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Abstract 
To fully understand the elementary reactions behind the ignition of automotive 
fuels the interaction between the fuel components must be known. The ignition 
initiation is most often caused by loss of an H radical from a reactive fuel 
molecule, for example n-heptane. The formed alkyl radical is prone to react 
with oxygen under lean conditions. However, it can also abstract hydrogen 
from other fuel molecules, hence activating more unreactive species. This type 
of reactions is called cooxidation reactions and including it in combustion 
mechanisms improve ignition delay predictions in a wide range of experiments, 
for Primary Reference Fuel mixtures and toluene/heptane mixtures. Example 
of such reactions are  
 

C7H15• + C8H18  C7H16+ C8H17• 
   C7H15OO• + C8H18  C7H15OOH+ C8H17• 

 
Adding cooxidation reactions also significantly improves prediction of the 
general trend of auto-ignition phasing as function of operating conditions in 
Homogeneous Charge Compression Ignition, HCCI, engine combustion. 
    The effect of NO addition on engine combustion has also been studied in 
this work. A novel strategy to control ignition onset in HCCI engines is to 
retain exhaust gases in the cylinder to control the cylinder temperature. While 
this not only controls the engine temperature it also introduces NOx in the 
cylinder. The NO will advance ignition onset by several crank angle degrees at 
concentrations below 10 ppm. This is because NO activates HO2 in the 
reaction: HO2• + NO  OH• + NO2. At higher concentrations the ignition 
onset is not as advanced and in the PRF case even retarded. This is because 
NO has cool flame-inhibiting effects.  
    Kinetic modelling can also be used to predict combustion efficiency in 
catalytic combustors for power generation. It was shown that at high pressures 
the number of free sites decreases which limits the combustion efficiency. Thus 
a hybrid concept could be used where only a fraction of the air and fuel is 
burned catalytically. 

 



 

Sammanfattning 
För att kunna förstå antändningsprocessen i en motorcylinder behövs 
detaljerad kunskap om hur olika bränslekomponenter interagerar. Initieringen 
av kedjereaktionen sker genom att en väteradikal avlägsnas från en lättantändlig 
bränslekomponent, ofta n-heptan. Under magra förhållanden reagerar 
alkylradikalen vanligen med syre men kan också reagera med andra 
bränslemolekyler. Dessa reaktioner, av typen samoxidationsreaktioner, ökar 
reaktiviteten hos mindre reaktiva bränslekomponenter. Exempel på relevanta 
samoxidationsreaktioner är  
 

C7H15• + C8H18  C7H16+ C8H17• 
   C7H15OO• + C8H18  C7H15OOH+ C8H17• 

 
Infogas dessa reaktioner i förbränningsmekanismerna för PRF och 
toluen/helptan-blandningar förbättras överensstämmelsen för  vitt skilda 
experimentella betingelser vid förbränningstidpunkts-beräkningar. 
    Interaktionen mellan kväveoxid och bränsle vid motorförbränning har också 
studerats. Detta då ett lovande kontrollsystem, för HCCI motorn, bygger på att 
avgaser hålls kvar i cylindern för att styra temperaturen. NO introduceras då i 
cylindern vilket gör att förbränningen kommer flera vevvinkelgrader tidigare 
redan vid halter under 10 ppm. Detta beror på att NO aktiverar HO2-radikaler i 
reaktionen HO2• + NO  OH• + NO2. Ökar koncentrationen av NO 
ytterligare kommer CA50 återigen att uppträda senare för PRF-blandningar. 
Detta beror på att NO har förstörande effekt på värmeproduktionen från kalla 
flammor.  
    Detaljerad reaktionsmodellering kan även användas för att förutspå 
förbränningseffektiviteten hos katalytiska brännare för kraftgenererings-
ändamål. Genom högtryckstester och modellering kunde det visas att antalet 
lediga katalytiska säten minskar vid högt tryck vilket begränsar effektiviteten vid 
höga tryck. Ett hybridkoncept är därför att föredra där endast en del av bränslet 
förbränns katalytiskt. 
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1 Introduction 
World economy is growing fast. While the growth is steady in the developed 
world it is raging in many previously undeveloped areas. Countries like India 
and China show a yearly growth above 10 % and many other countries are not 
far behind. Hand in hand with this, two problems follow. Problems that must 
be handled for stable growth to continue are the greenhouse effect and the 
problem of limited resources, of which oil is the most pressing. 
 
These problems are linked and may hopefully be eased and solved together 
since both are questions of energy. Increased efficiency would lessen both 
problems and new sources could provide a solution. It is unlikely that a fast and 
inexpensive solution will appear. The chances for this, fusion power, solar 
energy and fuel cells, do not show enough promise to solve the immediate 
problem. Therefore many different and area-specific improvements and hot-
fixes will be required to slow down the problem development. That this is the 
course of action may be seen by the political agenda. In many areas more 
stringent regulation is being both promised/threatened and enforced. For 
example the emission standard for heavy-duty diesel trucks in the EU for 2008 
is a decrease in NOx with a factor 2 from the previous regulation, dated 2005 
[1]. The efficiency is also being regulated with CO2 emission standards [2]. 
 
There does not seem to be any general support for a lowering of living 
standards yet, so hope is that technical development provides a solution. There 
are, however, no shortcuts to push technical development. Results come from 
traditional research. Ideas, experiments and theoretical understanding create the 
melting pot where development is born. 
 
The present work includes all ingredients and goes from idea through 
experiments and theoretical modelling towards understanding. All publications 
are within what could be regarded as the energy sector. Focus is on the internal 
combustion engine and the ignition process of hydrocarbons. Many 
experiments have been done on a HCCI engine, a new engine concept with 
potential to become an efficient, low NOx alternative to the SI and diesel 
engines. To understand how to control the combustion in the engine more 
knowledge is needed on the hydrocarbon ignition process. How fuel 
components interact with one another was the object of the first study. Further 
the effect of NO and hydrocarbon interaction was investigated, which is 
interesting from an engine control perspective.  
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Catalytic combustion was also studied for power generation purposes. Driving 
turbines with catalytic combustion presents a low NOx alternative. For this to 
be possible the catalyst needs to deliver high temperature and high-pressure 
gas. This is also investigated in this thesis. 
  

1.1 Background on Ignition Theory 
This section aims to give a brief background to combustion kinetics. The 
ignition process is described from a chemical reaction perspective and methane 
ignition is used as example. 
 

1.1.1 The behaviour of the chain reaction 
A reaction is often described using an overall formula. For methane 
combustion this is:  
 

CH4 + 2O2  CO2 + 2H2O    [r1] 
 
This is only a simplification of the detailed reaction scheme, which involves 325 
reactions [3] for methane combustion but may involve several thousands of 
elementary reactions for more complex fuels. Many of the species involved in 
the reactions are radicals, i.e. highly reactive atoms or molecules, without which 
combustion would not take place. If the number of radicals in the fuel and air 
mixture increases rapidly ignition occurs. 
 
Glassman [4] presents 4 groups of reactions to which all elementary reaction in 
any combustion reaction scheme belong: 
 

Initiation  CH4 + O2  CH3• + HO2•  [r2] 
 

Propagation   CH3• + O2  CH2O + OH•  [r3] 
   OH• + CH4  H2O + CH3•  [r4] 

OH• + CH2O  H2O + HCO•  [r5] 
 

Branching   CH2O + O2  HO2• + HCO•  [r6] 
 

Termination  •O• + CO + M  CO2 + M  [r7] 
 
The reactions above are examples showing the meaning of the terms at left and 
do not follow in a sequence. The first group, initiation, starts the chain by 
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forming two radicals from two relatively stable molecules. This reaction is 
highly endothermic but can either be forced to occur, by a spark for example, 
or occurs spontaneously if the conditions are right. The newly formed radicals 
will react with a non-radical species, forming a single (propagation), or two 
radicals (chain branching). For each chain branching reaction there is a net gain 
of radicals. These two steps are sometimes together referred to as the chain 
cycle and most of the 325 reactions belong to one of these groups. The 
termination reaction rate is highly dependent on the radical concentration in the 
mixture. It is also very exothermic which leads to higher temperature of the 
igniting gas and faster radical producing reactions. With more radicals in the 
mixture the termination steps will concurrently accelerate. This non-linear 
behaviour may lead to exponential temperature increase. A slight temperature 
raise may therefore cause explosion in a previously stable mixture, which may 
be deduced directly from the kinetic expressions of the chain-branching 
reactions [5]. Controlling the chain-branching reactions is an efficient way of 
controlling the onset of combustion at certain conditions [6]. At these 
conditions the rate of primary initiation has no kinetic effect [7]. 
 

1.1.2 Methane ignition kinetics  
The simplest alkane, methane, is by far the most extensively studied 
hydrocarbon today. When kinetic mechanisms for larger hydrocarbons are 
developed they are often founded on smaller better-known mechanisms. The 
new reactions are then added as a sub set to the smaller mechanism. This is a 
practical way of working due to the repetitive structure of hydrocarbon 
molecules. The kinetic mechanism for methane combustion may therefore be 
found at the core of any hydrocarbon combustion schemes. The famous 
methane combustion mechanism, created by the Gas Research Institute GRI 
[3], consists of 325 possible reactions, but contains all reactions from the even 
more studied hydrogen mechanism [8].  
 
Glassman [4] indicates some key points about the methane ignition process that 
are applicable to all alkane combustion. Reactions r2 to r7 above are important 
for low-temperature combustion of methane. The initiation step, r2, that has 
high activation energy, removes a hydrogen atom creating a reactive methyl 
radical and a stable radical, either called hydroperoxyl radical or perhydroxyl 
radical. In the following propagating step the methyl radical reacts further, 
losing another hydrogen often due to interactions with small radicals such as, 
H, O, OH and HO2. A key reaction in this scheme is reaction r3. The CH3 that 
was created in the initiation will most likely interact with O2 under lean (i.e. 
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oxygen rich) conditions. CH3 and O2 then create a reaction intermediate, before 
completing the reaction according to r3. 
 

CH3• + O2  CH3-O-O•  CH2O + OH•   [r3] 
 
Reaction r3 strongly favours the complex at low temperatures but the reactants 
at high temperatures. With this in mind two noteworthy points can be made. 
Shifting reaction r3 towards the reactants will prohibit the reaction pathway 
described above in reactions r4-r7. Instead a different build-up of radicals 
through the branching reaction r8 proceeds. 
 

CH3• + O2  CH3O• + •O•   [r8] 
 
The ignition process will therefore be controlled by reaction r8 at high 
temperatures due to the changed route of reaction r3. 
 
The second point is that reaction r3 is not a chain branching reaction but will 
still play the first fiddle when it comes to deciding the combustion 
characteristics for methane. Key propagation reactions can be just as important 
as branching reactions for the combustion characteristics. 
 
At higher temperatures, above 1200K [5][7], a new branching reaction becomes 
important. In this reaction a hydrogen radical, H, will react with O2 and create 
two new radicals according to r9. 
 

H• + O2  OH• + •O•    [r9] 
 
Since hydrogen radicals are present at high temperatures in all igniting 
hydrocarbon systems this will be an important branching reaction for all 
hydrocarbon – air systems once the temperature is high enough. The activation 
energy of this reaction is a 71.3 kJ/mol [3]. It has been observed that at higher 
temperatures all fuels start to behave similarly when it comes to ignition delay 
and heat release distribution [9]. Reaction r9 is one reason for this.  
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2 Experimental set-up and theoretical 
models used 

This chapter includes a description of the combustion systems used in this 
thesis. First comes a general description, followed by details about the 
experimental setup used. Each subsection is also ended with an explanation of 
how each combustion system was modelled. The last part of the chapter 
describes the kinetic model of PRF or Primary Reference Fuel that was used. 
 

2.1 HCCI engine 
A novel combustion concept that shows promise due to low emission of NOx 
and particulates, while still having efficiency comparable to that of the diesel 
engine, is the Homogeneous Charge Compression Ignition (HCCI) engine. On 
the conceptual level the engine is somewhere in-between the SI and diesel 
engine. The fuel and the air are premixed like in the SI engine, but auto-ignited 
as in the diesel engine. Since the charge is lean the peak combustion 
temperature is low, which produces NOx levels as low as the emissions from 
the catalyst treated exhaust gases from the SI-engine. A problem with the 
HCCI engine is that the lower temperature decreases the combustion 
efficiency, especially at low load, and results in high emissions of CO and 
hydrocarbons (HC). 
 
Ignition onset is controlled by the chemical kinetics and is therefore very 
sensitive to temperature, pressure and fuel properties. This makes engine 
control difficult, when load and engine speed varies. Today extensive research 
is going on in this area with, for example, variable valve actuation systems. 
 

2.1.1 Engine Tests 
The engine tests were made in a single cylinder engine, based on a SCANIA 
heavy-duty D-12 engine, at KTH - Centre for Internal Combustion Engine 
Research, Opus. Figure 1 shows a picture of the test cell.  
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The engine system is very flexible 
with a large set of parameters that 
may be changed and controlled. 
For further details see the papers 
by Kalghatgi, Ångström and 
Risberg [10][11]. The fuel was 
injected in the inlet port at the 
combustion top dead centre. The 
cylinder pressure was measured 
with a water-cooled piezoelectric 
pressure transducer and heat 
release was calculated from the 
pressure signal. The intake 
temperature was measured with a 
K thermocouple at a distance of 30 
cm from the intake port. A PID 
regulator held the temperature 
within 2 °C of the set temperature. 
The airflow rate was measured with 
a rotary piston Aerzener gas meter. 
An external compressor supplied 
boost pressure, simulating turbo 
charging. The mixture composition 
was obtained by calculating the 
ratio between the measured airflow 
and the fuel flow. For control it 
was also measured both using a broadband lambda sensor and calculated from 
the exhaust gas concentrations by the exhaust gas analyser (Horiba EXSA 
1500).  
 
In Paper III the purity of the NO gas that was used in the tests was 99 vol%. 
The NO was introduced into the fresh intake air at a pipe volume of 75.3 dm3 
before the intake valves, to ensure good mixing. The chemiluminescence 
method was used to measure the NO concentration. This was first done with 
the engine motored (using an external power source, i.e. without combustion). 
When the gas composition in the intake air was stable, fuel injection was 
started. When the wanted air/fuel ratio was obtained and the combustion was 
stabilized, 100 consecutive pressure cycles were collected. From these the heat 
release was calculated as an average over the 100 cycles. After the pressure data 
were collected, the fuel injection was turned off, the engine was motored and 
the intake air composition was monitored. If the difference in NO 

Figure 1: Photograph of test cell  
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concentration before and after the combustion was greater than 20 % or 10 
ppm absolute, the NO concentration was considered unstable and the data 
were not used. The test procedure was then repeated for a number of NO 
concentrations, which were tested in a random sequence.  
 
For the individual fuel specifications see Paper I and III. 
 

2.1.2 Modelling HCCI  
Due to the large set of reactions used to model PRF and toluene/heptane 
mixtures with detailed kinetics, a perfectly stirred reactor model was employed 
to model the HCCI cylinder, in Paper I. This approach assumes perfect mixing, 
which means crevices and charge stratification cannot be accounted for. Heat 
transfer was also neglected, since it will evenly lower the temperature in the 
reactor volume due to the perfect mixing assumption. This would not be a 
proper representation since heat transfer by conduction through the reactor 
wall mainly lowers the temperature locally. Due to these assumptions the heat 
release rate will be too fast. This will have implications on the late part of the 
reaction chain, hence making emission modelling problematic. It has, however, 
only a negligible effect on the phasing of the ignition onset. Ideal reactor 
models may therefore accurately model ignition delay times [12]. 
 
To model the cylinder in an HCCI engine a batch reactor mass balance was set 
up for each species. The volume varied according to the slider crank formula 
[13]. 
 

( )2/1222
2

)sin(cos
4

Θ−+Θ−++= alaalBVV c
π

  [1] 

 
where Vc is the clearance volume, B engine bore diameter, l engine stroke, a 
connecting rod length and Θ crank angle degree in radians. 
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The mass and energy balance used has the following formulation 
 

VtrW
dt

dY
V jk

j )()( =ρ      [2] 

 

dt
dVPhYm

dt
dU Kg

k
jj

sys −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= ∑

=1
&    [3] 

 
where Yj, rj, Wj, hj are the mass fraction, molar rate of production, molecular 
weight and enthalpy for species j, respectively. The internal energy of the gas is 
Usys. For solving this the AURORA software in the CHEMKIN collection [14] 
was used; it uses the DASPK differential equation solver. Solving this system of 
ordinary differential equations will give species concentrations, heat release rate 
and pressure that may be compared to results from laser diagnostics and engine 
tests. 
 
It is difficult to control fuel and air temperature at the time of the closing of the 
inlet valve. Hot exhaust gases from the previous engine cycle will remain in the 
cylinder [15]. These gases will have less time to mix and therefore create hot 
spots in the cylinder [16]. This mixing problem cannot be modelled using an 
ideal reactor model, hence an elevated inlet temperature was used. This effect is 
more noticeable at low inlet temperature. 
 

2.2 Shock tube 
A shock tube is a sophisticated apparatus that compresses an air and fuel 
mixture extremely quickly. In a simple set up a chamber is divided into two 
parts, one containing fuel and air and the other a driving gas at very high 
pressure. The chambers are separated by a diaphragm that rapidly opens to 
produce a shock wave, that travels down the low-pressure section of the tube. 
The shock wave will compress the fuel and air and, if the mixture ignites, the 
ignition delay can be measured. The shock tube has the fastest compression 
and is therefore the most well controlled combustion experiment. Compared to 
the rapid compression machine (See below) there is no problem with heat loss. 
The only problem is that shock tubes are difficult to use at lower temperatures 
and pressures. Often more sets of experimental data are therefore needed. 
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2.2.1 Shock tube tests 
No shock tube experiments were preformed in this work. The mechanism used 
in Paper I, was validated against shock tube data from Fieweger et al [17]. 
 

2.2.2 Modelling Shock tubes 
There are different ways to model the shock tube process. In paper I the post 
compression volume is taken as constant and Equations 2 and 3 were used with 
a constant volume. To include the compression a compressible momentum 
equation needs to be solved together with the mass and energy balance. At 
present it is not possible to do this with detailed chemistry. 
 

2.3 Rapid compression machine 
In an RCM the fuel and air mixture is quickly compressed by a piston, typically 
with a compression ratio of around 20. The temperature increases beyond the 
ignition point and ignition occurs. Only one cycle is run at a time, which gives 
greater control of the initial conditions compared to an engine experiment. A 
problem with RCMs is the high heat loss. 
 

2.3.1 Rapid compression machine tests 
No experiments were conducted on an RCM. The RCM used by Tanaka et al 
[6] was used for mechanism validation.  
 

2.3.2 Modelling an RCM 
Basically the same conservation equations used in the HCCI model can be 
employed for an RCM. The volume variation does not follow the slider crank 
relationship; instead an experimental expression was taken from Tanaka et al 
[6]. In their work the ignition delays presented were taken as the time from the 
inflection of the compression curve to point where the pressure was 20 % of 
the peak combustion pressure. No hot spots are present in an RCM due to only 
a single run per experiment. 
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2.4 High pressure rig for catalytic combustion 
The high-pressure rig is a large-scale test facility for combustion concepts for 
power generation. Catalytic segments are fitted in to a combustor module 
where the fuel will ignite. In subsequent steps the high temperature and 

pressure gas may be used in 
homogeneous reactors or power-
generating units. 
 
The benefit with catalytic 
combustion compared to using gas-
phase combustion is mainly that the 
catalytic reactions have significantly 
lower activation energy than 
corresponding gas-phase reactions. 
This leads to a lower ignition 
temperature, often so low that 
thermal NOx will not be produced. 
 
The fuel used for catalytic 
combustion is most commonly 
methane but gasified biomass is 
becoming increasingly more 
interesting. Fuels from gasification 
of biomass are complex mixtures 
consisting of carbon monoxide, 
hydrogen, methane, and to a minor 
extent ethane as combustible 
components along with gasification 
by-products, carbon dioxide, steam 
and nitrogen. Also present are minor 
amounts of N and S-containing 
compounds (ammonia and 
hydrogen sulphide), tars, and 
aerosols. It is important that tar and 
hydrogen sulphide are removed 
upstream the combustion catalyst, 
to avoid poisoning. H2S may be 
removed by passing the gas though 
active carbon impregnated by iron 
or by zinc oxide [18][19][20]. 

Figure 2: Schematic picture of 
high-pressure rig      
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2.4.1 High-pressure rig experiments 
Figure 2 shows a schematic design of the high-pressure combustion test facility 
used in Paper II. The test facility is designed to operate at any required pressure 
within the range of 1 – 35 bar. The catalytic combustor, fuel injection, mixing 
system and electrical heaters are located inside a cylindrical pressure vessel. The 
combustor section is well insulated in order to achieve nearly adiabatic 
conditions. A group of electrical heaters are placed in the pressure vessel to 
preheat the compressed air uniformly. Overall operations are monitored and 
controlled through a computer-based software control system. More 
information of the high-pressure facility can be found in a paper by Jayasuriya 
et al [21]. 
 

2.4.2 Modelling a high pressure test rig for catalytic 
combustion 

To describe the momentum, mass and energy transport though the monolith 
channel a single channel was modelled in detail. For an axial symmetric 
representation see Figure 3. To model the transport of momentum a boundary 
layer equation was used that is suitable for a high Reynolds number in the 
laminar regime.  
 
 
 

 
Figure 3: Schematic picture of the modelled monolith 
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Since the experiments were run at steady state the momentum equation may be 
formulated according to Equation 4, which is a 2D parabolic equation in the 
dimensions x and ξ. 
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where ρ is the fluid density, u velocity in the x direction, m& mass flow rate, ξ 
normalized stream function, P pressure and μ fluid viscosity. There is no axial 
diffusion in this equation, which is a fair assumption at large convective 
velocities. The perhaps strange formulation is due to the independent variable ξ 
which is a stream function that is defined so that there will be constant mass 
flux between two streamlines (lines with constant ξ). Coltrin et al [22] further 
explain the equations adopted in this model with additional simplifications by 
Moore [23] and Coltrin et al [24]. This formulation may be as accurate as the 
results from a full Navier–Stokes model at high but laminar flow rates [25]. The 
mass balance was set up according to Equation 5. 
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where Vk,y is the diffusion velocity with multi-component mass transfer taken 
into account according to: 
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where X is the  mole fraction of species k. The first term is a Maxwell-Stefan 
formulation that accounts for the individual frictions between each species pair. 
A multi-component formulation is needed since the properties of the gas 
mixture change due to the high conversion. The last term accounts for the 
Soret effect. 
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These two equations were solved simultaneously with the following energy 
balance: 
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where cp is the heat capacity. 
 
Equations 4-7 are solved together with the ideal gas equation as a constitutive 
relationship to eliminate a dependent variable. The CHEMKIN software 
package [14] was used for this. Mesh independence was achieved when 50 
elements were used in the radial direction, distributed with a higher density near 
the channel wall. 
 
2.4.2.1 Boundary conditions 
To solve this set of PDEs the initial profiles of u, T and Yk, P were specified at 
the entrance to the monolith channel. The site density was set to 2.49 10-9 
mol/cm2, resembling a Pt (1 1 1) crystal face. The flow velocity u was set to a 
flat profile.  
 
Neumann conditions were used at the outlet boundary.  
 
The lower channel, which is the centre line of the channel, had zero derivative 
or symmetry conditions. 
 
The upper boundary represents the catalytic surface. At this boundary the 
diffusive and convective flux are set equal to the production of the gas phase 
species by surface reactions, according to: 
 

( ) kkykk WsVY &=,ρ     [8] 
 
where ks& is the net production rate from the surface reactions. 
 
Since the monolith only has every second channel coated, each coated channel 
is a neighbour to non-reacting channels. There is therefore a heat flux from 
each upper boundary. To ensure that this was included in the model without 
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also modelling the empty channel the temperature was constrained to the 
average wall temperature from an empty and a coated channel taken from the 
experiments. 
  
2.4.2.2 Model assumptions 

• A flat velocity profile was assumed as the gas entered the monolith 
 

• The average temperature set to the catalytic channel wall was ramped 
up from the gas temperature over 1 mm. This agreed with experiments 
and ensured numerical stability. 

 
• Due to low thermal conductivity of the ceramic monolith material all 

backwards heat transfer was neglected. 
 

• No axial diffusion was included 
 

• The catalytic wall temperature was constrained to the experimental 
value. 

 
• The site density was set to 2.49 10-9 mol/cm2 

 

2.5 Kinetic models - combustion of primary 
reference fuels 

Of the heavier alkanes n-heptane and iso-octane are the most studied by far, 
both experimentally [26][27][28][29][17] and theoretically [30][31]. These fuels 
make up the fuel matrix used when evaluating the octane rating of commercial 
gasoline and are therefore called PRF or Primary Reference Fuels.  
 
For PRF the chain reaction is initiated by loss of a hydrogen radical through 
decomposition or metathesis with O2 as written in reactions r10-r11: 
 

QH3 + O2  QH2• +HO2•   [r10] 
RH3 + O2  RH2• +HO2•   [r11] 

 
Here a new notation is introduced. QH3 represents n-heptane (n-C7H16) and 
RH3 is iso-octane (n-C8H18, 2,2,4-trimetylpentane). This shorter notation is 
practical when the ignition process is to be schematically described. QH2• and 
RH2• are therefore heptyl and octyl radicals. 
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At low temperatures the radicals will further react by addition with oxygen 
according to reactions r12-14. 
 

QH2• + O2  QH2OO•    [r12] 
RH2• + O2  RH2OO•    [r13] 

 
Upon which an internal isomerisation follow 
 

QH2OO•  QHOOH•    [r14] 
 
For clarity the chemical structure of this reaction is described in Figure 4. 
 

 
Figure 4: The structures of the cyclic activated complex of the internal 
isomerisation that the heptylperoxyradical goes though at low 
temperatures. Also written in Reaction r14. 
 
 
This is more likely to happen for heptylperoxyradicals than for 
octylperoxyradicals since the activated complex has a cyclic structure. High 
strain will therefore lead to high activation energy for bulky molecules [7]. 
Following reaction r14, the hydroperoxyradical may repeat the oxygen addition 
process forming a •Q(OOH)2 radical, even if other pathways also are possible. 
The •Q(OOH)2 radical further reacts according to Reaction r15 to create a 
stable ketohydroperoxide and a hydroxyl radical.  
 

 •Q(OOH)2  OQOOH + OH•   [r15] 
 
The ketohydroperoxides will start to decompose at about 800 K [5] starting the 
first chain-branching reactions in the low temperature combustion regime, as 
the O-O bond easily breaks to form OH• and a larger radical.  
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At around 850 K reactions r12 and r13 will shift to the left similarly to reaction 
r3. This temperature is also known as the ceiling temperature, explained by Benson 
[32] as the temperature at which the equilibrium constant rapidly becomes 
unfavourable for the reactants. The shift closes the ketohydroperoxide reaction 
path. At temperatures above 850K QH2• and RH2• will instead lose another 
hydrogen to create a hydroperoxyl radical and a stable olefin. 
 

QH2•  + O2  QH + HO2•   [r16] 
RH2•  + O2  RH + HO2•   [r17] 

 
The following reaction chain will mainly proceed through a build up of 
hydrogen peroxide, according to r18. The branching agent is H2O2 
decomposing into two OH• at around 1000 K. 
 

RH2•  + HO2•  RH + H2O2   [r18] 
H2O2  OH• + OH•    [r19]  

 
Above 1200 K a new ignition regime is found. Reaction r4 leads to branching 
early in the reaction chain, leading to a fast breakdown of the fuel molecules. 
 

2.6 The cool flame heat release 
When chain branching occurs the conversion response to temperature is highly 
non-linear. A small increase in temperature may under the right conditions lead 
to complete conversion of the fuel. During the low temperature ignition the 
reaction chain will proceed rather slowly, building up QH2OO• and •Q(OOH)2 
that both act as radical reservoirs. Upon breakdown the fuel conversion will 
accelerate and the temperature will increase. This leads to a shift of the 
equilibrium of reactions r12 and r13. As production of ketohydroperoxyradicals 
ceases the temperature increase stops and the overall reaction rate decelerates, 
leading to less conversion. This negative reaction rate response is often called 
the NTC, or negative temperature coefficient region. An example of this can be 
seen in Figure 5 where the ignition delay, in milliseconds, is plotted as a function 
of 1000 divided with the initial temperature of an air-heptane mixture. The 
NTC region is the part where the ignition delay increases as the temperature 
rises (going left along the x-axis). The heat release that causes the first 
temperature increase is referred to as the cool flame heat release.  
 
The cool flame heat release has a large impact on the combustion 
characteristics. As written above the onset of ignition at intermediate 
temperatures is controlled by the breakdown of hydrogen peroxide. Ignition is 
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therefore a race to reach 1000 K in a HCCI cylinder. If the reacting mixture has 
undergone an early heat release the mixture will follow a path with a higher 
temperature level during the rest of the compression, hence ignite sooner than 
if no cool flame heat release would have taken place.  
 

 
Figure 5: Ignition delay as a function of 1000/temperature for heptane 
and air in a shock tube. Note the negative temperature dependence. The 
ignition delay was calculated from a constant volume calculation using 
the Curran et al. heptane mechanism [30]. 
 
 
That the size of the cool flame heat release is dependent on operating condition 
can be seen Figure 6 where the heat release rate for two different operating 
conditions is plotted. As the total heat release is the area under the curves it is 
evident that the high-pressure cycle will ignite earlier than the cycle with 
atmospheric intake pressure, due to the cool flame heat release. 
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Figure 6: Heat release during HCCI combustion at two different 
operating conditions. The solid line represents 1 bar boost pressure and 
low inlet temperature. The dashed line represents atmospheric pressure 
and high inlet temperature. The cool flame heat release will raise 
cylinder temperature causing earlier breakdown of H2O2 and shorter 
ignition delay.  

 
 
If or how much cool flame behaviour a burning fuel will show is dependent on 
the structure of the fuel and the conditions in the combustion chamber. Since 
the key to the cool flame heat release is the formation of ketohyroperoxides, 
which are dependent on one or two internal isomerisations, an affinity for 
internal isomerisation is important. Species that are long enough to create a 
cyclic activated complex with low strain are favoured, as are species with few 
bulky side chains. For this reasons the phenomenon is almost exclusively found 
in paraffinic fuels.  
 
N-heptane will show more cool flame behaviour than iso-octane, giving a larger 
cool flame effect to PRF fuels of lower octane rating. Olefins generally show 
less cool flame behaviour and aromatics do not show any.  This creates a 
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problem when the octane scale is used for fuels without this effect, for example 
aromatic fuels [10][11].  
 
The conditions in the combustion chamber are also key parameters for the size 
of the cool flame heat release. This explains the interest in cool flame behaviour 
from the automotive industry. At fuel intake, in both gasoline and HCCI 
engines, the temperature is low as the fuels mix with air. The air-fuel mixture 
will pass the NTC region in every engine cycle. How large this region is 
depends on the pressure and the time spent below 850 K. The injection timing 
will therefore also be an important parameter in deciding the size of the cool 
flame heat release. Regarding inlet conditions cool flame heat release is 
favoured by high inlet pressure and low inlet temperature [34]. 
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3 Results and Discussion 
This chapter starts out with kinetic theory for mixing effects for Primary 
Reference Fuels (PRF) and toluene/heptane mixtures. After this the influence 
of NOx on hydrocarbon combustion is described. The chapter ends with 
catalytic combustion.  
 

3.1 Cooxidation reactions 
Due to the extensive research to find the kinetic mechanism for the PRF fuel 
components detailed kinetic schemes for both n-heptane and iso-octane have 
been presented. At present the leading schemes come from work by Curran 
and co-workers [30][31], the so called LLNL mechanisms. Despite the success 
for each component, a successful comprehensive mechanism that can explain 
the behaviour of a wide range of PRF did not follow. This delay may be 
considered odd since all elementary reactions of importance have been thought 
of as described. A possible reason for this is that the merger of the two-
component mechanisms also opens for a new set of experimental tests when 
blends may be used for validation. Validation under new conditions may expose 
previously unknown flaws. Another likely reason is that the combination of the 
species opens for new subsets of reactions, or cross-reactions between 
individual fuel components that were not possible for the single component. 
One such set is cooxidation reactions, described by Reich and Stivala in 1969 
[35]. 
 
Cooxidation theory states that apart from the obvious coupling from the radical 
pool, the fuel components may also interact with their radicals, causing 
oxidation. Examples of cooxidation reactions are 
 

QH3 + RH2•  QH2• + RH3    [r20] 
RH3 + QH2•  RH2• + QH3    [r21] 

 
and 
 

QH3 + RH2OO•  QH2• + RH2OOH   [r22] 
RH3 + QH2OO•  RH2• + QH2OOH   [r23] 

 
The importance of cooxidation reactions grows with the number of fuel 
components and avoids undue restrictions on the fuel mechanism compared to 
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each of the fuel molecules alone. A physical reasoning that proves both these 
points is found in Paper I. 
 
In Paper I the impact of cooxidation reactions was investigated by comparing 
modelling results with experimental HCCI engine tests for four different fuel 
blends. The fuels are listed in Table 1. In accordance with the work of Conaire 
et al [36] the reactions were also tested against a wide range of experimental 
studies from the literature including both different operation conditions and 
applications.  
 

Fuel 
i-C8H18  
%vol 

n-C7H16  
%vol 

φ-CH3  
%vol RON MON 

A 94   6  94 94 
B 84 16  84 84 
C  25 75    94.2    82.6 
D  35 65    83.9    73.2 

Table 1: The fuel matrix used to investigate the effect of cooxidation 
reactions 

 
Part of the result can be seen in Figure 7 where calculated ignition-delay times 
for the fuel PRF 80 are compared with experimental shock-tube results from 
Fieweger et al [17], P = 40 bar, λ = 1.0. The LLNL mechanism with added 
cooxidation reactions showed the best predictions. 
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Figure 7: Ignition delay times from Fieweger et al [17] are compared to 
modelled ignition delay times with the LLNL PRF mechanisms with and 
without cooxidation reactions 

 
 
Including the cooxidation reactions improved the agreement between 
experiments (filled circles) and calculations (dotted). The calculations with the 
amended kinetic model predicted shorter ignition delays than the unaltered 
mechanism. Obviously this is the effect of reaction paths in the amended 
model that are not available in the model without cooxidation reactions. 
 
The correct ignition delay times for HCCI combustion could this way be 
modelled as can be seen in Figure 8, taken from Paper I.  
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Figure 8: Experimental and calculated pressures in a HCCI cylinder for 
fuel A and B in Table 1. For engine specifications see Paper I. 

 
Paper I also investigates the influence of cooxidation reactions in 
tolune/heptane mixtures and concludes the importance of such reactions for 
qualitative HCCI-engine ignition predictions. Recently Andrae et al [37] revise 
these results giving a significantly modified view. Andrae et al use recent shock 
tube data [38] to develop a comprehensive toluene/PRF mechanism. The 
coooxidations reactions used in that work has lower reaction rates than what is 
used in Paper I. This is further supported by recent work by Naik et al [39]. 
That the importance of cooxidation reactions is further investigated in current 
research is encouraging since this confirms the hypothesis in Paper 1. 
 

3.2 Influence of NO 
Perhaps the most severe problem for the HCCI engine is engine control. The 
kinetics that controls the ignition onset is influenced by temperature and 
pressure. Both these parameters are difficult to control on a cycle-to-cycle basis. 
The most promising advances in control systems have been made with variable 
valve timings where exhaust gases from the previous cycle is retained in the 
cylinder [40]. When this method is used, the composition of the charge is also 
changed with increased levels of unburned hydrocarbons and combustion 
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products such as nitrogen oxides, NO and NO2. Both NO and NO2 are 
reactive species that will interact with both radicals and molecules in the 
ignition process. NO will therefore have a large impact on the combustion 
phasing in an HCCI engine as is shown in Paper III.  

Generally the impact of NO on hydrocarbon combustion has only been studied 
superficially compared to other areas in combustion kinetics. A possible reason 
for this could be the difficulties affecting the amount of NO created in the 
combustion chamber. The studies that have been made have mostly been 
focused on light hydrocarbons [41][42][43][44]. However, the papers by Prabhu 
et al [45][46] are examples of studies involving the effect of NO on heavier 
hydrocarbons. These studies suggest that the increased reactivity of the fuel 
with NO addition is caused by the conversion of relatively unreactive HO2• 
radical to a very reactive OH• radical via 

HO2• + NO  OH• + NO2   [r24] 

The reactive OH• radical will in turn mainly react with the fuel molecules and 
in this way promote the onset of ignition. Another set of reactions that also 
plays a role, suggested by Bromly and co-workers [47], is  

RO2• + NO  RO• + NO2    [r25] 

where R is an arbitrary alkyl group. For fuels showing NTC behaviour this 
reaction will not be an analogy to reaction r24, regardless of the obvious 
similarities. While HO2• is an unreactive radical the corresponding 
ketohydroperoxyradicals are not. Instead they are key species in the reaction 
sequence leading to cool flame heat release. Reaction r25 terminates this effect. 

In paper III the influence of NO on auto-ignition behaviour was 
experimentally studied for three fuels at two different operating conditions with 
very different cool flame heat release rates. NO concentrations ranging from 4 
up to 476 ppm were added to the fresh intake air. It was found that low 
concentrations (~15 ppm) of NO added give a sharp advance of ignition onset, 
both at cool flame and main heat release. The rate of this change decreases with 
increasing NO concentration. At higher concentrations of NO, especially for 
the PRF fuel, the heat release is retarded, as can be seen in Figure 9.  

The reason for this decrease in ignition delay is the oxidizing nature of NO, 
while the retardation of the heat release is due to the cool flame inhibiting 
effect of NO. In short there are two forces into play; one promoting and one 
retarding. PRF fuels have considerably more cool flame heat release than 
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toluene and full boiling range gasoline, which explains the large retarding effect 
for the PRF fuel. It simply has the most to lose. This line of thought is further 
supported by the diminished retarding effect on heat release phasing that is 
found at higher inlet temperatures where cool flames are not as prominent. 

 

Figure 9: Heat release phasing of the maximum cool flame heat release 
plotted against the added NO concentration for the three fuels tested. 
Note that there is a sharp advancement at very low concentrations. CA50 
is the crank angle degree where 50 % of the accumulated heat release 
occurs. 
 

The NO2 produced early in the ignition phase, will react further mainly 
through: 

R• + NO2  RO• + NO    [r26] 

and  

NO2 + H•  NO• + OH•   [r27] 

With these reactions NO is recreated in an almost catalytic manner. This is the 
explanation for the large effect even at very small NO concentrations.  
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3.3 Catalytic combustion kinetics 
While the HCCI combustion concept is promising from a low emissions 
perspective there are other new concepts for stationary power generation that 
aim for the same goal. One such concept is catalytic combustion. Even if this 
idea is well known and in some areas used with great success it is only recently, 
supported by more stringent emission legislation, that this technology is 
becoming prioritised by the corporate energy sector. 
 
In catalytic combustion heterogeneous catalysts are used, often supported by a 
porous material to provide large surface area. Reactant air and fuel will diffuse 
to the surface, adsorb, react and finally desorb. Since a high diffusive velocity is 
needed for high conversion only light hydrocarbons are used. Apart from being 
gaseous, light hydrocarbons do not soot or coke the catalyst surface to the 
same extent as heavy hydrocarbons.  
 
Catalytic combustion theory is not as well studied as gaseous combustion. This 
is due to several reasons of which some are: 
 

• Catalytic combustion is not as commonly used in commercial 
applications, leading to less interest. 

• It is more difficult to perform experiments on surfaces than in the gas 
phase. 

• The catalyst behaviour depends not only on metal composition but 
also on manufacturing technique, making reproducibility difficult. 

• Catalytic combustion is a physical multi-step process. All steps must be 
known in detail for the full system to be known in detail.  

• Since catalytic combustion is a diffusive process fewer modelling 
simplifications can be used, ideal reactor models may for example not 
be used. 

• Catalytic combustion cannot draw the same amount of knowledge 
from molecular gas theory as does gas phase combustion theory, 
leading to a less solid theoretical ground to stand on. 

 
These points impose problems that must be overcome to gain full knowledge 
and best usage of catalytic combustion for power generation. On the positive 
side it may be stated that lighter hydrocarbons do not have as complicated 
kinetic mechanisms as fuels used in the automotive industry, making the 
chemistry less challenging from a modelling perspective. 
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Gasifed biomass contains hydrogen and will ignite at lower temperature than 
pure methane. No pilot flame is therefore needed which will decrease NOx 
production. For this reason fuel-specific combustion concepts are being 
developed. For biomass a hybrid concept shows promise. The hybrid concept 
is a two-stage system where a fraction of the fuel and air is burned catalytically. 
This may be achieved by coating every other channel in the monolith with a 
catalytic metal or alloy. The hot exhaust will mix with the unburned fuel, which 
will allow for leaner gas phase combustion in a subsequent second step, a gas 
phase combustor. This will mean low NOx production. The two-stage process 
also allows for varying the air-fuel ratio in the two steps. This is interesting 
since it has been shown that 95 % of the fuel NOx may be reduced by having a 
rich catalytic combustion and a secondary air inlet in a homogenous zone after 
the catalyst [48]. To be able to run a power-generating turbine incoming gas 
must have high pressure and temperature. This may be difficult to handle for 
the catalyst carrier material affects the long-term stability negatively. The 
benefit of a hybrid concept is that the catalyst temperature may be kept at a 
lower temperature than needed by the turbine to reach high efficiency. This 
reduces the risk of catalyst deactivation due to sintering, hence prolonging the 
catalyst lifetime. 
 
In Paper II a hybrid monolith, with every second channel coated by platinum 
was experimentally tested in a high pressure (5–16 bar) test rig. The fuel was 
synthetic gasified biomass and the linear inlet velocity was kept constant. To 
further understand the results the experiments were interpreted with 
CHEMKIN simulations and the model was finally used to examine the 
influence of pressure for constant mass flow. How this was modelled is 
described in section 2.4.2. The kinetic mechanism used was developed by 
Vlachos and co-workers [49][50]. This mechanism includes adsorption steps for 
all reactants and major products, 31 reversible surface reactions and 10 species. 
The reaction rates were calculated from transition state theory and bond order 
conservation and include coverage dependence. 
 
The results in Paper II show that hydrogen proved to be the most active fuel 
component and that methane conversion was rather low, as expected. The 
overall conversion as function of pressure may be seen in Figure 10. 
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Figure 10: Conversion as a function of pressure 
 
 
The combustion efficiency decreases with increased pressure. This is due to 
higher mass flow rates. The diffusion is also lower due to higher pressure. As 
the pressure increases the reaction rate also increases but as all operating 
conditions are mass-transfer limited this has no large effect on conversion. The 
mass transfer limitation may be seen in the modelling results presented in Figure 
11. 
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Figure 11: Gas mole fractions of H2 and CO at the catalyst (solid line) 
and in the center of the channel. Note that all cases are mass-transfer 
limited.  
 
 
With the model validated against the test rig experiments predictions were 
made for the combustion efficiency for constant mass flow. As can be seen in 
Figure 12 the combustion efficiency increases up to 10 bar. This is due to the 
longer residence time in the monolith. As the pressure increases the partial 
pressures of CO and H2 also increase which leads to a higher coverage by CO2 
and OH when the adsorption rate increases. After ignition there will be fewer 
free sites, leading to constraints on the overall conversion. At high pressures 
and long residence time the catalyst is adsorption-rate limited. 
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Figure 12: The combustion efficiency as a function of pressure. Note 
how the increase levels off. This is mainly due to a decreased number of 
free sites on the catalyst surface. 
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4 Conclusions 
In the opening words in this thesis two pressing issues were addressed, the 
greenhouse effect and limited resources. To slow this negative development 
energy savings are needed just about everywhere. In this thesis fragments of 
new knowledge in how to increase energy efficiency in two problematic fields 
were presented. Small fragments that on their own will not amend for much 
but together with previous and future work may build into the technical 
advancements that are needed.  
 
The first paper improved current kinetic models by addressing the lack of fuel 
interaction in mixed fuels. Added cooxidation reactions were shown to improve 
ignition predictions and have now been incorporated in leading mechanisms 
[37][38]. 
 
The study on NO interaction was foremost aimed at HCCI control and SI 
engine knock prediction. For low concentrations the rate of change for ignition 
delay was the highest, while it could be negative for high NO concentrations. 
This will have implications for EGR control and hopefully these results will be 
used in further studies.  
 
The concept of catalytic combustion for turbine applications is promising. With 
more work in this area full-scale tests may be running in a few years. These tests 
will not be similar to current configurations, where a catalytic counterpart 
would replace a gas phase combustor. Instead fuel specific configurations are 
needed and in the case of gasified biomass a hybrid, two-step, configuration 
shows promise. The final study concluded that complete combustion with 
monolith reactors could be problematic due to mass-transfer limitations and 
reduction of the number of free catalytic sites at high pressure. However, two-
stage combustion systems are still as promising and have the same low emission 
potential as completely catalytic combustion. 
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5 Nomenclature 
 
a   m  Connecting rod length  
B   m  Engine Bore diameter  
cp   J/kg/K  Heat capacity 
hj   J  Enthalpy for species j 
l   m  Engine stroke 
m&   kg/s  Mass flow rate  
P  Pa  Pressure 
rj,   mol/m3/s Molar rate of production for species j 
    per unit 

ks&   kg/m2/s Production rate from surface reactions 
u   m/s  Velocity in the x direction,  
Usys  kJ  Internal energy of the system 
Vk,y   m/s  Diffusive velocity 
Vc   m3  Clearance volume 
Wj,   mol/g  Molecular weight for species j 
Xj    Mole fraction of species j  
Yj,    Mass fraction of species j 
 
 

Greek letters 
 
ξ     normalized stream function  
Θ   rad  Crank angle degree in radians 
λ    air-fuel ratio 
μ   Pa s  Fluid viscosity 
ρ   kg/m3  Fluid density,  
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6 Abbreviations 
 
aTDC    After top dead centre 
CA50     Crank angle degree where 50 % of the 
    accumulated heat release occurs 
CAD    degrees Crank angel degree 
HC    Hydrocarbon 
HCCI Homogeneous Charge Compression Ignition 
NTC    Negative temperature coefficient region 
PDE    Partial differential equation 
PRF     Primary Reference Fuel 
PRF #  Primary Reference Fuel consisting of # 

percent by volume of Iso-Octane and (100-#) 
n-heptane.  

RCM    Rapid Compression Machine 
TDC    Top dead centre  
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Appendix 
This section regards how rate parameters may be estimated and is presented for 
completion. This theory has not been applied in any of the publications but is 
promising and should be used in future work. 
 

Estimation of rate parameters 
Much of the theory rate parameter estimation comes from is found in the book 
Thermochemical kinetics by Sidney Benson [32]. Benson claims that all 
reactions are unimolecular breakdowns. Bimolecular reactions are composite 
acts where a collision complex is formed followed by unimolecular kinetics, 
according to reaction r28. 
 

A+B  AB+  C+D     [r28] 
 

The transition state theory [51] states that in reaction r28 the transition state is 
in equilibrium with the reactant, as shown in reaction r29 
 

A+B  AB+  C+D    [r29] 
 
If the backward reaction is neglected the rate expression for A over the 
transition state passage may be formulated as 
 

[ ]Ak
dt
dA +=−                 [9] 

 
 
If the equilibrium constant K+ from reaction r29 is used the transition state 
concentration may be eliminated.  
 

[ ][ ]BAKk
dt
dA ++=−     [10] 
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Further, if the internal vibration coordinate that corresponds to passage across 
the barrier is factored out, K+ can be written as  
 

⎟
⎠
⎞

⎜
⎝
⎛≈ +

+

hk
kTKK #     [11] 

 
as long as hK+<<kT2. This eliminates the forward rate constant of reaction r29. 
 

[ ][ ]
#1 K

h
kT

BAdt
dAk A ⎟

⎠
⎞

⎜
⎝
⎛=−=    [12] 

 
This result of the transition state theory shows that all equilibrium rate 
constants may be written as products of a universal frequency factor and the 
thermodynamic factor, K#. The rate is independent of the collision process 
[32]. 
 
Elementary thermodynamics state that 
 

####ln ooo STHGKRT Δ−Δ=Δ=−    [13] 
 

[13] in [12] gives the expression [14] for the rate constant. 
 

( ) ( )RTHRS
h

kTk ABABA /exp/exp ## Δ−Δ=   [14] 

 
which may be more accurately formulated if also reaction path degeneracy and 
quantum mechanical tunnelling contributions at low temperatures are taken 
into account [53]. 
 

( ) ( )RTHRS
h

kTVLk ABABmA /exp/exp ### Δ−Δ= κ  [15] 

 
where L# is a factor accounting for symmetric effects for the reaction and κ is a 
tunnelling factor.  
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This expression may be matched with the Arrhenius rate expression 

⎟
⎠
⎞⎜

⎝
⎛

RT
EA aexp to identify the rate parameters. 

 

RTHEa 2forwardR −≠Δ=     [16] 
 

( )RS
h

kTVLA ABm /exp ## Δ= κ     [17] 

 
 
The enthalpy and entropy of the transition state are all that is needed to 
calculate the rate of any reaction. But these two parameters are not always easy 
to find. For stable species experiments and models can estimate them with 
good accuracy. For the transition state this is not in any way easy. Ab inito 
calculations would then be the preferred choice but this is limited due to long 
calculation times for large mechanisms. The Group Additives (GA) method 
may then provide a way to estimate the reaction rate.  
 

The Group Additives method 
The Group Additives method prescribes that thermochemical properties may 
be calculated from fundamental groups regardless of the position in the 
molecule [52]. The groups are “polyvalent atoms in a molecule together with all 
of its ligands” [32]. The number of groups is quite large since the theory aims at 
describing all organic reactions and also includes adjustments for the ligands of 
ligands and spatial interactions. Each group has a Group Additive Value (GAV) 
that may be taken either from experiments or calculations and are to be found 
in tables in books or papers. Since the GAV represents the thermodynamic 
representation of a specific group in all molecules where it is present a statistical 
mean value must be found, which may be ambiguous. GAVs were first listed by 
Benson [32] and updated by Cohen [52] but it was not until the work by Green 
and co workers [53][54][55] that the GAV method could be more widely used 
for rate parameter estimation. 
 
By quantum mechanical calculations Green et al model GA values focussed on 
rate parameter estimation, i.e. enthalpy and entropy of the transition state. This 
expansion of the GAV method introduces super groups that are larger than the 
groups described by Benson. This increases the accuracy and is also more 
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suitable when adding the GAVs for the, often, large transition-state. It does 
however increase the total number of needed groups. 
 
The usage of this method is best described by an example. Consider the 
reaction  
 

22223

22233223

HCHCHCHCH
HHCHCHCHCHHCHCHCHCH

+⋅→
⋅⋅⋅⋅↔⋅+

 

 
The GAV are now added for the transition state and reactants.  
 

{ } { } { }
{ } { }

{ }HHHGAV
HCCHHCCHHCnGAV

HHHCCHHCCHHCCHtsGAV

H

H

H

=⋅
+=−

−++=

)(
2/2/23//2)(

//2//2/2/23//)(

104  

 
These GAV values can be taken from [53] for example and added to a reaction 
enthalpy.  
 

  
( )

{ } { } { }HHHCCHHHHCCH
HGAVHCnGAVtsGAVH HHH

−−−=
=⋅−−−=Δ

3////2//
)()( 104

#
R  

 
The same strategy is used for the entropy. The tunnelling factor is calculated 
from the Wigner perturbation theory formula [56]. 
 

( )
2

44.1
24
11 ⎟

⎠
⎞

⎜
⎝
⎛+=

T
T iν

κ    [18] 

 
where νi is the magnitude of the imaginary frequency in cm-1. This constant 
may often be found in the same table as the GAVs. 
 
The last parameter needed is the path degeneracy, L#. This is a factor that was 
introduced to take into account the fact that the process may occur in different 
but equivalent ways. For example the reaction   
 

Cl + H2 => HCl + H    [r30] 
 

has a reaction path degeneracy of 2. 
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Additional comments. 
This methodology shows great promise due to the high level of accuracy. Quite 
many papers have been published on this matter, which has made an extensive 
library of GAVs available. For example, Sumathi et al present GAVs for 
abstraction for alkanes [53], alkenes, alkynes, alcohols, aldehydes, and acids [54], 
hydrocarbon radicals [57] and so on. It will however take time for this 
methodology to penetrate into the large mechanisms. The reason for this is the 
subset strategy. The best-known combustion mechanism concerns H2. This 
mechanism has been used in the development of the CH4 mechanism, methane 
in ethane and “råttan på repet”1. When finding a missing feature in an extensive 
mechanism it is not always possible to use the parameters given by the GAV if 
this is not in harmony with the rest of the mechanism. This is most likely 
because less accurate data has been used in the original mechanisms. These 
problems will hopefully disappear since the quality of the mechanisms is 
constantly improving. This process will however go faster if all published 
articles would motivate their deviation from this theory when such exists. This 
urge must come from reviewers. Paper I did not use this strategy and slightly 
high reaction rates were therefore presented. 
 

                                                 
1 A Swedish child rhyme, where a small thing is connected to something larger that 
in turn is connected to something even larger. 


