heater with addition of water vapor at 
1.79 g/min methane 
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Figure 4.35. Conversion of 1.79 g/min methane with addition of water vapor 

 

4.3.9.1 Insulation of the radiant heater 

Because considerable energy is lost through the back and sides of the 

reactor (as evidenced by the relatively low back space temperature), the back wall 

and the sides of the radiant heater were insulated with fiber glass insulation 

blankets. The temperature profiles for the insulated reactor are shown in Figure 

4.36. Insulating the radiant heater increased the temperature in the back space of 

the reactor to about 180oC. The methane conversion in this experiment was 

observed to be around 60% both in the presence and absence of water.  

With the observation that the water vapor does not cause a loss in methane 

conversion at high flow rate, it is thus safe to conclude that the conversion loss 

observed in the water experiments is a result of thermal effects, and not kinetic 

effects. It cannot be stated that water addition does not cause a reduction in the 
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kinetic reaction rate; since at low methane flow rate, conversion fluctuates, 

however, this effect is apparently not significant for the conditions used here.  
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Figure 4.36. Temperature distribution in the insulated heater with addition of water vapor 
at 1.79 g/min methane 

 

To summarize, the results of the experiments showed that the performance 

of the counter-diffusive radiant heater is limited by the external diffusion in the 

boundary layer which was evident from the decreasing methane conversion at 

higher flow rates. Although methane conversion decreased by increasing the flow 

rate, the amount of methane combusted showed an increasing trend. The diffusion 

resistance was confirmed by inducing the convective air flux in front of the 

catalyst pad using a small fan. It was shown that the effect of oxygen diffusion 
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inside the pad in not significant. Placing a metal sheet in close distance from the 

catalyst pad did not improve the combustion, significantly.       

Addition of liquid water did not affect the system performance in terms of 

conversion, however at high water flows comparable to the amount produced 

during the reaction, methane conversion decreased and the catalyst pad appeared 

to be wet at the bottom. Presence of liquid water had inhibitory effect on methane 

combustion. Sniffing the combustion gases from the pad surface revealed higher 

GC peak area for methane indicating the methane slippage from the wet parts of 

the catalyst pad. The same inhibitory effect was observed when C5 and C7 mixture 

was added to the system. No methane was converted in presence of these 

compounds suggesting the competition between three hydrocarbons for oxygen.      

The system performance remained unchanged when water vapor instead 

of liquid water was added to the radiant heater. Insulating the back wall of the 

heater resulted in the elevated temperature in the back space revealing that in case 

of liquid water addition, thermal effects play the major role in the reduced 

methane conversion.   
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Computer modeling of the counter-diffusive 

radiant heater 
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5.1 Introduction 

Computer modeling can be a valuable tool for obtaining an understanding 

of the physical phenomena happening in a system. The main advantage of 

computer modeling is predicting the behavior of a system or process under 

different set of conditions without performing expensive, time consuming or 

hazardous experiments (Hayes, Kolaczkowski 1997, Colannino 2006).The 

modeling of most chemical engineering systems of interest requires the solution 

of the governing conservation equations for momentum, mass and/or energy. 

These equations often take the form of partial differential equations that require a 

numerical solution. The modeling of these equations is often given the generic 

name, Computational Fluid Dynamics or CFD. Originally this term was used 

exclusively for fluid flow modeling, but lately has come to be used for a broad 

range of problems involving momentum, heat and mass transfer, including such 

applications as multiphase flow, flow in porous medium, fluid particle systems, 

etc. All CFD packages include three main components: a pre-processor, a solver 

and a post-processor. The functionality of pre-processing include constructing the 

system geometry, mesh generation, defining the fluid properties, selection of the 

physical phenomena involved and setting the appropriate boundary conditions. To 

visualize the solution, post-processing methods can be employed, including the 

display of contour and/or arrow plots of variables over the entire domain, 

streamline plots and display of a variable at specific boundary or sub-domain.  
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The two main methods used in the numerical solution of partial 

differential equations are the finite element and finite volume methods. Each 

method has advantages and disadvantages. Most commercial CFD codes (e.g. 

Fluent, CFX) use the finite volume method, although COMSOL Multiphysics 

uses the finite element method. The finite element method is a generalization of 

the classical variational and weighted residual methods, which are based on the 

idea that, the solution of a differential equation can be represented as a linear 

combination of unknown parameters and appropriately selected functions in the 

entire domain of the problem. These functions are called approximation or 

interpolation functions. The parameters are determined such that the differential 

equation is satisfied and the interpolation functions are selected such that they 

satisfy the boundary conditions of the problem.  

The basic concept of the finite element method is that the solution domain 

is divided into many simple sub-domains known as finite elements, which 

comprise the mesh. Over each finite element, the unknown variables such as 

temperature, velocity, etc. are approximated using interpolation functions. These 

functions can be linear or higher order polynomial expansions in terms of the 

geometrical locations (nodes). The governing equations in the finite element 

method are integrated over each finite element and the contributions are 

assembled over the entire problem domain. As a consequence of this procedure, a 

set of finite linear or non-linear equations is obtained in terms of the set of 

unknown parameters over the elements.  
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Meshing is performed to discretize the geometry into smaller elements. 

The solution for an engineering problem can be very complex and vary 

unpredictably across the entire domain. By dividing (meshing) the domain into 

smaller elements, the solution within an element can be approximated using 

simple functions such as polynomials. Thus, the solution to every individual 

element forms the solution to the global finite element equation in the whole 

domain. Mesh generation is an important step in simulation such that, the quality 

of mesh affects the accuracy of the results. The domain has to be meshed properly 

into elements of specific shapes such as triangles or quadrilaterals. To minimize 

the degrees of freedom, the created mesh is usually of varying density. In the parts 

of the domain where large gradients of the variables are expected, fine mesh is 

needed while in the parts that are not of interest or not very critical, larger mesh 

size could significantly reduce the computation time (Reddy, Gartling 2000). In 

this work, most of the numerical simulations were performed with the commercial 

software package, COMSOL Multiphysics. This package uses the finite element 

method.  

5.2 Two-dimensional modeling of the counter-
diffusive radiant heater 

To develop a computer model of a complex system it is reasonable to start 

with a simpler case and build up to the desired case. In this scenario, one is able to 

trace the possible problems and do the troubleshooting at the source, before 

moving to more complex situations. The computer model for the counter-
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diffusive reactor was thus built step wise. In the first instance, natural convection 

over a vertical heated flat plate was studied, which was then extended to flow 

over a porous medium, without and with imposed inlet flow, and then to the 

reactor with chemical reactions. The software package used in the modeling was 

COMSOL Multiphysics, which is based on the finite element method. 

5.2.1 Natural convection over heated plate 

The first step in the modeling process was to model the natural convection 

over a vertical heated flat plate. Consider a vertical flat surface at constant 

temperature, T , immersed in quiescent air at ambient temperature, T∞ , such that 

T T∞> . Due to the temperature gradients, the air adjacent to the surface will get 

warmer and rise, while the colder air will replace it. This is called free or natural 

convection. Warm air has lower density and the change in the density will initiate 

the buoyancy effects leading to thermal and velocity boundary layer development.  

To model this scenario, a plate with 0.3 m height and a domain of 0.08 m 

width in front of the plate was considered. The entire domain was meshed using 

triangular elements. The mesh size near the surface was finer than the rest of the 

domain, since large gradients of temperature and velocity exists at the close 

vicinity of the plate. Figure 5.1 shows the mesh structure of the solution domain, 

which is basically the area in front of the flat plate.  
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Figure 5.1. Mesh structure of the modeling domain of vertical flat plate 

 

5.2.1.1 Governing equations and boundary conditions 

The equations governing this system include continuity (Equation 5.1), 

Navier-Stokes for momentum balance (Equation 5.2) and general energy balance 

(Equation 5.3): 

     ( . )D u
Dt
ρ
= −ρ ∇  

 (5.1) 

     2Du P u g
Dt

ρ = −∇ +μ∇ +ρ  
 (5.2) 

     .( )p rxn rxn
DTC k T R H
Dt

ρ = ∇ ∇ + Δ  
 (5.3) 
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Where , , , , , , , ,ρ μ Δp rxn rxnu P C k T R H and g represent, fluid density, velocity, 

pressure, dynamic viscosity, heat capacity, thermal conductivity, temperature, 

reaction rate, enthalpy change due to reaction and gravitational acceleration, 

respectively.  

The physical properties of the fluid were taken as constant, except for the 

density, which was evaluated using the ideal gas law. In setting the boundary 

conditions for momentum balance, the surface was set as wall type boundary with 

no slip condition. The type of boundary for three remaining boundaries is open 

and the boundary condition is normal stress meaning that at these boundaries: 

        0P f≈   (5.4) 

Where 0f  is the normal stress.  

 In the energy balance, the surface boundary was set to constant 

temperature. The boundary at the bottom and in front of surface was set to 

ambient temperature. Since the air in front of the plate rises upward through the 

upper horizontal boundary, the transport of thermal energy is dominated by 

convection. Therefore the top horizontal boundary was selected as convective flux 

which is outlet boundary condition: 

            ( ) 0n k T− − ∇ =   (5.5) 
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5.2.1.2 Temperature and velocity profiles in the boundary layer 

Figure 5.2 and 5.3 show the velocity and temperature profiles through the 

boundary layer at a height of 0.25 m at surface temperatures of 623, 823 and 1023 

K. The contour plots of velocity and temperature are shown in Figure 5.4 and 5.5. 

Arrows in Figure 5.4 indicate the magnitude of velocity in the boundary layer. 

According to the velocity boundary condition, selected at the surface (no slip), the 

velocity is zero at this boundary and reaches the maximum at about 0.003 m away 

from the surface. Three temperatures were assigned for the surface boundary in 

separate runs. From Figure 5.3 it is evident that, the surface and the fluid in close 

vicinity are at high temperature, while moving away from the surface, the fluid 

temperature reaches the ambient temperature of 293 K.  
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Figure 5.2. Velocity profile at a distance of 0.25 m from the leading edge 
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Figure 5.3. Temperature distribution at a distance of 0.25 m from the leading edge 

  

Figure 5.4. Contour plot of velocity 
distribution in the modeling domain 

Figure 5.5. Contour plot of temperature 
distribution in the modeling domain 
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The resulting heat flux from the surface into the fluid is shown in Figure 

5.6. From the heat flux plot it can be seen that, the flux is highest at the leading 

edge, and decreases along the surface. The heat flux is sharply higher at the 

leading edge, and falls rapidly in the first 5 cm, and then more gradually. The 

decreasing heat flux results from the increasing boundary layer thickness. 
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Figure 5.6. Total heat flux from the surface along the hot surface 

 

5.2.1.3 Model prediction of the Nu  number  

The main purpose of this part of the work was to evaluate the heat transfer 

coefficient at the surface. The predicted Nu  number was compared with two 

classical correlations in the literature for isothermal vertical flat plates. Two 
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correlations for the local Nu number along the surface were compared (Bejan 

1993, F. Kreith, M.S. Bohn 1993): 

           0.5 0.25 0.250.508Pr (0.952 Pr)y yNu Gr−= +   (5.6) 

             
0.25

0.25
0.5

Pr0.503
Pr 0.986Pr 0.492y yNu Ra⎡ ⎤= ⎢ ⎥+ +⎣ ⎦

 
 (5.7) 

Where, Pr, yRa and yGr  are the Prandtl, Rayleigh and Grashof numbers, 

respectively. These numbers are defined as: 

          Pr pC
k

μ
=  

(5.8) 

         3
y s

g βRa = (T -T )y
να ∞  

(5.9) 

         
Pr

y
y

Ra
Gr =  

(5.10) 

Whereβ , ν , α , sT , T∞  and y , represent the thermal expansion coefficient, 

kinematic viscosity, thermal diffusivity, surface and ambient temperatures and the 

location from the leading edge of the plate, respectively. To calculate the yNu  

from the above correlations, all the properties of air were calculated based on the 

mean temperature 'T : 

           '
2

sT TT ∞+
=  

(5.11) 

For an ideal gas, the coefficient of thermal expansion is given by: 
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            1
T

β =  
(5.12) 

The yNu  at each temperature as a function of y was obtained, which was 

supplied to the COMSOL to plot the yNu  along the plate. In the next step, the 

model predicted yNu  was obtained. The local heat transfer coefficient is: 

            y
y

kNu
h

y
=  

(5.13) 

The local heat flux from the surface is evaluated by: 

            ( )y
y s

kNu
q T T

y ∞= −  
(5.14) 

The local yNu  number from the results of the simulations can be 

calculated, by extracting the yq  from COMSOL, and substituting in Equation 

(5.14). The results were compared to the yNu  obtained from the empirical 

correlations. The yNu  at three temperatures, using the two correlations and the 

model data are shown in Figure 5.7-5.9. 

These plots show that, the yNu  evaluated using Equation (5.7), gives 

closer results to the model generated data. The deviation of the predicted 

modeling results from the correlation becomes larger at higher temperatures. 

Because the highest temperatures encountered in the radiant heater are less than 

623 K, Equation 5.7 was selected for use in the subsequent reactor modeling. 
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Figure 5.7. Nuy along the surface at 623 K 
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Figure 5.8. Nuy along the surface at 823 K 
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Figure 5.9. Nuy along the surface at 1023 K 

5.2.2 Natural convection in porous medium 

In the counter-diffusive radiant heater, the catalyst pad is a porous 

medium, and moreover has normal velocity imposed, as a result of the fuel fed to 

the system. The next step was to determine the influence of the porous medium on 

the development of the natural convection boundary layer, with and without an 

imposed normal outflow velocity. The model domain is shown in Figure 5.10. 

Section B is the porous sub-domain representing the catalyst pad, and section A is 

the sub-domain in front of the hot surface where boundary layers develop. The 

total number of triangular mesh elements was 52700 and the number of degrees of 
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freedom was 345137. Brinkman equations were used to model the flow in porous 

medium.  

           2

p
P u u

k
μμ∇ = ∇ −  

(5.15) 

Where kp is the Darcy permeability of the porous medium toward the fluid. The 

Brinkman equation is the extension of Darcy’s law accounting for boundary 

effects between porous medium and free fluid (Vafai 2005). It is valid for a 

porous medium with porosity greater than 0.6.   

5.2.2.1 Effect of porous medium and imposed inlet velocity on 
boundary layer development 

The temperature of the domain representing the porous medium was set to 

a constant value. The imposed velocity was temperature-corrected, so that a 

constant mass flow rate was used when comparing different temperatures. Figure 

5.11 and 5.12 show the velocity profiles at the height of 0.25 m without and with 

imposed inlet velocity, and the contour plots of velocity and temperature are 

shown in Figure 5.13 and 5.14, respectively. 

 

Figure 5.10. The modeling domain with porous medium 
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Comparing Figure 5.11 and 5.2, it is seen that the two profiles are very 

similar. The velocity profile developed in front of the heated surface does not 

appear to be greatly disturbed by the presence of a porous domain. Also, it 

appears from the comparison of Figure 5.11 and 5.12 that, imposing the velocity 

at the inlet of the porous section does not influence significantly, the velocity 

distribution in front of the domain. It should be emphasized that, the velocity in 

porous domain is orders of magnitude smaller than the velocity in front of that 

domain, and therefore this result is not surprising. Because of the similarity of the 

velocity profiles, it is expected that the temperature profiles would also be similar, 

and this effect can indeed be seen in Figure 5.15 and 5.16. The two temperature 

profiles are almost identical. As expected, the temperature is constant in the 

porous sub-domain and decrease to ambient temperature by moving away from 

the porous sub-domain.  

Note that the interface of the porous domain and the fluid occurs at x = 

0.0127 m, and thus the temperature and velocity at lower values of x, correspond 

to locations within the porous domain. The main conclusion from this set of 

modeling work is that, the front surface of the counter-diffusive radiant heater 

acts in a very similar manner to a simple flat plate, and thus, it is reasonable in the 

first instance to use the same correlations, to model the heat and mass transfer 

effects. 
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Figure 5.11. Velocity profile at 0.25 m for the flow over porous surface without imposed 
inlet velocity 
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Figure 5.12. Velocity profile at 0.25 m for the flow over porous surface with imposed 
inlet velocity 
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Figure 5.13. Contour plot of velocity 
distribution in the modeling domain with 

porous medium 

Figure 5.14. Contour plot of temperature 
distribution in the modeling domain with 

porous medium 
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Figure 5.15. Temperature profile at 0.25 m for the flow over porous surface without 
imposed inlet velocity 
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Figure 5.16. Temperature profile at 0.25 m for the flow over porous surface with imposed 
inlet velocity 
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5.2.3 Counter-diffusive radiant heater 

In addition to the catalyst pad, the counter-diffusive radiant heater system 

consists of an insulation layer and an empty space where fuel is introduced. To 

model the fuel inlet, five nozzles were added to the geometry which is shown in 

Figure 5.17. The nozzles are considered long enough to ensure that the gas inlet 

temperature is 298 K and velocity has fully developed in the nozzles.  

 

Figure 5.17. Geometry of the counter-diffusive reactor 

5.2.3.1 Governing equations and boundary conditions 

Governing equations of the system include continuity, Navier-Stokes for 

momentum balance, convection and diffusion for species balance and convection 

and conduction for energy balance. In momentum balance equation, the boundary 

condition for nozzle inlets is constant velocity. All the other boundaries including 

nozzle walls are considered no slip, except the outlet boundary (catalyst surface), 

which is set to no viscous stress.  
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The convection-diffusion equation used in the model is: 

          .( ) rxn
Dw D w R
Dt

+∇ − ∇ =  
(5.16) 

Where w , rxnR  and D  are the species mass fraction, reaction rate and molecular 

diffusivity, respectively. In this equation, which was set up for each species in the 

system (CH4, O2, CO2, H2O and N2), constant mass fraction of species was 

considered at the nozzle inlets. Methane is the only species at the nozzle inlet, 

therefore: 

                 
4CH 1w =  (5.17)

For O2, CO2, H2O and N2, the mass fraction at the nozzle inlet was zero.  

All the other boundaries including the nozzle walls are set to zero flux:  

        N D w wu= − ∇ +  (5.18) 

Where 

         . 0n N =  (5.19) 

N  is the inward flux at the boundaries. 

The boundary condition at the outlet is: 

         N D w wu= − ∇ +  (5.20) 

Where 

          0.n N N− =  (5.21) 
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           0 ( )mN k w w∞= − −  (5.22) 

mk   is the mass transfer coefficient and w∞  is the mass fraction of the species at a 

distance far from the outlet boundary, which is zero for CH4, CO2 and H2O, and 

0.233 and 0.767 for O2 and N2, respectively. For species i, the mass transfer 

coefficient is: 

          _
,

i m
m i

D Sh
k

y
×

=  
(5.23) 

_i mD  represents the diffusion coefficient of species i in the mixture. The 

Sherwood number was set equal to Nu  number. For i = 1 we have 
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_i jD  is the binary diffusion coefficient evaluated using the Fuller equation 

(Hayes, Kolaczkowski 1997): 
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(5.25) 

Where 'ν  represent the atomic diffusion volume. In energy balance equation, the 

nozzle inlet boundaries are set to ambient temperature of 298 K. The nozzle walls 

are set to thermal insulation (zero flux): 

            .( ) 0n k T− − ∇ =  (5.26) 
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All the other boundaries are set to have the heat flux: 

              0.( )n k T q− − ∇ =  (5.27) 

To find 0q , Nu number needs to be calculated. Note, that since 

temperature is not constant across the catalyst surface, using constant Nu  number 

at this boundary produces false results. Therefore local Nu  number based on the 

catalyst pad height was calculated. For vertical boundaries including catalyst 

surface (outlet), Nu  number was calculated using Equation 5.7. For horizontal 

boundaries, two different correlations were used, depending on the orientation of 

that boundary (Bejan 1993). For the hot surfaces facing upwards (top of the 

radiant heater): 

             1/ 30.15L LNu Ra=  (5.28) 

For the hot surfaces facing downward (bottom of the reactor): 

              0.250.27L LNu Ra=  (5.29) 

Therefore, for all these boundaries: 

               0
. ( )s

Nu kq T T
L ∞= −  

(5.30) 

However, the correlation for evaluating Nu  number depends on the 

orientation of that boundary. The heat flux at the catalyst surface consists of bulk 

fluid motion (advection), convection and radiative flux. At the outlet boundary, 

0q  is evaluated by: 
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               4 4
0 0 ( ) ( )p s sq C uT h T T T Tρ εσ∞ ∞= − − − − −  (5.31) 

Where ρ  and pC  are the fluid density and heat capacity and ε  (0.45) and σ  

(5.67×10-8 W/m2K4) are the emissivity and Stefan-Boltzmann constant. Fluid 

density, ρ , is evaluated based on the molecular weight of all species: 

               avePM
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(5.32) 
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iw  and iM , represent the mass fraction and molecular weight of each species and 

subscript i, denote each species involved in the system. Heat capacity of the fluid 

is calculated by: 

            8 2 45 10 1 10 0.954pC T T− −= × + × +  (5.34) 

Thermal conductivity and dynamic viscosity were calculated for the 

mixture. Thermal conductivity of the multi-component mixture was calculated 

using the Wassiljewa equation (Ried R.C., Prausnitz J.M. and Sherwood T.K. 

1977): 
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(5.35) 

Mason and Saxena suggested ijA  to be defined as: 
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rT , cT  and cP  are reduced and critical temperatures and critical pressure, 

respectively and ik  is the thermal conductivity of individual species which is a 

function of temperature. trK  is the monoatomic value of thermal conductivity and 

κ  is a numerical constant close to unity. It was assumed to be one. For mixture 

viscosity, the simplified Chapman-Enskog equation was used which can be found 

in Ried et al. (1977) (Ried R.C., Prausnitz J.M. and Sherwood T.K. 1977).   

5.2.3.2 Reaction kinetics 

Power law reaction rate from a previous study was used at two 

temperature ranges and kinetic parameters obtained in this study were used 

(Trimm, Lam 1980a): 
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where: 
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(5.42) 

The activation energy at low temperature ( LTE ) and high temperature 

( HTE ) are 1.87×105 J/mol and 8.61×104 J/mol, respectively. Effective diffusivity 

and effective thermal conductivity in catalyst pad and insulation layer were 

evaluated based on the porosity of 0.97.  

Figure 5.18-5.20 show the contour plots of temperature, and methane and 

oxygen mass fraction at methane flow rate of 1.79 g/min. From temperature plot it 

is obvious that the reaction is taking place within the catalyst pad. Also the 

temperature at the bottom of the pad is higher, which is in good agreement with 

experimental observation. 



 
138

  

Figure 5.18. Temperature contour plot at 1.79 
g/min methane flow 

Figure 5.19. Methane mass fraction contour plot 
at 1.79 g/min methane flow 

 

Figure 5.20. Oxygen mass fraction contour plot at 1.79 g/min methane flow 
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Combustion reaction leads to formation of CO2 and H2O within the 

catalyst pad. Oxygen is quickly consumed and depleted from the catalyst surface 

during combustion and inert nitrogen is accumulated within the system. Figure 

5.21 shows the oxygen mass fraction at cross section of 0.15 m along the catalyst 

pad at different methane flow rates. 

5.2.3.3 Comparison of model and experimental data       

 The model was run at several methane flow rates, and the conversion data 

are presented in Figure 5.22. Methane conversion from the model was calculated 

by comparing the total CH4 flux at outlet boundary, to that at the inlet boundary of 

the insulation sub-domain. Comparing the experimental data and model prediction 

shows the same decreasing trend in conversion with increasing flow rate. 

However, there is discrepancy between the two data sets. The model predicted 

conversion is less than the experimental data. This difference can be explained by 

uncontrolled experimental conditions such as moving the experimenter in front of 

the unit imposing convective air fluxes in front of the unit. It should also be noted 

that the catalyst pad surface in experimental unit is protected by a wire mesh 

structure which could have an effect on the conversion data. These results indicate 

that it may not be realistic to model the space in front of the catalyst pad as pure 

natural convection. Experimental results showed that by imposing convective air 

flux using a fan complete methane combustion can be achieved which is 

explained by enhanced mass transfer coefficient at catalyst surface.  

To increase the conversion data from the model, reaction rate and Sh 

number was increased separately in small increments. Figure 5.23 shows the 
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conversion of methane at several flow rates at different Sh numbers. Sh 

multiplication coefficient represents the number that was multiplied by the 

constant (0.503) in Equation 5.7. Note that Sh number was assumed to be equal to 

Nu  number.  

It needs to be mentioned that the proper boundary condition assignment is 

crucial for obtaining meaningful modeling results. In this case the most important 

factor is the heat and mass transfer coefficient at the catalyst boundary and 

without reasonably accurate values, the model would produce results that are not 

reliable. Since this work involved both modeling and experimental procedure, the 

experimental data were used to validate the model results.    
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Figure 5.21. Oxygen mass fraction from the back to the front of the system at 0.15 m 
height 
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Figure 5.22. Methane conversion data from experiment and model prediction 
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Figure 5.23. Methane conversion improvement at increasing Sh numbers 
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5.2.3.4 Effect of kinetic parameters on methane conversion   

The effect of increasing the reaction rate at methane flow rate of 1.79 

g/min is shown in Figure 5.24. This plot clearly indicates that changing the 

reaction kinetics does not have significant effect on methane conversion 

confirming that, there is oxygen diffusion limitation in the system. In fact oxygen 

transfer through boundary layer is the dominating parameter affecting the system 

performance in terms of fuel conversion. The role of oxygen diffusion in counter-

diffusive systems has been suggested previously by other researchers (Specchia, 

Sicardi & Gianetto 1981, Dongworth, Melvin 1977). 
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Figure 5.24. Effect of changing the reaction kinetics on methane conversion  
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5.3 Three-dimensional modeling 

Modeling the counter-diffusive reactor was attempted in three dimensions. 

At first, sofware package COMSOL Multiphysics was used. It was found that this 

package was not very useful for three-dimensional modeling due to the instability 

and difficulty in obtaining the converged solution of all the physics involved. 

Another disadvantage of the COMSOL was the long computation time, making it 

expensive for three-dimensional modeling. Therefore, the Fluent package was 

used for the rest of the modeling work which is based on the finite volume 

method. In the finite volume approach, the integral form of the conservation 

equations are applied to the control volume defined by a cell to get the discrete 

equations for the cell. The domain structure and mesh was generated in GAMBIT 

preprocessor. The mesh structure of the domain and the mesh statistics are shown 

in Figure 5.25 and Table 5.1. 

 

Figure 5.25. Mesh structure of the three-dimensional model  
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       Table 5.1. Mesh statistics of the three-dimensional model 

Number of dof 1300131 

Number of elements 116711 

Number of boundary elements 13282 

Number of edge elements 1344 

 

The governing equations and boundary conditions are similar to the two-

dimensional model. Fuel is introduced into the reactor through the tube which has 

openings along its length for fuel distribution. To study the flow pattern in the 

system, momentum equations were solved without considering the reaction in the 

catalyst layer. It was found that most of the fuel enters through the first holes and 

having several holes along the tube is not necessary. Therefore the fuel 

distribution was not very sensitive to the design of the inlet tube. The same result 

was obtained from the experiments indicating that changing the orientation of the 

system did not have an effect on the temperature distribution in the catalyst pad. 

Fig. 5.26 shows the velocity vector plot in the system. The large amount of fuel 

coming out of the first holes is evident by the large magnitude of the velocity 

vectors. 

To summarize, two-dimensional model predication of the methane 

conversion was lower compared to the experimental results although the model 

predicted the decreasing trend with increasing methane flow rate, successfully. It 

indicates that the mass transfer coefficient used in the model is smaller than the 
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real one. Adjusting the mass transfer coefficient led to the improved conversion 

data. In fact, the reaction kinetics did not have an important role in the 

performance of the system which was evident from Figure 5.24. First stages of the 

three-dimensional model development showed that the fuel distribution in the 

back space of the reactor is not very sensitive to the position of the feeding tube 

and the holes along the tube since most of the fuel came out of the first holes. 

 

Figure 5.26. Velocity vector in three-dimensional model
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Chapter 6 

 

 

Conclusions and recommendation 

6  
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It is well known that human activities and particularly the fossil fuel 

production and consumption, are mainly responsible for the environmental 

pollution and climate change since the pre-industrial times. Nowadays, 

environmental issues have become one of the major global challenges, since the 

harmful industrial emissions greatly influence the human health and the quality of 

life. With the advancement of human knowledge, effective technologies are 

proposed and applied for the mitigation of unwanted VOC emissions including 

methane and BTEX substances. The common practice for mitigation of VOC has 

been burning these compounds in the flare; however the disadvantages of this 

method motivated the initiation of this research project. 

The main focus of this research was to investigate the effectiveness of the 

counter-diffusive radiant heater system for catalytic combustion of methane, 

which is known as a strong GHG, and BTEX substances that are known for their 

carcinogenic effects. Results of the experimental efforts indicate that, the catalytic 

combustion system is limited by the diffusion of oxygen through the boundary 

layer developed in front of the catalyst pad. In fact, oxygen diffusion limitation is 

responsible for the decreasing trend in hydrocarbon conversion and non-uniform 

temperature distribution in the catalyst pad. In spite of the decreasing trend in 

methane conversion with increasing the methane feed, the amount of methane 

combusted and the consumed oxygen increased. The presence of the pad cover or 

its thickness did not impose any resistance to the oxygen diffusion. The effect of 

oxygen limitation was verified by inducing convective air flux in the boundary 

layer using a fan and it was observed that complete conversion can be achieved in 
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presence of convective flux. The presence of metal sheet in front of the pad 

influenced the temperature distribution across the pad; however, no significant 

improvement on conversion was observed. 

Experiments showed that there is competition for oxygen when more than 

one hydrocarbon is used as fuel in the system. Methane is the most difficult 

hydrocarbon to oxidize, therefore when pentane is present, oxygen is consumed 

by pentane first and depending on the oxygen availability, methane will be 

oxidized next. In fact, methane combustion is inhibited by the presence of other 

hydrocarbons in the system.  

Presence of small volumes of liquid water in the system did not affect the 

hydrocarbon combustion although the temperature distribution across the pad was 

affected. However if the volume of water was comparable to that produced during 

the reaction, combustion was inhibited and the combustion efficiency decreased. 

Addition of water vapor into the system did not influence the combustion 

efficiency and the temperature distribution. Insulation of the back and side walls 

of the radiant heater resulted in elevated temperature in the fuel-containing space 

and stable conversion leading to the conclusion that the decrease in methane 

conversion in presence of liquid water is due to the high heat of vaporization of 

water and kinetics is not the major role player.  

Developing the two-dimensional model of the counter-diffusive radiant 

heater revealed that, the model-predicted temperature distribution is in agreement 

with experimental data. The model also confirmed that the system is indeed mass 

transfer controlled. Changing the kinetic parameters did not have significant 
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effect on combustions while increasing the mass and heat transfer coefficients, led 

to improved combustion efficiency in terms of methane conversion. Methane 

conversion data predicted by the model had the same decreasing pattern compared 

to experimental results; however, the model under-predicts the methane 

conversion. This result indicates that the Sh number used in the model is lower 

than the real value. In fact when higher Sh numbers were used in the model, 

methane conversion was improved indicating the key role of the mass transfer 

coefficient on the system performance. It was found that for different methane 

flow rates, the real Sh number was 1.5-2 times higher than the values used in the 

model. Three-dimensional modeling of the system revealed that fuel distribution 

is not sensitive to feeding tube design which was in agreement with experimental 

results. Model can be validated using the real experimental data and can be a 

useful tool for prediction of the system performance at different conditions. It 

should be noted that the choice of boundary condition is important in order to 

obtain reasonable answer from the model. Having a wrong condition for a single 

boundary could result in completely different results. 

According to the results of this study, it can be concluded that the counter-

diffusive radiant heater system is a better alternative for mitigation of methane 

and other VOC from natural gas dehydrator emissions. If the oxygen diffusion 

limitation is overcome, this system can be used in the industry for environmental 

applications. Since these systems are already in use for other purposes, workers 

are familiar with their operation. In addition, these units offer higher safety levels 

compared to the flares. As an example, these units can be used in oil well sites 
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that contain methane. If the released methane from the well is captured and fed to 

the radiant heater, not only methane emissions from this source can be minimized, 

the generated thermal energy can be used for space heating. Especially during the 

winter and in remote locations, the cost of the fuel and its transportation can be 

minimized by utilizing these emissions as fuel and using the thermal energy for 

space heating or protection of pipes and other equipments.  

In this study one type of catalyst was used during the experiments. 

Although it was found that this system in not controlled by the kinetics; however, 

it is recommended to investigate the role of different catalyst types on the radiant 

heater performance. Also it would be beneficial to complete the three-dimensional 

model of the system to able to capture the system characteristics in three 

dimensions.
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