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ABSTRACT 

 

The ferrous picrate based homogeneous combustion catalyst has been claimed to promote 

diesel combustion and improve fuel efficiency in diesel engines. However, the reported fuel 

savings were controversial. Moreover, a lack of understanding of the working mechanism 

of the catalyst in diesel combustion processes so far has hindered its widespread applica-

tion. On the other hand, the effect of the catalyst on biodiesel combustion has never been 

scientifically studied and presents a new area regarding the application of the catalyst. The 

present research aims to systematically study the effect of the catalyst on the fuel efficiency 

of diesel and biodiesel in diesel engines and to understand its working mechanisms.  

 

The specific objectives of this research include a systematic study on the effect of the 

catalyst on fuel efficiency and combustion characteristics of diesel and biodiesel in diesel 

engines, an investigation into the working mechanisms of the catalyst in diesel and bio-

diesel combustion processes through both experimental and mathematical modelling 

studies on single droplets, and a study on the chemical kinetic effect of iron atoms on the 

diesel combustion processes. To accomplish these objectives, the influence of the catalyst 

on fuel efficiency of diesel and biodiesel as a function of engine speed, load and catalyst 

dosing ratio was first studied using both a laboratory small single cylinder engine and a 

large industrial scale four cylinders engine. Then both mathematical modelling and experi-

mental studies on the combustion characteristics, including ignition delay periods, burnout 

time, burning rates and flame temperature, of single droplets of diesel and biodiesel were 

performed. Lastly, a kinetic modelling study of the effect of iron on the ignition and 

combustion characteristics of diesel was carried out using CHEMKIN PRO. 

  



 

     IV 

Diesel engine tests have shown that the use of the catalyst reduced the brake specific fuel 

consumption (BSFC). Up to 4.2% fuel saving in the small laboratory diesel engine and up 

to 5.6% in the large industrial scale diesel engine under tested conditions were achieved. 

The reduction of the BSFC was greater at light loads. In addition, the use of the catalyst 

reduced the BSFC of the biodiesel up to 2.8% under the tested conditions. It has been found 

that the addition of the catalyst shortened the ignition delay and combustion duration of 

diesel and biodiesel in the engine, resulting in slightly higher peak cylinder pressures and 

faster heat release rates. 

 

The study of combustion characteristics of single droplets has indicated that the catalyst 

shortened the burnout time, increased the burning rate and flame temperature of the drop-

lets of both diesel and biodiesel. At the catalyst dosing ratio of 1:10000 (by volume) in the 

diesel and biodiesel, the flame temperatures of the catalyst dosed droplets were about 40K-

50K higher than those of the droplets without the catalyst while the burning rate was 0.05-

0.1 mm
2
s

-1
 higher. With the assistance of flame emissions spectroscopy, iron atoms were 

detected to present in the flame of the combustion of the catalyst and it was found that the 

pure ferrous picrate decomposed at approximately 523K using thermogravimetric analysis. 

It was hypothesised that the picrate decomposed and released iron atoms into the flame, 

which in turn promoted the combustion rate of the fuel vapour, resulting in higher flame 

temperature. 

 

A comprehensive mathematical model was formulated incorporating the effects of fibre 

conduction, liquid-phase conduction, gas phase reaction and flame radiation. For the 

droplet size variation and burning rate, good agreement was found between the modelling 

results and experimental data, under the current experimental conditions. The model 
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predicted higher burning rates of both diesel and biodiesel droplets with the use of the 

catalyst, which was mainly attributed to the increased flame temperature. The modelling 

results showed that the surface temperature of droplets of both diesel and biodiesel reached 

the decomposition temperature of the ferrous picrate (523K) after ignition. This validated 

our postulation that the ferrous picrate decomposed during the combustion process of single 

droplets of diesel and biodiesel to release iron atoms into the flame region, which in turn 

enhanced the reaction rate and therefore increased the flame temperature. 

 

The kinetic modelling results have shown that small amounts of iron in the n-Heptane 

significantly reduced ignition delay time. The ignition delay time decreased with increasing 

iron concentration in the fuel. A reaction pathway analysis showed that the ignition was 

promoted due to an early injection of the OH radicals. It was also showed that the addition 

of iron increased the peak flame temperature of n-Heptane in the counterflow diffusion 

flame. The reaction rates of OHOOH  2  and HCOOHCO  2  in the peak 

flame region were found to increase, which is considered to be responsible for the increased 

peak flame temperature. These results provide scientific explanations for the increased 

flame temperature of combustion of diesel and biodiesel droplets due to the use of the 

catalyst.  

 

The present research has valuable implications in the utilisation of the ferrous picrate based 

catalyst. The quantified effect of the catalyst on fuel savings and enhanced understanding of 

the working mechanisms of the catalyst help establish the confidence of the end users and 

also provide scientific base for the catalyst modification.  
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Chapter 1 Introduction 

 

1.1 Motivation 

The past few decades have seen substantial improvements in diesel engine technology with 

respect to both fuel efficiency and pollutant emissions. Diesel engines are also expanding 

their position from traditionally heavy duty industries to light duty applications such as 

high speed direct injection diesel engines in passenger cars (Dec, 2009). However, more 

stringent regulations on emissions, severe shortage of petroleum energy and increasing fuel 

price pose new challenges for diesel engine designers (Taylor, 2008).  

 

Diesel combustion mechanisms and processes play a pivotal role in determining fuel 

efficiency and emissions of diesel engines. Diesel combustion within diesel engines is a 

complex process which involves the fuel injection, the mixing between oil spray and the 

surrounding air and the subsequent chemical reactions. There are a number of efforts being 

made to achieve better combustion processes in order to increase fuel efficiency and abate 

emissions. Adding organometallic additives into diesel oil to promote combustion is 

becoming an attractive approach to improve engine efficiency as well as reduce emissions 

such as soot, unburned HCs and CO. These organometallic additives are alternatively called 

homogeneous combustion catalysts in the present research.  

 

Homogeneous combustion catalysts are dissolved in the diesel or alternative fuels homoge-

neously to play a catalytic role during the combustion processes. The major advantage of 

using homogeneous combustion catalysts is the fact that a better engine performance can be 

obtained without any engine modifications. Specific fuel consumption improvements of up 
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to 10% have been claimed (Parsons and Germane, 1983) by using homogeneous combus-

tion catalysts which are attractive and inspiring. However, it is different from the 

conventional catalysts, in that these catalysts cannot be recovered or re-utilised as their 

reaction products are discharged with the exhausted gases. A number of metal ions such as 

iron (Parsons and Germane, 1983, Zeller and Westphal, 1992, May and Hirs, 2005, Du et 

al., 1998), cerium (Wakefield et al., 2008, Jelles et al., 2001), platinum (Fanick and 

Valentiine, 2001), copper (Daly et al., 1993), sodium (Krutzsch and Wenninger, 1992), 

barium (Howard and Kausch, 1980) and manganese (Yang et al., 1998) have proven to 

promote hydrocarbon combustion. Among these metals, iron has been found to be one of 

the most effective and not deleterious to human beings (Cho et al., 2009). The homogene-

ous combustion catalyst of interest in this study is ferrous picrate based catalysts. 

 

So far, the majority of research about the utilization of the ferrous picrate based homogene-

ous combustion catalysts concerned their effectiveness in engine performance in terms of 

fuel economics and emissions in the open literature. However, the reported fuel savings 

were discrepant and even controversial at times. More importantly, there have been no 

reports in existence about the mechanisms of the ferrous picrate based homogeneous 

combustion catalysts in diesel combustion processes. Therefore, it is imperative and 

essential to investigate the working mechanisms of the ferrous picrate based homogeneous 

combustion catalysts in the combustion processes of diesel. In addition, biodiesel is being 

promoted for the transportation sector as a renewable fuel and its popularity is increasing 

due to its potentially lower greenhouse gases emissions (Demirbas, 2009, Szybist et al., 

2007, Basha et al., 2009). It is therefore very relevant and necessary to investigate whether 

the catalyst will have the same beneficial effect on the performance of biodiesel. Further 

understanding of the working mechanisms of the catalysts in diesel and biodiesel combus-
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tion within diesel engines will provide the confidence of the users of the catalyst and 

scientific basis for devising new catalysts. 

 

1.2 Scope and Aims 

The present research aims to understand the mechanisms of the ferrous picrate based 

homogeneous combustion catalyst and its effect on the combustion characteristics of diesel 

and biodiesel with its applications in diesel engines. Within this scope, the performance of 

the catalyst on diesel engines in terms of fuel efficiency was first performed systematically 

and quantitatively in order to confirm the effectiveness of the catalyst on the fuel efficiency 

of diesel engines fuelled with diesel and biodiesel as a function of catalyst dosing ratio, 

engine load and speed. Then the studies regarding how the catalyst affects the ignition and 

burning rate of diesel and biodiesel were conducted using single droplet combustion 

experiments and mathematical modelling.    

 

Following the improved understanding of the diesel and biodiesel combustion processes 

with the catalyst, a detailed chemical kinetic simulation approach was used with the aim to 

understand the kinetic effects of the homogeneous combustion catalysts on the ignition and 

combustion characteristics of the diesel within diesel engines, considering any significant 

influence of the radicals associated with iron ions where appropriate.  

 

1.3 Thesis outline 

There are a total of nine chapters in this thesis including this chapter. The thesis structure is 

schematically shown in the Figure 1-1 and each chapter is outlined as follows: 
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 Chapter 1 defines the scope, overall aims and the thesis structure 

 Chapter 2 reviews the existing knowledge in the open literature on homogeneous 

combustion catalysts including their performance in diesel engines and possible mech-

anisms during the combustion processes. This finally leads to the identification of gaps 

and specific objectives for the present research; 

 Chapter 3 presents the methodology employed to achieve the research objectives 

identified in Chapter 2, along with the explanations of the experimental and modelling 

techniques; 

 Chapter 4 investigates the effects of the catalyst on fuel efficiency and combustion 

characteristics of diesel and biodiesel in diesel engines systematically and quantitative-

ly; 

 Chapter 5 investigates the effects of the catalyst on the combustion characteristics, 

including ignition delay, burning rate and flame temperature, of single droplets of die-

sel and biodiesel; 

 Chapter 6 details a mathematical model of single droplet combustion developed, 

considering the effect of the catalyst; 

 Chapter 7 outlines a kinetic simulation study considering the kinetic effect of iron ions 

on the ignition and combustion of n-heptane, as a model fuel of diesel; 

 Chapter 8 evaluates the findings from the present research and discusses the implica-

tions of these findings in practical processes, along with the new gaps identified for 

future research; 

 Chapter 9 draws the conclusions from the present research and provides a set of 

recommendations for further research in the future. 
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Figure 1-1 Thesis map 

Chapter 9 Conclusions and  

Recommendations 

 

 

 

Chapter 8 Evaluations and Implications 

1: Evaluate the results against with objectives, literature 

review and practical implications 

2: Identify the significant findings 

3: Identify new gaps 

Chapter 7 Kinetic Modelling of 

the Effect of Iron on Ignition 

and Combustion Characteris-

tics of Diesel  

1: Kinetic effect of iron ions on 

ignition delay time  

2: Kinetic effect of iron atoms on 

combustion characteristics 

Chapter 6 Mathematical 

Modelling of Ignition and 

Combustion of Single Droplets 

of Diesel and Biodiesel 

1: A model for ignition delay 

time and burnout time of droplets 

2: Effect of the catalyst on 

burning rate of droplets 

 

Chapter 3 Methodology and Experimental  

Techniques  

1: Outline of research strategies 

2: The SCIEEF system  

3: One-dimensional model for heat release calcula-

tions 

3: Single droplet ignition and combustion system 

4: Flame emission spectroscopy 

5: Modelling of single droplet combustion 

6: Kinetic Modelling   
 

Chapter 2 Literature Review 

1: Review the current knowledge of homogeneous 

combustion catalysts in diesel engines 

2: Identify the gaps 

3: Establish the specific objectives of the thesis 

4: Propose the methodology of thesis work 

Chapter 1 Introduction 

1: Define background/scope 

2: Establish thesis aims 

3: Outline thesis structure 

Chapter 5 Ignition and Combus-

tion of Single Droplets of Diesel 

and Biodiesel 

1: Ignition delay time 

2: Burnout time and rate 

3: Flame temperature 

4: Flame emission spectroscopy 

 

Chapter 4 Effect of the Catalysts on Fuel 

Efficiency and Combustion Characteris-

tics of Diesel and Biodiesel in Diesel 

Engines 

 1: Effect of catalyst on fuel efficiency 

and combustion characteristics of diesel  

2: Effect o f catalyst on fuel efficiency 

and combustion characteristics of 

biodiesel  
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Chapter 2  Literature Review 

 

2.1 Introduction 

Studies of homogeneous combustion catalysts for fuel efficiency improvements in diesel 

engines require the understanding of the fundamentals of diesel combustion within diesel 

engines and the working mechanisms of the homogeneous combustion catalysts in diesel 

combustion processes. This chapter reviews various types of the homogeneous combustion 

catalysts in diesel engines with emphasis given to the ferrous picrate based catalysts, the 

focus of this PhD research. 

 

Since diesel combustion processes within diesel engines play a pivotal role in determining 

fuel efficiency, this review will first provide an overview on the fundamental steps of diesel 

combustion in diesel engines and how the combustion processes affect the fuel efficiency. 

Then, the review will discuss the characteristics of homogeneous combustion catalysts and 

their role in the combustion processes of diesel in compression ignition engines. This 

covers the types and chemical compositions of homogeneous combustion catalysts, the 

performance of the homogeneous combustion catalysts in diesel engines in terms of fuel 

efficiency and the possible working mechanisms of the catalysts in the diesel combustion 

processes within diesel engines. The effects of the homogeneous combustion catalysts on 

biodiesel combustion in diesel engines will also be touched. This review finally identifies a 

number of key research gaps in this area pertaining to the application of homogeneous 

combustion catalysts which assists in defining the scope and objectives of the present 

study. 

 



 

     7 

2.2 Diesel Combustion in Compression Ignition (CI) Engines 

2.2.1 Characteristics of Diesel Combustion in CI Engines 

Compression ignition engines take the concept of the compression ignition mechanism 

which was first proposed and issued for patent by Rudolf Diesel in 1892. In order to 

preserve his significant contribution to engine’s development, compression ignition engine 

is also often called diesel engine. The first diesel engine was built in the late 19
th

 century 

and modern diesel engines are the products of development of over one century. While both 

two-stroke and four-stroke processes coexist today, four-stroke diesel engines are more 

popular on land due to their higher efficiency (Heywood, 1988, Dec, 2009). Figure 2-1 

schematically shows the working of the four cycles in a four-stroke diesel engine. 

 

Figure 2-1 The typical four cycles in four-stroke diesel engines 

 

In compression ignition engines, air alone is inducted into the cylinder and compressed. 

Diesel is injected directly into the cylinder when the air is compressed to such a great extent 

that its temperature is high enough to ignite the fuel (Heywood, 1988). Then the combus-
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tion occurs and the rapid expansion of combustion gases drives the piston downward 

supplying mechanical power. Since only air is compressed in diesel engines and the fuel is 

not delivered until the piston reaches the top dead centre, the compression ratio can reach a 

higher level (15-22) without problems associated with engine knock. This is one of the 

most appealing characteristic of diesel engines. 

 

Maximising the combustion quality of the fuel injected into the cylinder with already 

highly compressed air is essential as the combustion processes within the chamber play a 

critical role in determining the fuel efficiency and engine emissions (Caton, 2000). Howev-

er, it is difficult to obtain the detailed information on the whole combustion processes due 

to the complexity of diesel combustion. Recently, building on modern laser-induced optical 

diagnostics (Dec, 1997, Kosaka et al., 2004), a conceptual and comprehensive combustion 

process has been recognized. Figure 2-2 schematically illustrates the pressure change and 

heat release variation with crank angle after the injection of diesel fuel into the cylinder 

chamber in a four-stroke diesel engine, which helps us understand the combustion process-

es within diesel engines. It can be seen that diesel combustion in compression ignition 

engines can be divided into the following stages: injection, ignition delay, premixed 

combustion stage, mixture-controlled diffusion combustion stage and late combustion 

stage. 

 Injection. The fuel is injected into the cylinder under the high pressure difference 

between the injector pressure and chamber pressure. An injector consists of a nozzle 

and nozzle holder which sprays diesel into combustion chamber to fulfil diesel at-

omization and vaporization under high pressure. The spray penetrates across the 

combustion chamber and the atomized fuel vaporises and mixes with the air in a 

short time (Dec, 1997).  
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Figure 2-2 Typical pressure and heat release diagrams from a diesel engine showing the 

stages of combustion within diesel engines 

 

 Ignition.  After injected into the chamber, the liquid fuel will be atomized and bro-

ken up as it progresses further into the combustion chamber forming fine droplets 

with different size. The droplets evaporate into vapours and mix with the surround-

ing air forming vapour-fuel mixture area where the equivalence ratio can reach in 

the range of 2-4 (Dec, 1997). Once the vaporized fuel mixes with the hot air form-

ing a combustible flammable mixture, auto-ignition takes place leading to heat 

release and an increase in temperature as shown in Figure 1. Auto-ignition of diesel 

spray is usually described in terms of ignition delay, which is a period between the 

start of the injection and the start of the combustion. Because the air in the cylinder 
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is at a temperature above the fuel’s ignition point, spontaneous ignition of some of 

the fuel-air mixture occurs after a delay period. This delay period is necessary and 

important as it provides sufficient time to enhance the mixture between the fuel in-

jected into the chamber and the entrained air. The length of delay time is dependent 

on numerous factors such as injection pressure, injection timing and fuel quality 

(Dec, 2009, Heywood, 1988, Aggarwal, 1998). The length of ignition delay ulti-

mately affects the operation of engines such as knock of engines, ease of starting, 

fuel efficiency and smoothness of the operation.  

 Premixed Combustion. In this stage, combustion of the fuel which has mixed with 

air to within the flammability limits during the ignition delay period occurs rapidly, 

lasting a few crank degrees. This combustion stage is characterised by a high heat-

release rate since an amount of fuel has already been injected into the chamber and 

well mixed with the air. The heat release rate and extent are therefore closely asso-

ciated with the length of the ignition delay.  

 Mixing-controlled diffusion combustion. Once the fuel and air mixed during the 

ignition delay have been consumed and the burning rate is controlled by the mixing 

rate at which combustion occurs. When the ignition delay period is longer than the 

injection period, this phase of combustion will involve only fuel which has not 

found the necessary oxygen during the premixed combustion phase. In this case, the 

combustion rate is limited only by the mixing process. Under the conditions where 

the premixed combustion has been completed before the end of injection, which 

means some portion of the fuel is injected during the diffusion combustion phase, 

the burning rate will be influenced by the rate of injection as well as by the mixing 

rate (Heywood, 1988). 

 Late combustion. Heat release continues at a lower rate during the expansion stroke 
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in diesel engines for several reasons. First of all, the mixing is not always homoge-

neous causing a small amount of fuel not yet burnt. In addition, with fuel burning, a 

portion of chemical energy may be present in soot or less-dissociated products gas-

es. The mixing during this period promotes more complete combustion but the rate 

of this final burn-out process becomes slower as the temperature of the cylinder 

gases falls down during expansion. 

 

2.2.2 Effect of Combustion on Fuel Efficiency  

Combustion discussed above plays a crucial role in determining the fuel efficiency. Engine 

fuel efficiency is a measure of a process which converts the chemical energy stored in the 

diesel into useful mechanical work. By increasing the fuel efficiency, the engine becomes 

more efficient and consumes less fuel. Meanwhile, achieving higher fuel efficiency also 

results in reduced CO2 greenhouse gas emissions from the engine. In diesel engines, the 

fuel efficiency is defined as: 

LHVf

ic

cif
Qm

W




,

,       (2-1)                                                                 

where if ,  is fuel efficiency, c is combustion efficiency, icW , is indicated work per cycle, 

fm is mass flow per unit time, 
LHVQ is low heating value of fuel. 

 

It is well recognized that the fuel efficiency of diesel engines will increase if the combus-

tion rate is increased and combustion time is shortened in diesel engines (Heywood, 1988, 

Rakopoulos and Giakoumis, 2006). The effect of combustion rate on fuel efficiency is 

illustrated by the ideal thermodynamic cycle analysis as illustrated in Figure 2-3, in which, 

combustion within diesel engines is simulated by an isentropic compression for a perfect 

gas (1-2), constant pressure heat addition (2-3), an isentropic expansion for a perfect gas (3-
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4) and blowdown by constant volume heat rejection (4-1). Based on this simplification, 

equation (2-1) becomes: 
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where cr  is compression ratio (
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 ),  is cut-off ratio
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V

V
,  is isentropic index 

which is 1.4 for ideal gas (Heywood, 1988).  

 

 

Figure 2-3 A schematic P-V diagram of air standard cycle simulating the CI engine 

 

Figure 2-4 Effect of compression ratio and cut-off ratio on fuel efficiency 
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For definitions of compression ratio and cur-off ratio, it can be inferred that a higher 

compression ratio ( cr ) and a smaller cut-off ratio (  ) mean shorter combustion time and 

faster combustion rate in diesel engines (Heywood, 1988). Figure 2-4 shows the fuel 

efficiency changing with the different values of compression ratio cr  and cut off ratio   

assuming combustion is complete ( 1c ).  It manifests that increasing compression ratio 

or reducing cut-off ratio (increasing combustion rate) leads to a higher fuel efficiency. A 

faster combustion rate implies that the heat release occurs nearly at a constant volume. This 

will lead to a higher temperature and cylinder pressure and thus more work can be extracted 

from the same energy input.  

 

Slow and poor combustion in diesel engines is more likely to produce unburned hydrocar-

bons (UHC), carbon monoxide (CO) and soot (Heywood, 1988, Dec, 1997). These products 

are the results of incomplete combustion and the chemical energy contained in these 

intermediate species are discharged with the exhausted gases, unutilised. This consequently 

reduces the combustion efficiency ( c ) and so the fuel efficiency according to equation (2-

1). Compared to spark ignition engines, diesel engines are prone to produce more soot 

because of its diffusion combustion characteristics within the engines. It is found that the 

soot precursors are more likely to form under conditions when the flame temperature 

ranges from 1500K to 2300K (Kamimoto and Bae, 1988) with equivalence ratio higher 

than 2. Unfortunately, the equivalence ratio reaches 2-4 during the premixed combustion 

stage in diesel engines and the flame temperature during the diffusion combustion process 

usually falls into the range between 1500K and 2300K (Dec, 1997), which means soot 

precursors tend to form under diesel engine combustion conditions.  
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2.2.3 Advanced Techniques for Optimising Diesel Combustion in CI Engines 

Because of the essential role of the combustion process in determining the fuel efficiency 

and emissions of diesel engines as discussed above, most studies have been focusing on 

improving diesel combustion quality within the engine with the aim to improve fuel effi-

ciency. These advanced techniques mainly include advanced injection systems, new 

combustion systems like homogeneous charge compression ignition (HCCI) engines, fuel 

modifications consisting of bio-fuels and oxygenated fuels, and the fuel additives. 

 Advanced Injection System. The performance of diesel combustion is significantly 

influenced by the mixing between diesel fuel and air in the cylinder which in turn is 

determined by the injector’s spray characteristics for a given engine. Therefore, im-

proving injection system with higher pressures and higher accuracy is one 

promising method to increase engine efficiency. A higher pressure results in a high-

er speed at a given nozzle size and this higher speed will assist atomization and 

similarly help the mixing between fuel and air. Since the beginning of the last cen-

tury, injection pressure has gradually increased and modern diesel injectors often 

operate above 100Mpa (Challen and Baranescu, 1999). With the development in the 

past century, modern injectors have conventional in-line injection systems and 

complex injector assembles, such as the High-Pressure Common Rail System 

(HPCRS) (Kohketsu et al., 2000, Guerrassi and Dupraz, 1998), Hydraulically-

actuated and Electronically-controlled Unit Injection System (Park et al., 1999), 

Mechanical and Electronic Unit Injection System (Challen and Baranescu, 1999). 

 Homogeneous Charge Compression Ignition (HCCI). HCCI engines operate on the 

principle of having a dilute, premixed charge that reacts and burns volumetrically 

throughout the cylinder as it is compressed by the piston (Thring, 1989, Yao et al., 

2009, Krisman et al., 2012). In some regards, HCCI incorporates the best features of 



 

     15 

both spark ignition (as the charge is well mixed) and compression ignition engines 

(as the charge is compression-ignited). This conception is achieved by the heavy use 

of exhaust gas recirculation (EGR) or changing the injection timing prior to com-

bustion (Dec, 2009, Zheng et al., 2009b, Zheng et al., 2004). The important attribute 

of HCCI allows combustion to occur at lower temperatures, dramatically reducing 

engine-out emission of NOx (Kook et al., 2005, Kook et al., 2006, Kook and Pickett, 

2009). However, this also lowers the combustion efficiency at lower loads (Zheng et 

al., 2009a). HCCI engines operating under lower load conditions tend to produce 

higher HCs and CO which increases fuel consumption (Dec, 2009). In higher load 

cases combustion is unstable and prolonged ignition causes a sharp increase in the 

combustion pressure resulting in engine knock (Wimmer and Eichlseder, 2006, Dec, 

2009).  

 Fuel modifications. Oxygenated fuels such as ethanol (Lu et al., 2004, Padala et al., 

2011, Surawski et al., 2012, Surawski et al., 2010), di-methyl ether (DME) 

(Arcoumanis et al., 2008), di-methyl carbonate (DMC) (Lu et al., 2005, Murayama 

et al., 1995) are known for their ability to reduce the soot formation due to the oxy-

gen-containing structures. However, such capability is limited to the amount of 

oxygen contained in the fuels (Fischer et al., 2000, Curran et al., 2000, Kitamura et 

al., 2001). Furthermore, the potentiality of abating NOx formation with implemen-

tation of these oxygenated fuels is arguable as data found in the open publications 

are inconsistent.  

 Homogeneous combustion catalysts. The combustion catalysts are dissolved into 

diesel homogenously to play a catalytic role during diesel combustion. Homogene-

ous combustion catalysts, which are normally manufactured in the form of organ-

metallic compounds, are added into the fuel at a very tiny amount to play catalytic 
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role during combustion process and eventually enhance combustion rate, increase 

the fuel efficiency and reduce engine emissions. Combustion catalysts are perhaps 

the most advertised diesel additives to use because they are multifunctional. They 

may help improve cetane number, or achieve a more complete combustion, acting 

as smoke suppressant and reducing harmful emissions (Howard and Kausch, 1980).    

 

Homogeneous combustion catalysts for improving engine performance and combustion 

quality offer many advantages. First of all, it is much cheaper and easier to use diesel 

combustion catalysts than other methods to reach a higher fuel efficiency and lower emis-

sions. In addition, the use of these catalysts does not require engine modifications and 

would not change the fuel specifications significantly.  

 

2.3 Homogeneous Combustion Catalysts (HCCs) in CI Engines 

2.3.1 Definition of HCCs 

The homogeneous combustion catalysts used in the present study is different from the 

conventional diesel additives. Additives are often added into diesel to alter fuel chemical 

properties (Hansen et al., 2005). Homogeneous combustion catalysts, on the other hand, do 

not seek to change the characteristics of fuel. Instead, they function as reaction catalyser 

during diesel combustion processes in diesel engines. The catalysts are dosed into the diesel 

or alternative fuels homogeneously at a tiny amount in the order of part per million (ppm) 

to promote ignition and combustion of diesel or alternative fuels. Although called as 

catalysts, they cannot be re-generated or recovered after reaction. Instead, they are dis-

charged with the exhausted gases.  
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Effective homogeneous combustion catalysts should have the following characteristics: (1) 

they must be soluble in the diesel fuel homogeneously without settling out or agglomera-

tion during application, storage and on-board consumption; (2) they must have excellent 

catalytic activity promoting hydrocarbon combustion so that only a very tiny amount of the 

catalyst is required; and (3) the catalysts must not change the fuel specifications significant-

ly and must not generate secondary pollutions.  

 

Two groups of combustion catalysts are commonly used: metal-containing catalysts and 

ash-free catalysts (Popova et al., 1995). Compared to the ash-free catalysts, metal contain-

ing compounds are claimed to be more effective (Popova et al., 1995). We focus on the 

metal-based homogeneous combustion catalysts in this review. 

 

2.3.2 Types of HCCs 

Howard and Kausch (1980) reviewed the effect of some homogeneous combustion cata-

lysts on diesel soot emission. However, over the past few decades, a number of new 

catalysts have been developed and tested. Table 2-1 is a summary of main metals used as 

active ingredients in homogeneous combustion catalysts found in open literature which 

have been proven to be effective in diesel combustion. 

 

It is worth mentioning that copper additives were tested extensively in the mid 1990’s but 

not at all after 2000’s as seen from the table. This is due to the fact that the copper will 

provoke the gas dioxin formation which is toxic and its use has ceased (Howard and 

Kausch, 1980). Barium is effective as a soot suppressant, however, it is too poisonous if 

ingested (Howard and Kausch, 1980). Mn is proven to be effective to reduce vanadium 

deposits and corrosion (May and Hirs, 2005) but rarely accepted recently as it is found that 
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the combustion products of Mn , MnO , 
2MnO , or 32OMn and 43OMn  may result in some 

fatal diseases  affecting the central nervous system (Cooper, 1984). Cerium oxide has been 

widely applied as a catalyst in diesel after-treatment devices due to its capability of storing 

oxygen (Wakefield et al., 2008, Jelles et al., 2001). Researchers also take this advantage to 

produce cerium-containing homogeneous combustion catalysts (Skillas et al., 2000, 

Wakefield et al., 2008).  

 

Table 2-1 Summary of main metals in homogeneous catalysts in publications 

 Metal References 

Alkaki metals Sodium (Na) Krutzsch and Wenninger, 1992 

Alkakine 

earth metals 

 

Magnesium 

(Mg) 

Yang and Wen-Jhy, 1998 

Barium (Ba) Trues et al., 1980, Howard and Kausch, 1980 

Calcium (Ca) Otto et al., 1979 

Transition 

metals 

Platnium (Pt) Valentiine et al., 2000, Caton et al., 1991 

Manganese 

(Mn) 

Keskin et al., 2007, Faix, 1978 

Copper (Cu) Daly et al., 1993, Ledegaard et al., 1997  

Iron (Fe) 

Caprotti et al., 2003, Zhang, 2007, Valentiine et 

al., 2000, Zeller and Westphal, 1992, Ledegaard et 

al., 1997, Riley, 2005 

Lanthanides Cerium (Ce) 

Ledegaard et al., 1997, Lepperhoff et al., 1995, 

Harlé et al., 2008, Jelles et al., 2001, Wakefield et 

al., 2008, Setiabudi et al.  
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Iron seems to be a better choice among these metals. From the viewpoint of environmental 

impact, the only products formed by using iron-containing catalysts are iron oxides which 

are less toxic than the other metal oxides (Cho et al., 2009). There are a few ferrous based 

homogeneous combustion catalysts operating in the market such as FTC/FPC catalysts 

produced by Fuel Technology Pty Ltd (Zhang, 2007), Satacen catalysts commercialized by 

Innospec Specialty Chemicals Pty Ltd (Du et al., 1998) and catalysts developed by SFA 

international Inc (May and Hirs, 2005).  

 

To sum up, except iron and iron oxides, most of additives have more or less undesirable 

attributes, being themselves sources of atmospheric pollutions (as in the case of barium 

compounds), being corrosive (as in the case of alkali compounds), or having deleterious 

effects on engines. Therefore, this review will focus on the ferrous based homogeneous 

combustion catalysts, particularly the ferrous picrate based catalysts. 

 

2.3.3 Formulations of HCCs 

Even though the specific formulations of homogeneous combustion catalysts are proprie-

tary and vary with metals applied, most of them are reported to be produced in the form of 

organometallic or metallic nano-particles.     

 

The catalysts are made in the form of organometallic as the ligands can provide sufficient 

solubility of the catalysts in hydrocarbon fuels. The requirement of the organometallic 

formulation is that it has to be capable of releasing metal atoms under combustion condi-

tions. For example, FTC/FPC catalysts commercially produced by Fuel Technology Pty Ltd 

(Zhang, 2007). FTC/FPC combustion catalysts are ferrous picrate based compounds. As a 
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homogeneous combustion catalyst, organometallic compounds have to be dissolved into 

diesel. However, as far as chemistry fundamental goes, most of such compounds are only 

miscible to water instead of diesel. Therefore, other organic sorbents have to be used which 

are miscible with both organometallic salts solution and diesel fuels. Alcohols seem to be a 

good choice as they can form continuous phase with both water and diesel fuels. FTC/FPC 

combustion catalysts are ferrous picrate-butanol-water solution with additives. These 

additives are mainly short-chain alkyl benzene and its derivatives and a small amount of 

dioctyl adipate, which help improve the stability of the ferrous picrate-water-butanol-diesel 

mixture.   

 

Homogeneous combustion catalysts are also produced in the form of nano-particles such as 

cerium oxide nano-particle catalysts commercially developed by Oxonica (Wakefield et al., 

2008). It is evident that a high surface area is a key factor for a catalyst to be competitive. 

Nano-particles have substantially higher catalytic activity than bulk as they have higher 

effective surface areas with respect to the bulk material. As a new form of homogeneous 

combustion catalyst, nano-particles indicate a promising future. However, compared with 

the organometallic catalyst, nano-particle based catalysts faces more challenges in the 

process of manufacturing and applying (Wakefield et al., 2008, Popova et al., 1995). 

 

2.4 Performance of HCCs in CI Engines 

2.4.1 Effects of HCCs on Diesel Physicochemical Properties 

The physicochemical properties of diesel fuels play an important role in diesel engine 

performance. Such properties are mainly consisted of volatility, viscosity, cloud and pour 

point and cetane number. 
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Viscosity is a measure of diesel fuel’s resistance to flow and volatility is a measure of the 

diesel distillation characteristics. This strongly influences fuel injection system, fuel 

mixture and atomization. The effect of homogeneous combustion catalysts on the viscosity 

of diesel has to be examined carefully when the homogeneous combustion catalysts are 

added into the diesel fuel.   

 

Cetane number is a measure of diesel ignition quality which is tested under a standard 

procedure (ASTM D613). In the procedure, the cetane number of a diesel fuel is deter-

mined using a standard test engine. The reference fuel is n-cetane, assigned a cetane 

number of 100, and heptamethylnonane (HMN) with a cetane number of 15 (Heywood, 

1988). The ignition delay of the tested fuel is determined first and then the engine is run 

under various blends of cetane with HMN, until a mixture is found, which has the same 

ignition delay for the tested fuel. The percentage by volume of cetane in this mixture is 

defined as the cetane number of the tested fuel. The recommended cetane numbers of diesel 

fuels are between 45 and 55 (Heywood, 1988). Fuel with a cetane number lower than the 

recommended data tends to ignite late leading to lower combustion efficiency and power 

output. Similarly, running a diesel engine on a fuel with a higher cetane number than the 

recommended data can result in noise and hard starting (Heywood, 1988).  

 

It is expected that the homogeneous combustion catalysts do not change diesel fuel physical 

properties significantly. However, some catalysts were found to work as physical properties 

improver. Keskin et al., (2011) studied the effect of organic compounds of manganese, 

magnesium, copper and calcium on diesel fuel properties. All metals reduced the freezing 

point of diesel fuel and manganese was the best one. It was also found that the cetane 
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number of the diesel fuel was increased 2 points due to the use of the Mn-base compound 

and viscosity and flash point decreased. An improved cetane number means the use of the 

catalyst improves the ignition quality of diesel in the CI engines and this in turn affects the 

engine performance.  

 

However, most commercial homogeneous combustion catalysts are claimed to have no 

detectable effects on commercial diesel specifications (Harlé et al., 2008, Zhang, 2007). 

This is understandable because the very tiny amount of homogeneous combustion catalysts 

used in the fuel. This means the use of the homogeneous combustion catalysts will not 

change the physical properties of diesel fuel, thus no engine modifications required. 

 

2.4.2 Effect of HCCs on Fuel Economy in Diesel Engines 

2.4.2.1 Ferrous-based HCCs 

Ferrous picrate is an organometallic compound made of iron-containing compounds and 

picric acid under controlled conditions which is used as a homogeneous combustion 

catalyst. Parsons and Germane (1983) first discussed the application of ferrous picrate 

based catalysts in CI engines based on steady-state laboratory and fleet tests. Under the 

steady-state laboratory tests, up to 7.9% fuel saving under higher engine loads and up to 

15.6% under lower engine load conditions were reported (Parsons and Germane, 1983). In 

the two fleets tests using diesel engines engaged in a major construction project and public 

transit buses operating in an urban environment, 7% fuel saving was obtained in the former 

and 8% in the latter. It was also reported the engines running on fuels dosed with the 

catalysts were much cleaner than those running on fuels without catalysts under almost 

same conditions, which implies that the application of homogeneous combustion catalysts 

resulted in reduction in hard carbon deposit on the chamber surface. However, their labora-
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tory tests were only performed under a few engine conditions and the field trials involved 

too many uncontrollable variables, which suggests that the effect of ferrous picrate based 

catalyst on fuel saving requires further verification. The ferrous picrate based catalysts were 

later manufactured and commercialized by The Fuel Technology Pty Ltd, who conducted a 

considerable number of laboratory and field tests to verify the effect of the ferrous picrate 

based catalysts on the fuel economy (Zhang, 2009). These studies included well controlled 

laboratory tests and a variety of field trials. Table 2-2 summarizes several independent tests 

in some world renowned organisations and universities about the engine fuel consumptions 

when the diesel was treated with the catalysts. 

 

It can be seen that depending on engine conditions with varying speeds and loads, fuel 

savings of 1.7%-7% were achieved with the use of the catalysts. It was also seen that the 

fuel saving was greater when the engine was run under lower engine loads and for older 

engines. Guld (1985) also found an increase in the exhaust temperatures with the applica-

tion of the catalyst, in contrast to the findings of Millin (Millin, 2005). The investigation 

conducted in Southwest Research institute not only found a reduction in fuel consumption 

of approximately 1.7% on a new 12 cylinders engine in a steady state test (Markworth, 

1992) but also found that the effect of the catalysts was seen to increase with time until 

approximately 130 hours. This means the catalyst not only participate in the diesel combus-

tion process but also need a conditioning time to reach the highest performance.   

 

Following the initial work in laboratories, the catalysts were also widely tested in various 

field trials, including different engine types and engine conditions. It is difficult to receive 

full confidence in the results of field trials as actual operating conditions involve too many 

uncontrollable variables such as driver conditions and road conditions. To minimize this 
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Table 2-2 Laboratory test results of the catalysts on fuel saving  

Organizations Fuel Savings 

Curtin University  

Laboratory testing using Varimax TD35 Test & 

Research Engine (diesel) (Guld, 1985). 

2.5%  

Southwest Research Institute 

Laboratory Testing using EMD Generator for power 

absorption (Markworth, 1992) 

1.7% 

UWA (Rio Tinto) 

Laboratory Testing using 75 kVA and 100 kVA 

generator engines with load bank for power 

absorption (Gillinder, 2005) 

2 – 5.5% for older 

engine but no clear 

effect on the new 

engine, especially at full 

load. 

CAD Railway Services Canada (2003) 

Laboratory Testing using EMD 12-710G3A locomotive 

engine operating on different load (Zhang, 2009) 

2.5%-7% 

Engine Systems Development Centre, Canada (2003) 

Laboratory test conducted on a large single cylinder 

medium speed diesel engine (Zhang, 2009) 

1.67%-1.71% 

 

effect, all field tests were conducted in such a manner that comparative statistical method-

ology was used to assure the results as trustable as possible (Riley, 2005). Take field trials 

at BHP Mt Keith as an example. The fuel consumption evaluation was performed on two 

trucks which were conducted in hauling a measured load of ore over a defined distance of 

saying 1.98km. The road profiles on which the trials were conducted were the same for the 
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two trucks during the test period and the trucks were driven on full throttle to minimize the 

driver variable during the haul route. Fuel temperature was monitored to enable the calcula-

tion of fuel consumption during each cycle. Specific fuel consumption tests conducted on 

the tested trucks in such a working environment provide an average fuel saving of 5.7%. 

According to the same method, fuel savings from the field trials conducted at various 

mining sites in Australia are summarised in Table 2-3.  

 

Table 2-3 Summary of the field tiral results of the effect of the FTC/FPC catalysts on fuel 

saving 

Field Trial 

Operation Conditions 

Fuel Sav-

ings 
Engine 

Type 

Engine 

Hours 

Engine 

Load 

Circuit 

distance 

BHP 

Newman 

Cat 789 33970 171 tones 2.6Km 5.3% 

Cat 784B 5427 206tones 12.2Km 5.6% 

Cat 784B 5427 0 10.9Km 6.1% 

BHP 

Norwich 

Cat 784B 7817 199 tones 12.2 Km 5.3% 

Cat 784B 7817 0 10.9 Km 11.7% 

KCGM 

SUPERPIT 

Cat 793B 28343 220 tones 1.9 Km 4.6% 

Cat 793B 27859 231 tones 1.9 Km 6.6% 

Cat 793B 6375 229 tones 1.9 Km 5.6% 

Mt Keith 

Cat 793 2160 225 tones 2.0 Km 4.0% 

Cat 793C 42781 212 tones 2.0 Km 5.7% 
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It is seen that a minimum 4% and a maximum 11.7% fuel savings were gained. It is also 

seen that fuel saving was greater when engine was unloaded and older. This finding seemed 

to be consistent with the findings in the laboratory results seen in Table 2-2. We can 

conclude from the exsiting laboratory and field trials that the effect of the ferrous picrate 

based catalyst on the fuel savings were largely dependent on the engine loads and the age of 

the engines. The measured fuel savings were greater under lower engine loads and for older 

engines. 

 

Ferrocene (Fe(C5H5)2) is another common ferrous based homogeneous catalyst. It mainly 

used as an antiknock agent in petrol engines and a soot reduction agent in diesel engines 

(Du et al., 1998, Zeller and Westphal, 1992). Ferrocene contains 30% iron by weight and is 

stable to 400 
◦
C without appreciable decomposition. The effectiveness of ferrocene on 

diesel engine performance in terms of engine efficiency and pollutant emissions has also 

been investigated. Du et al. (1998) studied the influence of ferrocene on the fuel consump-

tion of diesel engines under two engine configurations which are standard aluminium piston 

with normal engine deposits and clean piston with thermal barrier coating. Measurements 

showed that fuel consumption increased immediately when the additive was added and then 

decreased steadily during the following 850 minutes of operation with ferrocene at the 

concentration of 250ppm by volume. However, fuel consumption benefit with thermal 

barrier coated piston was not as significant as that with the standard aluminium piston 

which has already deposited with hard carbon. The authors concluded by these observations 

that the ferrocene played a “cleaning” role, which means the catalyst helped to clean the 

carbon deposition formed during the combustion process and in turn helped increase the 

fuel efficiency. However, whether the catalyst promoted the ignition and combustion 

cannot be ruled out by their experimentation. 
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May and Hirs (2005) reported the effectiveness of an oil-suluble organo-metallic iron 

combustion catalyst on diesel engine fuel consumption. The catalyst is a combination of 

iron salts of carboxylic acid with over-based magnesium oxide suspended which has close 

density and viscosity of diesel fuels. Measurements on a bus fleet without controlled 

driving conditions indicated that 2.9% to 19.7% reduction in fuel consumption was 

achieved. A further report on a single vehicle with a precise fuel consumption measuring 

device showed that fuel consumption was decreased by 16.1% and 18.7% under city and 

highway conditions, respectively. The authors assumed that the catalytic effect of iron and 

manesium came from the excitement of outer shell electrons into higher energy states. As 

these electrons decay to degneracy, energy was released that maintained the activation 

energy for the reaction even though the temperature was low (May and Hirs, 2005). 

 

2.4.2.2 Other metals-based HCCs 

Platinum and Cerium metals have also been used in catalytic converters to simultaneously 

reduce NOx, unburned hydrocarbons and carbon monoxide (Heywood, 1988). Due to their 

high performance and catalytic activities, they are also manufactured into homogeneous 

combustion catalysts to be used as additives to improve engine performance.  

 

Kelso et al. (1990) found that fuel economy was improved on average by 5% with the use 

of an organometallic platinum based fuel catalyst in a diesel engine. Subsequent investiga-

tions further confirmed that the average brake specific fuel consumption was reduced by 

9%-2% at different engine speeds (Caton et al., 1991). It was concluded that the reduced 

brake specific fuel consumption was probably a result of decreased ignition delay and also 

a result of catalytically promoted combustion (Caton et al., 1991). Valentine et al. (2002) 
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studied the effect of a bimetallic patinum and cerium based catalyst on the fuel economy of 

two commercial fleets. A dosing rate of 8ppm catayst was used and up to 6.22% fuel 

economy improvement was found after the two month trial. They also concluded that the 

cumulative effect of such a catalyst with time on fuel consumption was attributed to a 

build-up of platinum and cerium on the surface of cylinder and pistons. 

 

The effect of a cerium based catalyst on the fuel economy has also been tested. For in-

stance, a large scale trial, which was conducted by Stagecoach Corporation involving 1000 

buses in a city area and 370 buses in a rural area covering 15 different types of buses, 

illustrated that the fuel economy was improved by more than 6% after the 7 months trial 

(Wakefield et al., 2008). Another test comprised of 80 buses in Hongkong, 40 with Cum-

mins engines and 40 with Volvo engines with similar operation times and city routes 

indicated that the fuel economy benefit of 11.4% for the Cummins engines and 9.9% for the 

Volvo engines were observed after the 6 months of the use of the catalyst. However, the 

significant effect was not seen until 2 months later when the catalyst was applied. These 

results may imply that the reduced fuel consumption was probably a result of accumulation 

of cerium oxide on the engine cylinder surfaces and piston. The deposition of cerium oxide 

on the cylinder walls will catalyse the oxidation of unburned hydrocarbon and carbon 

monoxide into carbon dioxide. It seems to play the same catalytic role as it does in a 

catalytic converter. 

 

However, no credible evidence exists that the CeO2 catalyst delivered any tangible benefit 

for large diesel engines used in haul trucks tested in 2005 at Mt Keith mining site owned by 

BHPBilliton (Riley, 2005). In order to assure the data quality and validity, the field tests 

were conducted in the following manner. 5 pairs were selected with 2 trucks in each pair. 
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The selection of 5 pairs of trucks for the test took into consideration of the engine type and 

engine hours. Both trucks in a pair did the same work operating on the same roads, same 

junctions and the same rolling resistance on any given shift. One truck of each pair was 

chosen at random to receive the catalyst after satisfactory baseline performance had been 

achieved and the other remained unchanged. Data were collected and analysed after one 

year operation. Regretfully, only one of five pairs indicated slight fuel economy benefit and 

the other four pairs showed that no improvements occurred as a result of adding the catalyst 

to trucks.   

 

It is very evident that most tests on the effectiveness of the homogeneous combustion 

catalysts only involve phenomenological observations, which lack scientific explanations. 

Whether the catalysts affect the ignition and combustion rate or form a layer of metal 

oxides on the cylinder surface remain unclear and needs further detailed investigation.  

 

2.4.3 Effect of HCCs on Major Engine Emissions  

Except remarkable benefit on the fuel economy, homogeneous combustion catalysts were 

also found to be effective in abating the emissions (Howard and Kausch, 1980, May and 

Hirs, 2005, Zhang, 2009, Kannan et al., 2011, Sajith et al., 2010). Exhaust emissions 

provide a way of assessing the combustion efficiency of diesel engine and therefore, 

emissions can be useful in determining the effect of the catalysts on the combustion effi-

ciency of diesel engines and so the fuel efficiency. Table 2-4 summarizes the effectiveness 

of the varied metal-based homogeneous combustion catalysts on the major engine emis-

sions, including smoke, unburned hydrocarbons (UHCs), carbon monoxide (CO) and 

nitrogen oxides (NOx). 
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Table 2-4 A summary of various literature studies on the effects of various metal-based 

homogeneous combustion catalysts on fuel consumption and exhaust emissions in diesel 

engines 

Catalysts 

UHC 

Reduction 

CO  

Reduction 

NOx  

Reduction 

Smoke 

Reduc-

tion 

Ref. 

Platinum 27~61% No Change N/A Caton et al.,1991 

Platinum 5% 46%  30% N/A Epply et al., 1990 

Platinum 

and Cerium 

20% 10% No change 26% 

Valentine et al., 

2000 

Ferrocene 5~35% -12% 

Up to 

37% 

Zeller et al., 1992  

Cerium 

oxide 

25~40% No Change Up to 30% N/A Sajith V et al., 2009 

Ferrous 

Picrate 

-22 ~ -24% 9~17% -3~6.6% N/A Parsons  et al., 1983  

Ferrous 

Picrate 

No obvious effect Zeller et al., 1992 

Iron 

Chloride 

26.6% 52.6% -4.1% 6.9% Kannan  et al., 2011 

Barium N/A 35% Miller, 1967  

 

It is seen from Table 2-4 that most of the homogeneous combustion catalysts were effective 

in reducing unburned HCs, CO and smoke emissions. However, the reported data on the 
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effectiveness of the ferrous-picrate based catalyst on the major emissions were varied and 

at times, controversial. Zeller et al., (1992) reported the effectiveness of a ferrous picrate 

based catalyst on the diesel particulate matters emissions. Results based on initial screening 

tests at steady-state engine conditions with additive 3.3% by weight indicated that the 

ferrous picrate based catalyst had no effect on diesel particulate matters. In their experi-

ments, the particular matters were collected on a fluorocarbon coated glass fibre filter. 

 

However, their findings are controversial to the result of the tests conducted by Fuel 

Technology Pty Ltd (Riley, 2005). They have studied the use of ferrous picrate based 

catalysts in an island cruise engine. Bosch smoke method was used to evaluate the soot 

level (Riley, 2005). Evaluation was built on two engines with each engine running at 

900rpm at time of sampling and a period of 200 engine hours was involved. Results 

showed that the average smoke reduction was almost 16%. These controversial results may 

be attributed to the difference in smoke measurement methods, tests conditions and catalyst 

dosing ratio. For instance, the exhausted gases were diluted before the collection of the 

particulate matter in the experiments of Zeller and Westphal (Zeller and Westphal, 1992), 

which would blur the effect of the catalyst on the emission of diesel particulate matters. In 

addition, the duration of each test in their reports only lasted for ca. half an hour, which was 

much shorter than the 200 hours of tests conducted by Fuel Technology Pty Ltd. The short 

collection time of the diesel particular matters was not sufficient enough to verify the effect 

of the catalysts on the emission of the particular matters.  

 

The reported data on the effect of the ferrous-picrate based catalyst on the NOx emission 

were also controversial. While it was reported that the NOx emission was reduced in the 

study conducted by Parson and Germane (1983), the others come to opposite conclusions, 
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which indicated that the use of ferrous picrate based catalysts was inclined to increase NOx 

emission in diesel engines (Gillinder, 2005). The formation of NOx is mainly dependent on 

the combustion temperature (Heywood, 1988). Therefore, if the catalysts improve combus-

tion efficiency as indicated by the fuel economy benefit, the claimed reduction of NOx with 

the use of catalysts seems to be controversial to the well-established combustion theory that 

the higher the combustion temperature the higher the combustion efficiency. Otherwise, 

there must be other mechanisms that could simultaneously reduce NOx emission and 

increase fuel efficiency with the use of the catalyst. Lissianski et al. (2001) investigated the 

effectiveness of an iron based catalyst on NOx emission in a boiler re-burning gas flue. 

Measurements showed a 20 – 25% reduction of NOx was achieved when the catalyst was 

added into the flue gas and authors postulated that condensed iron particles were responsi-

ble for the NOx reduction (Lissianski et al., 2001, Lissianski et al., 2002). May and Haris 

(2003) conducted a series of experiments to examine the effectiveness of an iron based 

catalyst on NOx emission in diesel engines. It was found that NOx emission with the 

catalyst ranged between 30% and 60% less than that without catalysts in the fuel under 

similar power and load conditions. Meanwhile, another significant observation was that the 

exhaust temperature reduced from 475
◦
C

 
to 425

◦
C. Authors reached the conclusion with this 

observation that combustion took place at a faster rate and a short time in the presence of 

the catalyst, which led to a reduction of NOx emission.  

 

2.5 Mechanisms of HCCs in CI Enigines 

The diesel combustion processes in CI engines are very complex, involving compression of 

combustion air, fuel injection, evaporation and mixing, and ignition and complex chemical 

reactions (combustion) between the fuel vapour and air. The complexity of such complex 
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chemical and physical processes makes it difficult to single out the effect of the homogene-

ous catalysts in diesel combustion to be studied at mechanistic level. At the present stage, it 

is not yet known in what fashion the mechanisms of the homogeneous combustion catalysts 

take place during the diesel combustion within CI engines. Most experimental studies on 

the effectiveness of the homogeneous combustion catalysts are phenomenological observa-

tions as shown in the previous section. This section will review several studies on the 

working mechanisms of the homogeneous combustion catalysts in the igniton and 

combustion process of hydrogen and hydrocarbon fuels, which may provide insight into the 

mechanisms of the working of the catalysts in diesel combusiton processes.   

 

2.5.1 Mechanisms of HCCs on Diesel Auto-Ignition 

Ignition plays an essential role in diesel engine operation as it determines whether the 

engine operates smoothly and fuel combusts efficiently. The mechanism of ignition in 

automotive engines is widely accepted as a kind of chemical kinetic chain-branching 

reaction and its interaction with thermal transfer (Aggarwal, 1998). There are several 

studies showing that metals can actually speed the ignition process in some chemical 

systems.  

 

Matsuda and Gutman (1971) found that )( 6COCr  significantly reduced the ignition delay 

time of CO  and 22HC with 2O in shock tube experiments. The mechanism of the promotion 

effect was postulated to be gas phase reactions involving CrO , 2CrO , and 3CrO because the 

concentration of )( 6COCr  was present at 0-50uL/L and the presence of any particles was 

impossible in such condition (Matsude and Gutman, 1971).  
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The effect of )( 5COFe  on auto-ignition of methane and ethane was also studied using 

shock-tube experiments (Shin, 2004, Park et al., 2002). It was found that the addition of a 

small amount of )( 5COFe  (up to 2000ppm by volume) promoted the auto-ignition of 

methane while inhibited the auto-ignition of ethane. The author did not explain the reason 

why the catalysts had different influence on the auto-ignition of methane and ethane 

ignition in detail. It is certain that both experiments and kinetic modelling were needed.  

 

Linteris and Babushok (2009) examined the effect of various iron-containing catalysts (

)( 5COFe , Fe , FeO  and FeOH ) on auto-ignition of lean and stoichiometric hydrogen by 

using numerical calculation at 1000K. At catalyst concentrations less than 150ppm, a 

decrease in the ignition delay by a factor of 2-3 was observed, which means the iron 

containing additives promote the ignition of hydrogen (Linteris and Babushok, 2009). The 

authors believed that Fe reacted with oxygen producing a source of radical O atom at a 

very early stage and then the following reactions occur: 

OFeOOFe  2   (2-3) 

OHHHO  2   (2-4) 

Hence, Fe  addition serves to inject radicals into the system at early times, and the magni-

tude of the radical addition is determined by the amount of Fe  added and the reaction rates 

of equations (3) and (4). However, at higher catalyst concentrations above 150 ppm, the 

additives were found to prolong the ignition delay as catalytic radical recombination 

occurred. It was assumed that the following reactions were responsible for the extended 

ignition delay: 

FeOFeO    (2-5) 

FeOOFeO 2   (2-6) 
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22 FeOOFe    (2-7) 

22 )(OHFeOHFeO    (2-8) 

FeOHHOHFe 2)(  (2-9) 

FeOHFeOH    (2-10) 

The above reactions led to a recombination of O and H , which reduced the concentration of 

O  and H  in the system. As a result, the ignition was inhibited and the ignition delay was 

prolonged. It was also found that )( 5COFe  has the same effectiveness with Fe  at low 

additive volume fractions implying that )( 5COFe  decomposes to Fe  relatively quickly. 

From their studies, the mechanism of the metal based catalysts in the ignition of hydrogen 

was dominated by gas phase reactions and the effect varied with the catalyst dosing ratio. 

 

However, it is not yet known in what fashion the metal-based homogeneous combustion 

catalysts affect the auto-ignition of the diesel because the ignition mechanism of diesel 

within CI engine is distinguished from that of the chemical systems discussed above. 

Recent simulations and experiments have offered a comprehensive insight into the ignition 

mechanism of hydrocarbon fuel consisting of detailed reaction mechanism (Westbrook, 

2000, Curran et al., 1998) and reduced skeleton mechanism (Bolling et al., 1996, Liu et al., 

2004, Held et al., 1997). Diesel fuel has a similar cetane number to normal heptane. There-

fore, the ignition mechanism of n-heptane is usually used to explain the ignition of diesel in 

CI engines. According to the literature reports, the dominant elemental reaction during the 

ignition process of n-heptane under combustion conditions in CI engines can be summa-

rized schematically in a simple way as shown in Figure 2-5. 
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Figure 2-5 Ignition mechanism of fuel n-heptane 

 

From Figure 2-5, it can be concluded that the ignition quality of n-heptane mainly depends 

on the consumption and formation rate of OH  radical which is mainly controlled by the 

intermediate radical 22OH under combustion condition in CI engines. The hydrocarbons 

fuel RH is initiated by a hydrogen atom abstraction from forming alkyl radical R  and H . 

When the temperature is relatively low, the reaction mechanism corresponds to the pathway 

1 illustrated by the solid line in Figure 5. Oxygen adds to the alkyl to form 2RO which can 

shift towards radical R and 2O  as temperature increases. 2RO  then isomerizes to form 

QOOH  species, depending on the fuel structure and molecule size (Westbrook, 2000). 

After that QOOH  species can react in several ways to form radical OH  and 2HO  which 

are important as these radicals are branch carriers. At the same time, it is still possible that 

oxygen may add to QOOH  producing a radical QOOHO2 , which can decompose into 

keto-hydroperoxide species and one OH  radical and again the keto-hydroperoxide decom-

poses into the OH  radical. Radical OH  formed from all of the above steps will react with 

fuel RH releasing heat and regenerate radical R . As temperature increases, R  will react 

with 2O  according to the pathway 2 denoted by the dash line, forming 22OH  and alkene 
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which compete with the reaction pathway 1. Within this temperature scope, the decomposi-

tion rate of 22OH  is slower than its formation rate, as a result, the small amount of OH  

radical produced is consumed by reaction with fuel and 22OH  is accumulated once the 

temperature reaches a point. The temperature further increases to a point when 22OH  

decomposes rapidly to form radical OH  quickly. At the same time, reaction 

OHOOH  2 occurs simultaneously. A large amount of the OH  radical formed from 

both paths in turn reacts with RH to produce R  inducing a multiplication of radical num-

bers and an exponential acceleration of reaction rate.  The first disappearance of 22OH  and 

occurrence of the radical OH   has been widely used as an indicator of the occurrence of 

diesel ignition in laser-induced diagnostics experiments (Dec, 1997, Kosaka et al., 2004).  

 

The preceding discussion confirmed that the homogeneous combustion catalysts indeed 

promote auto-ignition of hydrogen, methane and carbon monoxide by taking part in the gas 

phase reactions. However, the ignition mechanism of diesel is largely dependent on the 

formation of radical OH , which is different from that of hydrogen, methane and carbon 

monoxide. Therefore, the effect of the metal based catalysts on the auto-ignition of diesel 

fuel has to be studied by experiments as well as by kinetic modelling. 

 

2.5.2 Mechanisms of HCCs on Diesel Combustion Processes 

One possible working mechanism of homogeneous combustion catalysts in diesel 

combustion processes is that metal ions and related metal oxides could enhance gas phase 

combustion rate and hence increase combustion temperatures.  
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Bobolev et al (1971) studied the action of iron based catalysts on the combustion of solid 

ammonium perchlorate (AP) particles. A spectral-optical method was used to determine the 

temperature distribution over the height of the flame and the catalysts used included Fe , 

32OFe and Ferrocene (Bobolev et al., 1971). Measurements on the combustion rate 

indicated that all catalysts enhanced the combustion rate and the greatest soundness was 

given to 32OFe . It was also observed that the effectiveness of all the catalysts increased 

with an increase in pressure. Results of flame temperatures unveiled that introduction of 

catlaysts increased the flame temperature. With the help of spectroscopic investigation of 

the combustion zone, the authors postulated that the mechanism with the iron catalysts 

could be the conversion of Fe  and 32OFe  to FeO . All these reactions are exothermic, 

accelerating the overall combustion process.  

 

It has been demonstrated (Linteris et al., 2000) that the speed of propagation of a ONCO 2/  

flame was increased by the addition of small amounts of 5)(COFe . It has been suggested 

that the acceleration of CO  oxidation occurs by catalytic oxygen atom transfer from ON2  

toCO : 

22 NFeOONFe    (2-11) 

2COFeCOFeO    (2-12) 

The addition of 5)(COFe  in the fuel promoted the CO  combustion because the catalytic 

pathway of CO  oxidation was faster than the direct reaction of carbon monoxide and 

nitrous oxide.  
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Staude et al. (2009) measured temperature profiles in a laminar adiabatic premixed hydro-

gen flames with 5)(COFe  at low pressures using a laser-induced fluorescence imaging 

(Staude et al., 2009). It was found that the addition of the additive increased the flame 

temperature throughout the combustion zone. The authors suggested that the catalyst 

promoted the flame speed at low pressures. Kinetic modelling was also performed with an 

effort to understand this phenomenon. It was found that reactions (8)-(10) resulted in a 

recombination of H  radical: 

2HHH    (2-13)  

Recombination of H  is an exothermic reaction, in which the enthalpy of the recombination 

was converted into an increased flame temperature. 

 

Shvartsberg et al. (2010) numerically studied the effect of 5)(COFe  on the heat release rate 

in hydrogen flames at low pressure of 3kPa (Shvartsberg et al., 2011). The addition of 

atomic iron to the flame was shown to result in additional heat release because of reactions 

involving iron-containing species and increased the flame temperature. It was suggested 

that the reaction of iron hydroxide formation is the main contributing factor in the addition-

al heat release: 

22 )(OHFeOHFeO    (2-14) 

 

The above literature studies confirmed that the iron based catalysts indeed enhance the 

combustion rate of the hydrogen and carbon monoxide. The catalyst decomposed to release 

gas phase metal ions or related oxides, which participated in the gas phase chemical 

reactions and accelerated the overall reaction rate. The effect of the catalysts on the 



 

     40 

combustion was largely dependent on the catalyst type, catalyst dosing ratio and 

combustion conditions. 

 

It is also suggested that the metal oxides may form during the combustion of the catalysts 

and then deposit on the cylinder walls to play a heterogeneous catalytic role during the 

diesel combustion process. This possible mechanism was also proposed by Du et al. (1998) 

who conducted the diesel engine tests to study the effect of ferrocene as a homogeneous 

combustion catalyst on the perfromance of the diesel egnine. It was found that cylinder 

surfance and piston was deposited with iron oxides after the use of the catalyst. They 

suspected that the combustion of the catalyst led to the formation of iron oxides deposited 

on cylinder walls and piston surface. Due to the worse combustion conditions within the 

area close to cylinder walls and pistons, hydrocarbons will not be fully consumed and 

instead, they are discharged as unburned hydrocarbons and carbon monoxide. It is believed 

that the catalyst deposition on cylinder walls and piston surface would catalyse the un-

burned hydrocarbons (UHCs), thus reducing the UHCs and increase the completeness of 

fuel (Hu and Ladommatos, 1995).  

 

It is seen that the mechanisms of the catalysts on the combustion processes of hydrocarbon, 

particularly diesel, are quite complex. The catalysts may participate in the gas phase 

reaction, either acting to input heat into the system faster or decomposing to reactive 

radicals to promote the system reaction rate. On the other hand, the catalysts may form 

metal particles, promoting the reaction rate of the reaction systems. Whether the catalysts 

affect the combusiton of diesel in the same fashion as in other fuels discussed above is still 

not kown yet, particularly the working mechanisms of ferrous picrate in diesel combustion 

processes.  
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2.5.3 Mechanisms of HCCs on Soot Formation and Oxidation   

Soot originates from the unburned fuel which nucleates from gas phase to a solid phase and 

grows further. Insufficient mixing and localized lack of oxygen are the main cause of soot 

precursor’s formation. Condensed soot is mainly composed of carbon but elements such as 

oxygen and hydrogen are also present in small amounts (Frenklach, 2002, Heywood, 1988). 

Although the underlying science relating to the soot formation and oxidation is unclear as 

yet, some basic physical and chemical processes have been identified: 

1. Fuel leaves the nozzles and vaporizes as it entrains hot air forming a fuel rich region 

where the fuel/air ratio is as high as 4 (Dec, 1997). Under such a condition with 

temperature in the order of 1600-1700K and insufficient oxygen, fuel pyrolysis, 

producing small aliphatic hydrocarbons like acetylene (Frenklach, 2002, Marinov et 

al., 1998) occurs. 

2. These small aliphatic hydrocarbons form the first aromatic hydrocarbons which 

grow further by agglomeration with other aromatic species to form polycyclic aro-

matic hydrocarbons (PAHs) with the average size of 20-50 carbon numbers (Wang 

and Frenklach, 1997). 

3. These gas phase products form nuclei and then grow into soot inception which is 

identifiable soot particles with diameters of approximately 1nm. 

4. These small soot particles start to agglomerate, grow into spherical particles by co-

agulation with diameters of almost 30-50nm and then agglomerate to form soot 

particles in chains which are identified to include more than 1000 carbons 

(Frenklach, 2002, Frenklach and Wang, 1991, Kazakov et al., 1995, Morgan et al., 

2007, Kazakov and Frenklach, 1998) 
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Meanwhile, soot oxidation takes place during the whole engine combustion processes 

which is considered to involve the reaction between oxygen, OH  radical and soot precur-

sors and soot particles (Wang and Frenklach, 1997). 

 

There are two possible mechanisms postulated to interpret why the use of metal-based 

homogeneous combustion catalyst reduced soot emission in diesel engines. One is the so-

called heterogeneous mechanism for convenience. In the heterogeneous mechanism, iron-

containing organometallic additives dissociate and liberate iron atoms which condense to a 

fine iron or iron oxide aerosol before soot precursors occur. These iron oxides provide 

condensation nuclei for the deposition of soot precursors and particles. These iron oxides 

would eventually catalyse the oxidation of soot later in the combustion process and reduced 

the soot emission (Jung et al., 2005, Kasper et al., 1998, Stratakis and Stamatelos, 2003, 

Kim et al., 2008, Bonczyk, 1991, Zhang and Megaridis, 1994, Ritrievi et al., 1987). The 

other mechanism is the homogeneous mechanism, in which soot suppression taking place 

in the early combustion stage where the soot precursors are limited by the gas phase metal 

ions and related oxide (Babushok et al., 2002).  

  

The evidence of the heterogeneous mechanism showed that the use of metal based catalyst 

enhanced soot oxidation in terms of reducing activation energy of the soot oxidation and 

ignition temperature of soot particles.  

 

The temperature dependence of the rate of the soot reaction can be described by the Arrhe-

nius equation:  

)exp(0 RT
E

kk a   (2-15) 
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where 0k is the pre-exponential factor, aE is the activation energy, T is temperature.  

 

Kim et al. (2005) studied the addition of iron pentacarbonyl ( 5)(COFe ) on soot oxidative 

characteristics collected in diffusion flames of ethylene. It was found that the activation 

energy of soot generated from the flame of ethylene dosed with the iron pentacarbonyl was 

116 kJmol
-1

, which was significantly lower than that from the fuel without being dosed 

with the catalyst (162 kJmol
-1

) (Kim et al., 2005). Stratakis and Stamatelos (2003) exam-

ined the oxidation behaviour of soot emitted from a modern diesel engine when a cerium 

based catalyst was used. The soot was collected on a SiC diesel filter and the oxidation 

properties were performed using TGA. It was found that the presence of cerium in diesel 

fuel resulted in a decrease of the activation energy of soot oxidation from 190 kJmole
-1

 to 

120 kJmole
-1

 (Stratakis and Stamatelos, 2003). 

 

Many metal based catalysts were also found to reduce soot ignition temperature trapped in 

the diesel particulate filter (DPF) used in the diesel engines. DPF is used to trap soot for 

many years in order to meet more strict emission legislation (Jelles et al., 2001). However, 

accumulated soot in the filter increases the back pressure of DPF resulting in fuel consump-

tion penalty (Fino and Specchia, 2008, Bensaid et al., 2009). Therefore, soot trapped in the 

DPF has to be burned after a period of operation to ensure that the DPF can continue to 

operate successfully. There is one type DPF which is called passive system in which the 

rate of soot oxidation is in equilibrium with the rate of soot deposition in the trap (Fino and 

Specchia, 2008). The temperature when soot deposit rate equals to the soot oxidation rate is 

defined as balance temperature of DPF. It was found that the use of the homogeneous 

combustion catalysts can reduce the balance temperature. Figure 2-6 offers a summary 
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about the balance temperature of soot with the addition of various metal based homogene-

ous combustion catalyst in the fuel found in a host of literature. Some characteristics can be 

observed (Lepperhoff et al., 1995, Blanchard et al., 2002, Jelles et al., 1999, Harvey et al., 

1994):  

 Among metals Cu, Fe and Ce, Cu manifests best and Ce worst. 

 The fact that the ignition temperature reduces as the catalyst concentration increases is 

only valid for a small range of concentrations. When the concentration exceeds a cer-

tain amount, the concentration has little effect on the ignition temperature. 

 Bimetallic catalysts seem to be more effective than each of the individual metals 

contained, for example, both Ce/Pt and Ce/Fe is better than Ce on its own. Pt/Cu is bet-

ter than Cu. This means even a smaller dosage with bimetallic catalysts can reach 

better performance than higher dosages with single metallic catalysts.  

 

Figure 2-6 Influence of the catalysts’ composition and concentration on the ignition tem-

perature of soot. (Ref: 1: Jelles et al., 1999, 2: Blanchard et al., 2002, 3: Lepperhoff etal., 

1995, 4: Harvey, 1994) 
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Regarding the second postulated homogeneous combustion mechanism, there were a 

number of studies suggesting that the suppression of soot precursors occurs in the early 

stage of combustion with the use of metallic catalysts (Babushok et al., 2002). PAH and 

small hydrocarbon species like C2H2 are considered as soot precursors (Wang and 

Frenklach, 1997). Kasper and Siegmann (1998) investigated the effect of ferrocene on PAH 

synthesis in a laminar diffusion flames of acetylene and methane. They found that PAHs 

concentrations are not affected by ferrocene in acetylene flame. However, PAHs were 

formed earlier and in considerably lower concentrations in methane flame in the presence 

of ferrocene (Kasper et al., 1998). They concluded that the use of ferrocene in the methane 

flame could potentially suppress the synthesis of acetylene in the methane flame, which 

leads to a reduction of PAHs formation. Through numerical simulations, Babushok et al. 

(2002) studied the effect of HBr and 5)(COFe on the concentration of PAH molecules and 

their precursors. It was indicated that the acetylene concentration was affected by the use of 

5)(COFe  but varied with the condition like equivalence ratio of the flame. The numerical 

studies suggested that the potentiality of homogeneous combustion catalysts on soot 

precursors formation largely depended on the catalyst concentration, catalyst types, equiva-

lence ratio and location of catalyst was added.  

 

From above discussion, the influence of metal based homogeneous combustion catalysts, 

particularly iron based catalysts, on the soot formation mechanisms have been widely 

investigated in simple flames but not conclusive because of the complexity of the soot 

formation and oxidation processes. This is even more complicated in diesel engines than 

that in flames.  
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2.6 Performance of HCCs in Biodiesel Combustion in CI Engines 

2.6.1 Characterization of Biodiesel Combustion in Diesel Engines 

Biodiesel is an environmentally friendly alternative fuel produced by transesterfication 

under which vegetable oil or animal tallow reacts with an excess of alcohol in the presence 

of catalysts (Ma and Hanna, 1999, Meher et al., 2006, Szybist et al., 2005).  

 

Vegetable oils or animal fats are triglycerides which are composed of one glycerine and 

three fatty acids (Tat et al., 2007, Ma and Hanna, 1999). However, the viscosity of vegeta-

ble oils or animal fats is too high to be used in diesel engines directly. Otherwise, problems 

such as piston ring sticking, dilution of lubricant oil with biodiesel and severe deposits will 

occur (Szybist et al., 2007). In order to reduce the viscosity of vegetable oils, transesterfica-

tion is adopted. The process is chemical reactions between vegetable oils (or animal fats) 

and alcohol that results in different esters which have properties close to diesel oil called 

biodiesel. Therefore, the chemical composition of biodiesel is a mixture of saturated and 

unsaturated methyl esters containing carbon chains of 12-24 atoms in length. The length 

and degree of unsaturation of carbon chain depend on the source of feedback.  

 

Biodiesel is proposed by its proponents as an alternative fuel to conventional petroleum-

derived diesel fuels because it may help reduce the world’s dependence on fossil fuels and 

also has remarkable environmental benefits. It is an oxygenated, sulphur free and biode-

gradable fuel. The presence of oxygen in the biodiesel leads to more complete combustion 

in diesel engines (Mueller.C.J. et al., 2003). The use of the biodiesel may not require any 

significant modifications to the engine. Furthermore, biodiesel is fully miscible with 

commercial diesel fuel so that it can be used as a blend with diesel. 
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The combustion of biodiesel, either blended with the petroleum derived diesel or on their 

own,  has been investigated to a great extent with the emphasis on fuel efficiency and 

emissions (Agarwal and Das, 2001, Tat et al., 2007, Monyem and Gerpen, 2001, Monyem 

et al., 2001). It has been found that the use of neat biodiesel reduced the fuel efficiency 

(Agarwal and Das, 2001). However, the main advantages of biodiesel is in addressing the 

environmental concern: generally speaking, biodiesel combustion could result in ca. 20% 

less carbon monoxide emission, ca. 30% less hydrocarbon emission, ca. 50% less soot 

emission (Tat et al., 2007). However, biodiesel combustion tends to result in higher NOx 

emission. A thorough literature survey concluded that 100% biodiesel combustion will 

generally produce ca. 10% increase in NOx emission in diesel engines (Marchese et al., 

2011b). Numerous mechanisms have been postulated and studied to explain the combustion 

characteristics of biodiesel in diesel engines, particularly the increased NOx emission. 

These postulations include effects related to the differences in viscosity (Patterson et al., 

2006), bulk modulus (Szybist et al., 2005), boiling point (Choi et al., 1997), adiabatic flame 

temperature (Ban-Weiss et al., 2007), radiative heat loss (Mueller.C.J. et al., 2009), and the 

premixed auto-ignition zone near the lift-off length of the biodiesel fuel spray (Marchese et 

al., 2011b). However, a verified explanation has yet to be fully established and research 

continues. 

 

2.6.2 Effect of HCCs on Biodiesel Combustion  

Few experimental investigations have been reported on the effect of a variety of metal-

based catalysts on the properties of biodiesel and performances of biodiesel in CI engines. 
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Sajith et al. (2009) investigated the influence of cerium oxide nanoparticles on biodiesel 

physicochemical properties and engine performance operated on biodiesel. It was found 

that flash point and viscosity of biodiesel increased with the use of the catalyst, while the 

cloud and pour point remain unaffected. It was also found that the brake thermal efficiency 

was improved by up to 1.5% with the inclusion of the catalyst at a doing ratio of 80ppm. 

The application of the catalyst also resulted in an average 25%-40% reduction of HCs and 

30% in NOx.  

 

Based on experimental results, Keskin et al. (2011) concluded that manganese, as a fuel 

additive, has a greater effect in reducing the freezing point of the biodiesel fuel than mag-

nesium. It was also found that the brake specific fuel consumption and CO  was reduced by 

3.1% and 16.4%, respectively with the use of manganese based catalyst in the tested diesel 

engine at the catalyst dosing ratio of 16ppm (Keskin et al., 2011). Keskin et al. (2007) also 

reported that Mn/Ni based additive improved the pour point and viscosity of biodiesel, 

decreased the specific fuel consumption, smoke and emissions of CO but slightly increased 

emission of NOx at the additive dosing ratio of 8-12ppm in the biodiesel fuel (Keskin et al., 

2007). 

 

Schober et al. (2005) studied the effects of two commercial homogeneous combustion 

catalysts on the physical properties of biodiesel fuel, which are iron-based organometallic 

compounds (SATACEN) and a cerium-based one (EOLYS). It was revealed that both 

catalysts improved oxidation stability of neat biodiesel with little effect on the acid value 

and cloud and pour points (Schober and Mittelbach, 2005).  
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Kannan et al. (2011) investigated the effect of ferric chloride, as a homogeneous combus-

tion catalyst, on the engine performance fuelled with biodiesel in terms of engine efficiency 

and emissions. The brake thermal efficiency was increased by 6.3% while CO , HC  and 

smoke were reduced by 52.6%, 26.6% and 6.9%, respectively. It was also found that the 

use of the catalyst slightly lowered NOx emission (Kannan et al., 2011).  

 

From the preceding discussions, it was found that the use of the metal based homogeneous 

combustion catalysts could affect the physical properties of biodiesel fuels. However, the 

reported data varies and at times, controversial. In addition, the science behind the observed 

phenomenon was not investigated. All these results require the understanding of the mech-

anisms of the working of the metal based catalysts on biodiesel combustion characteristics, 

like ignition delay time, flame temperature and combustion duration. 

 

2.7 Conclusions and Specific Objectives of the Thesis 

Based on the review of literature, the following conclusions can be drawn: 

 

 The use of metal-based homogeneous combustion catalysts is an alternative and 

promising method to improve fuel efficiency of diesel engines. The implementation of 

the catalyst in diesel engines does not require engine modifications, thus cost-

competitive. Iron based homogeneous combustion catalysts seem to be one of the best 

choices due to its high effectiveness in promoting combustion of hydrocarbon and least 

toxicity to human health. 

 The reported data on the potential fuel savings with the use of the homogeneous 

combustion catalyst varies a lot and at times, controversial. This suggests that the ef-
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fectiveness of the catalysts on fuel efficiency of diesel engines is largely dependent on 

the operation parameters including engine loads, engine types and conditions and cata-

lyst types and dosing ratios and so forth. 

 Experimental studies and kinetic simulations have shown that metal ions in the flame 

could promote auto-ignition and burning rate of hydrogen, carbon monoxide and light 

hydrocarbon fuels in the gas phase. Nevertheless, there has been very little work in ex-

istence regarding the mechanisms of metal ions in diesel ignition and combustion 

processes. 

 The effect of homogeneous combustion catalysts on soot formation and oxidation has 

been studied extensively and several mechanisms have been proposed. However, these 

arguments require further verification. 

 In general, the combustion of biodiesel has lower unburned hydrocarbon, carbon 

monoxide and soot emissions but higher NOx emission compared to the combustion of 

diesel in diesel engines. This is probably due to the difference in the chemical structure 

and physical properties between diesel and biodiesel, which lead to different combus-

tion characteristics (i.e., ignition delay, flame temperature, burning rate). However, 

these arguments need further investigation.  

 There are a few studies in existence regarding the effect of homogeneous combustion 

catalysts on the physical properties and combustion of biodiesel in diesel engines. 

However, the working mechanisms of the metal based homogeneous combustion cata-

lysts in biodiesel combustion processes remain unknown. 

 

The catalysts used in this study are FTC/FPC additives supplied by Fuel Technology Pty 

Ltd. They are ferrous picrate based catalysts which have been found to be beneficial to 

increase fuel efficiency and reduce pollutant emissions based on both laboratory and field 
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trial tests. However, the reported data on the fuel savings were not consistent and at times, 

controversial. Furthermore, the major studies about the FTC/FPC catalysts were their 

performance with respect to pollutant abatement and fuel economy improvements. There 

has been little work in existence about their mechanisms in diesel combustion processes 

such as ignition, combustion rate and flame temperature, which hinder its wide application. 

With the wide application of biodiesel in the market, the effect of the FTC/FPC catalysts on 

the fuel efficiency and combustion characteristics of biodiesel in compression ignition 

engines also needs to be studied. 

 

The objective of this project is to investigate mechanisms of the working of homogeneous 

catalysts in diesel combustion process to confirm their effects on fuel efficiency in CI 

engines. It is expected that the results will provide a basis for demonstration and deploy-

ment of a new technology and hence, the research project aims to: 

 

 Systematically confirm and quantify the effectiveness of the catalysts on fuel efficiency 

in diesel engines as a function of engine load, speed and catalyst dosing ratio under 

controlled conditions. 

 Study the effect of the catalysts on fuel efficiency and combustion characteristics of 

biodiesel in diesel engines  

 Identify the mechanisms of the working of the catalysts in diesel and biodiesel combus-

tion processes through experimental studies on single diesel/biodiesel droplets 

combustion 

 Understand the chemical kinetic effects of the iron atoms on the diesel combustion 

processes using detailed kinetic modelling. 
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It is anticipated that the results will enhance the understanding of the mechanisms of the 

catalysts in the combustion process of diesel and biodiesel in diesel engines and also 

quantify the significant effects of homogeneous combustion catalysts on fuel saving in 

diesel engines to help establish the confidence of the end users.  
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Chapter 3 Research Methodology, Approach and Techniques 

 

3.1  Background 

This chapter details the research methodology and approach employed to achieve the 

objectives as outlined in Chapter 2, along with the descriptions and explanations of experi-

mental and modelling techniques. This mainly includes an overview of the overall research 

methodology and the experimental facilities for achieving the specific objectives proposed 

in Chapter 2. 

  

3.2  Overview of Research Methodology 

 

Figure 3-1 A schematic diagram of the overview of the research methodology 
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Figure 3-1 shows an overview of the research methodology. First of all, to systematically 

study the effect of the ferrous picrate based homogenous combustion catalyst on fuel 

efficiency in diesel engines, the brake specific fuel consumption and the brake thermal 

efficiency as a function of engine load, speed and catalyst dosing ratio were carried out 

using both a small single cylinder laboratory diesel engine and a six-cylinder large industri-

al scale diesel engine. All experiments were performed under steady state conditions. With 

the measured combustion pressures within the cylinder, the combustion characteristics, 

including ignition delay time, combustion duration and heat release rate, were calculated 

based on the first thermodynamic law. This information provides an insight into the work-

ing mechanisms of the catalyst in the diesel combustion within diesel engines.  

 

The effects of the catalyst on fuel efficiency and combustion characteristics of a biodiesel 

were also studied using the laboratory single cylinder diesel engine. The results not only 

helped understand the combustion characteristics of the biodiesel fuel in diesel engines but 

also verified whether the catalysts have catalytic effects on the combustion processes of the 

biodiesel in diesel engines.  

 

In the study of the mechanisms of the catalysts in the combustion processes of diesel and 

biodiesel, single droplet under atmospheric pressure experiments were adopted. Single 

droplets of diesel and biodiesel were ignited and combusted in a tube furnace. The effect of 

the catalysts on the ignition delay period, burnout time, burning rate and flame temperature 

were studied and analysed.  The method of flame emission spectroscopy was applied to 

detect iron atoms in the flame of the diesel and the biodiesel dosed with the catalyst. 
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A mathematical modelling of the ignition and combustion of single droplet was also 

developed to help understand the mechanisms of the catalysts on the ignition and combus-

tion processes of single droplet of diesel and biodiesel doped with the catalysts. The 

comprehensive mathematical model was formulated incorporating the effects of fibre 

conduction, liquid-phase conduction, gas phase reaction and flame radiation. The predicted 

burning rate of droplets of diesel and biodiesel with and without the catalysts were com-

pared with the experimental observations. 

 

A detailed chemical kinetic modelling was also carried out to examine the kinetic effects of 

the iron atoms on the auto-ignition and combustion rate of diesel as a function of catalyst 

dosing ratio, ambient air temperature and equivalence ratio. The results of the kinetic 

modelling provided an insight into the mechanisms of the catalyst in the combustion 

processes of diesel in terms of kinetic reactions. The kinetic modelling results were also 

compared with experimental observations qualitatively.  

 

3.3 Fuel Samples 

A commercial diesel (Caltex No.2 diesel), a biodiesel provided by Bioworks Australia Pty 

Ltd, and a ferrous picrate catalyst (FPC) manufactured by Fuel Technology Pty Ltd, were 

used for experimentation. The Fe
2+

 content in the catalyst was within the range of 560 – 

600 mgL
-1

 and the catalyst was added into the diesel and biodiesel at dosing ratios of 

1:20000, 1:10000, 1:5000 and 1:2000 by volume, respectively. The specifications of diesel, 

biodiesel and the catalyst are listed in Table 3-1. Analysis of the catalyst dosed fuels 

showed that the addition of the catalyst at all dosing ratios had no observable effect on the 
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physical properties, including density, viscosity, flash point, cloud and pour point, as well 

as colour, of both diesel and biodiesel.  

 

Table 3-1 Main chemical components and physical properties of the biodiesel, diesel 

and catalyst 

Species 
a
Component 

a
mol% 

Density 

(g/ml) 

(15
◦
C) 

Boiling 

Point 

(K) 

Viscosit

y, cSt 

(40 
◦
C) 

Flash 

Point 

(K) 

Cetane 

Number 

Biodiesel 

C16:0 

[(C15H31)COOCH3] 

18.95% 

0.878 478-716 3.42 373 

 

C18:0 

[(C17H35)COOCH3] 

5.96%  

C18:1 

[(C17H33)COOCH3] 

41.98% 57.1 

C18:2 

[(C17H31)COOCH3] 

23.89%  

C18:3 

[(C17H29)COOCH3] 

2.78%  

Diesel 

<C10 8.71% 

0.845 473-673 2.02 348 

 

C10-C18 75.07% 50.1 

>C18 16.22%  

Catalyst   0.876 413-483  316  

a
 from GC-MS analysis 
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3.4 Laboratory Diesel Engine Test Facility 

3.4.1  Experimental Apparatus 

The effectiveness of the homogeneous combustion catalyst on fuel efficiency of diesel 

engines was studied using a small laboratory compressed ignition engine emission/fuel test 

rig (SCIEEF). SCIEEF was initially developed by AET Company in Canada to provide 

precise screening data for effects of fuel additives on engine performance, combustion 

characteristics and exhaust emissions with only small volume requirement of test fuel. 

Figure 3-2 shows the schematic diagram of the SCIEEF system.   

 

Figure 3-2 A schematic diagram of the diesel engine test bench 

 

3.4.2  Diesel Engine 

The engine is an air-cooled, single cylinder, four-stroke diesel engine. The specifications of 

the engine are given in Table 3-2. The engine was mounted on an automated bed and 

coupled with an eddy-current dynamometer which was equipped with a load cell for engine 

load measurement. There were two sensors placed in the load cell, one for the engine load 
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(accuracy of 0.01Nm) and the other for the engine speed (accuracy of 1rpm). These signals 

were fed into a controller through which the operator can set speed and load of the dyna-

mometer. Coolant and lube-oil systems were assured by electronically driven pumps to 

control the operation temperature of the dynamometer and engine. Instantaneous engine oil 

temperature, engine cylinder head temperature and intake air temperature were recorded 

and acquired by a computer to monitor the combustion quality within the engine. 

Table 3-2 SCIEEF Test Engine Specifications 

Engine Type Four stoke, direct injection, compression ignition 

(Yanmar L48AE-DG) 

Cylinder Number Single  

Bore (mm)Stroke (mm) 7055 

Total displacement (L) 0.211 

Compression ratio 19.9 

Injection timing 14 1 bTDC 

Fuel injector body and nozzle Fuel injection pump: YANMAR PFE-M type 

Fuel injection pressure: 19.6Mpa 

Fuel injection nozzle: Hole nozzle YANMAR 

YDLLA-P type 

Nozzle: 4 nozzle holes with hole diameter 

0.22mm 

 

3.4.3  Fuel Consumption Measurement System 

A one litre tank and a digital weighing scale (Acculab LT-3200, with accuracy of 0.01g) on 

the top deck of the fuel system frame measured the fuel consumed at a fixed time interval 
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(2.5 minutes in the present experimentation). The fuel tank was refilled automatically from 

a 4 litre fuel reservoir. The digital scale was connected to the data acquisition system so 

that the brake specific fuel consumption during each test could be calculated and displayed 

on the computer. A system of pipes, valves and pumps were constructed to achieve a quick 

drain of fuel sample including return fuel from engine injector and re-fuelling of the system 

from a main fuel reservoir.  

 

3.4.4  Engine Monitoring and Data Acquisition System 

An incremental encoder (STEGMANN, DGS25) is used to measure the crank angle of the 

engine. The encoder was mounted on a gear to provide a resolution of 1/5 crank angle 

degree (CAD).  

 

A high accuracy piezoelectric pressure sensor (Kistler 6052B1) was installed in the cylinder 

head to monitor the in-cylinder pressure of the engine. The transducer was coated with high 

temperature RTV material to protect against thermal shock. The output of the signal was 

amplified by an amplifier. The charge amplifier signal was monitored and stored on a PC 

for the processing.  

 

The fuel injection pressure was measured using a piezoresistive transducer (Kistler 

4067BB2000) connected on the injector side of the pipe linking the injection pump and 

injector. The needle lift was measured using a Hall-effect proximity sensor mounted within 

the injector nozzle body. The cylinder head temperature, dynamometer coolant temperature 

and exhaust gas temperature were measured by thermocouples. The engine data source map 

is shown in Figure 3-3. 
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Figure 3-3 Engine data source map 

All these signals were connected to the input of an A/D board installed on an IBM compat-

ible Pentium PC. The high acquisition rate of this board is capable of recording these high 

frequency engine signals with acceptable resolution. A computer code based on LabVIEW 

was developed to control, collect and monitor the data. The resultant program was specially 

designed for steady internal combustion engine application and was an object-oriented 

functional code which means it allowed screen selection of all acquisition parameters 

namely engine speed, number of recorder cycles and sampling interval. When the acquisi-

tion started, all data were initially stored in the computer’s memory and desired parameters 

were displayed on the screen. When the desired amount of engine cycles was recorded, the 

data were transformed from the computer memory to a corresponding file in the hard disk 

and directly displayed as graphs. Meanwhile, diagnostics of the signals and program were 

also available.  

 

3.4.5 Experimental procedures and Test Parameters 

The performance of a compression engine is generally characterised by several key parame-

ters including: 

 The brake specific fuel consumption (bsfc), for measuring the fuel efficiency within 
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a diesel engine. Higher brake specific fuel consumption means lower fuel efficiency. 

 The brake thermal efficiency (bte), for measuring the efficiency and completeness 

of combustion of the fuel within a diesel engine. 

 The heat release rate, for characterising the rate of heat released due to the combus-

tion within a diesel engine.  

In each test, by knowing the engine load and speed which were set for a given experiment 

and kept constant by the engine dynamometer controller, the key engine performance 

parameters were computed using the following formula:   

 The brake mean effective pressure bmep (in bar) 

510)/4(  ht VMbmep            (3-1) 

with hV is engine displacement volume 

SDVh  2)4/(                  (3-2)
 

with D is bore size and S is stroke of single cylinder engine 

 The brake power P (in W) 

)60/2( NMP t                (3-3)
 

 The brake specific fuel consumption bsfc (in g/kWh) 

6.310)/( 9 


Pmbsfc               (3-4) 

with 


m is fuel consumption rate 

 The brake thermal efficiency TE 

)/( 


mPTE                     (3-5) 

with  is lower calorific value of diesel 

In the present study, a series of tests were conducted under different engine conditions with 

different catalyst dosing ratios. Table 3-3 shows the engine tests map. 
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At each engine condition (engine speed and load was set), the experiment began with 

running the engine with the pure diesel fuel in order to determine the baseline of the fuel 

consumption against which the brake specific fuel consumption data when the homogene-

ous combustion catalyst was applied to the diesel were compared under the same 

conditions. Then change fuel and run the engine at the same operating conditions. At each 

fuel change, the engine was run for at least 30 minutes to purge the remaining previously 

tested fuel in the engine fuel system. It is worth mentioning here that at the end of the test 

of the day, the fuel was switched back to diesel and the engine was kept running for a while 

before shutting down in order to flush out the remaining biodiesel in the fuel line and the 

injection system. The same procedure was repeated for each engine condition. The time 

histories of engine oil temperature and cylinder head temperature were monitored and 

recorded to ensure that every measurement was taken under the steady state condition. 

3.4.6 Data Collection and Analysis 

3.4.6.1  Statistical Analysis 

In order to determine the statistical validity of the measured results, tests on each fuel at 

each engine condition were repeated five times to ensure the repeatability and statistical 

validity of the results. All results presented in this study were the average of five measure-

ments under the same conditions, with error bars showing the standard deviations of these 

measurements. With the repeated measurements, a statistical analysis was performed using 

SPSS software (SPSS Inc, Chicago). The procedure was consisted of an analysis of the 

variance (ANOVA) and Fisher’s least significant difference (LSD) (Gonzalez, 2009). A 

statistical level of significance was defined by a (p) value less than or equal to 0.05 which 

would indicate that the mean value of the brake specific fuel consumption of at least one of 
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the fuels was not equal to the others. Statistical non-significance was defined by (p) value 

greater than 0.05. With the statistical information, we can tell whether the measured differ-

ence in the brake specific fuel consumption between pure diesel/biodiesel and 

diesel/biodiesel dosed with the catalyst is statistically significant. 

Table 3-3 Engine tests map 

Variables Test Points 

Engine Speeds Speeds from 2800rpm to 3600rpm at a 

200rpm interval 

Engine Loads Four loads corresponding to ca.25%, 

50%, 75%, and 100% of the maximum 

load condition at each speed. The maxi-

mum load are 0.43MPa, 0.43MPa, 

0.43MPa, 0.42MPa and 0.4Mpa for 

speeds 2800rpm, 3000rpm, 3200rpm and 

3400rpm, 3600rpm respectively 

Fuel Types Pure Diesel 

Diesel dosed with the catalyst at different 

dosing ratios 

Pure Biodiesel 

Biodiesel dosed with the catalyst at 

different dosing ratios 

Catalyst dosing ratios 0, 1:20000, 1:10000 and1:5000 
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3.4.6.2  Pressure Collecting and Smoothing  

The accuracy and quality of in-cylinder pressure data is essential in analyzing the combus-

tion characteristics of CI engines. It determines the accuracy and quality of heat release rate 

as discussed in the following section.  

 

 

Figure 3-4 In-cylinder pressure from the tested diesel engine fueled with diesel without 

smoothing (a); and with smoothing (b) 
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In-cylinder combustion pressure often contains high amplitude oscillations shown in Figure 

3-4 (a) because of a variety of error sources like noise and cycle-cycle variations (Payri et 

al., 2010, Bueno et al., 2009). In the present studies, 20 cycles in-cylinder pressure were 

acquired in each measurement and then averaged to eliminate the cycle-cycle variations. 

However, this pressure averaging method diminishes point-to-point variation due to signal 

noise but usually insufficient. Therefore, additional smoothing technique, which was 

Svaitzky-Golay filter method, was applied in the present studies to smooth the measure in-

cylinder pressure (Payri et al., 2011, Chang et al., 2005). This smoothing technique was 

found be very effective and accurate in diesel engine pressure data processing. Figure 3-4 

(b) shows the in-cylinder pressure after the smoothing. 

 

3.4.7  Heat Release and Combustion Characteristics Analysis 

In order to understand the working mechanisms of the homogeneous combustion catalysts 

on engine performance, the heat release rate analysis was applied. Heat release rate provid-

ed the information on how the combustion rate was affected by the catalysts added. 

 

Heat release rate was calculated using the measured in-cylinder pressure data using single 

zone model in which the pressure, temperature and composition in the combustion chamber 

was assumed to be spatial uniform (Ghojel et al., 2006, Ghojel and Honnery, 2005, 

Heywood, 1988, Rakopoulos et al., 2007). The gas medium was assumed to obey the 

perfect gas law. Heat release rate to be calculated under study concerned the closed part of 

the thermodynamic cycles mainly including the compression stoke and combustion associ-

ated part. The equations and sub-models for developing the analysis using the measured 

pressure data are described below.  
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The instantaneous volume in the cylinder is given: 

]sin)cos1[( 221   rAVV pcC             
(3-6) 

where CV  is the cylinder clearance volume, r  is the crank radius, 
pcA is the piston cross 

section area and   is the ratio of crank radius to piston rod length.  is the crank angle. 

The rate of volume change with crank angle is: 

)]sin1/cos1([sin 22 


 rA
d

dV
pc             (3-7) 

The net heat release rate for a closed system applying the first law of thermodynamics in 

differential forms is determined as:
 

dtdVp
dt

dTmc
dt

dQ
v

n                      (3-8)
 

where m is the instantaneous cylinder mass and nQ is the net heat release rate. 

The perfect gas state equation is: 

mRpVT /                      (3-9) 

or in differential form as 

dtdmRTdtdTmRdtdpVdtdVp                (3-10) 

Substituting the value of T in the equation of (3-10), we can calculate the net heat release 

rate from: 

)()()()1( dtdpVRcdtdVpRcdtdQ vvn         (3-11)
 

The heat transfer between the chamber and surrounding wall is calculated by using the 

formula developed by Annand [1963]: 

)]()((Re))([ 44

ww

b

gasw TTcTTDkaAdtdQ          (3-12)
 

where A  is the heat transfer surface area of the combustion chamber walls and 

)60/(2Re  gasgas SND                            (3-13)
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where Re is Reynolds number,
gas , 

gask are the dynamic viscosity and thermal conductivity 

of gas respectively which are available as polynomial expressions of the gas temperatureT . 

 

In the above equation, the exponent 75.0b and 5.0a and 0c for the compression 

period, otherwise 8103.3 c (Rakopoulos et al., 2007).  

The gross heat release rate is given by: 

dtdQdtdQdtdQ wng                            (3-14)
 

 By knowing the gross heat release rate and fuel lower calorific value , the fuel burned 

mass rate is computed from: 

dtdQdtdm gF  )/1(                                   (3-15)
 

Gas properties of the mixture are determined by the gas composition during combustion. 

The basic stoichiometric chemical equation for the diesel (modelled by n-heptane) and 

oxygen is: 

22222167 1176.38711*76.311 NOHCONOHC           (3-16)
 

The combustion products constitute the 2CO , OH2 , 2O , 2N . Although dissociation of these 

products could be included, it was opted to neglect it for keeping calculation simple and 

practical. The mole numbers of each of these products are: 

FF MmCOn /7)( 2                             (3-17)
 

FF MmHOn /8)( 2                            (3-18)
 

/11)/()(5.0)()( 222  FF MmOHnCOnOn    (3-19)
 

/11)/(76.3)( 2  FF MmNn                    (3-20)
 

where  is equivalence ratio:  

FAmmm FF /)]/([                              (3-21)
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where FA for heptane is 0.066. 

The mixture properties in the chamber are computed by gas composition and gas tempera-

ture. 

 

The equations of the thermodynamic model presented in the above were solved numerically 

step by step using a simple time marching technique with time a step size corresponding to 

0.2 degree crank angle. A computer program was written and operated using MATLAB.  

 

With the measured in-cylinder pressure and the calculated heat release rate, the typical 

combustion characteristics can be determined including the cylinder pressure, ignition 

delay time and combustion duration. These characteristics are shown in Figure 3-5. These 

combustion characteristics reveal some interesting features, which assist in the understand-

ing of the combustion mechanisms associated with the use of the homogeneous combustion 

catalyst in the diesel engine. 

 

Figure 3-5 Definitions of combustion characteristics in diesel engines 
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As shown in Figure 3-5, the injection timing, which is the start of the fuel injection, was 

determined at the crank angle where the injector needle lift rises suddenly. The ignition 

timing, which is the start of the combustion, was determined at the point where the heat 

release starts. The difference between the ignition timing and the injection timing was 

defined as the ignition delay time. The end of a combustion process in a cycle was taken as 

the point where 90% of the cumulative heat release had occurred. The difference between 

the end of the combustion and the ignition timing was taken as the combustion duration. 

 

3.5 Large Industrial Scale Diesel Engine Test Facility 

3.5.1 Diesel Engine 

In order to verify the effect of the catalyst on the fuel economy, additional tests on a large 

industrial scale diesel engine were also carried out. The diesel engine used in this test 

program was Caterpillar R1700 turbocharged engine coupled with an eddy-current dyna-

mometer. This engine was selected because it represents a large amount of heavy-duty 

diesel engines currently used in the underground mining loader for which the catalyst is 

intended to apply. The engine was located at Dyno Testing Centre of Mining Equipment 

Spares (MES) Pty Ltd. in WA where the tests were conducted. Table 3-4 shows the specifi-

cation of the engine. 

 

3.5.2 Measurements of Fuel Consumption 

The fuel consumption was measured using a flow meter (Hoffer Flow Meter with an 

accuracy of 0.5% reading). Two flow transducers were installed, one in the inlet fuel line to 

the engine and the other in the return fuel line. The pulse signals from the transducer were 

recorded and scaled to read in litres using a data logger (dataTaker DT85M), which can 
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automatically record the instantaneous volumetric fuel consumption. The fuel temperatures 

at the inlet fuel line and return fuel line were also recorded and used for the determination 

of fuel density. The density of the fuel at the operating fuel temperature was calculated 

from the Institute of Petroleum, Density Correction Table 53B. The corrected fuel density 

was used to convert the volumetric (litres) amount of fuel consumed to a mass (kilograms) 

amount of fuel consumed. Then the brake specific fuel consumption was calculated using 

Equation (3-4).  

 

Table 3-4 Specification of the large industrial diesel engine 

Engine Type Cat@ C11 R1700 

Bore 130mm 

Stroke 140mm 

Displacement  11.15L 

Cylinder No. 6 

Aspiration Turbocharged-After cooled 

Peak torque at speed 353hp/1800rpm 

Fuel pump system Electronic Unit Injection (EUI) 

 

3.5.3 Engine Tests Procedures 

The engine oil was changed prior to the tests using a standard oil change procedure. This 

ensured that the engine oil would not impact the performance of the engine from the 

baseline to the treated fuel. The engine was operated under four loads conditions (25%, 

50%, 75% and 100% of the full load) at engine speeds of 1800rpm and 1400rpm, respec-

tively.  
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The engine was run starting with pure diesel fuel to form a baseline. At the beginning the 

tests, the engine went through a break-in period about half hour to one hour. This allowed 

the engine to stabilise and eliminate any effect of previous fuels in the fuel line. After the 

completion of the break-in period, the engine was run under the conditions outlined above. 

The test under each condition lasted approximately one hour and the instantaneous fuel 

consumptions were recorded. Upon the completion the baseline tests, the fuel was changed 

to the one dosed with the catalyst at a dosing ratio of 1:10000. Another approximately one-

hour break-in period was conducted after the change of the fuel to fully flush the previous 

baseline fuel from the test engine and allow the engine to stabilise on the treated fuel. The 

test under each condition also was controlled to last about one hour and instantaneous fuel 

consumptions were recorded. During the tests, engine torque (accuracy of 0.1Nm) and 

speed (accuracy of 1rpm) was controlled and recorded to ensure that the engine condition 

was the same for the treated and untreated fuels. 

 

During the tests, additional parameters such as ambient air temperature and, exhaust 

temperature, air inlet temperature and cooling water temperature were monitored to ensure 

the engine was running in a similar mode during untreated and treated tests. 

 

3.6  Laboratory Single Droplets Combustion Facility 

In real diesel engines, combustion feature is characterised by the spray combustion. As the 

fuel spray approaches the hot air, the droplets starts to evaporate due to the heat transfer 

from the hot air to the droplet surface (Aggarwal, 1998, Law, 1982). The smaller droplets 

in the spray have sufficient time to ignite and burn completely and the fuel vapor mixes 
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with the high temperature air and burns as a premixed flame. However, the larger droplets 

in the spray may not have enough time to evaporate completely and thus burn as an indi-

vidual droplet. Therefore, understanding the burning behaviour of a single droplet is an 

essential prerequisite to dealing with more complex combustion system such as compres-

sion ignition engines. Furthermore, the simplicity of a single droplet combustion system is 

well suited to study the basic processes of diesel ignition and combustion and particularly, 

help understand the mechanisms of homogeneous combustion catalysts on the combustion 

characteristics of diesel and other fuels. 

 

3.6.1 Single Droplets Ignition and Combustion System 

Two experimental methods have been widely used in general to study single droplet 

ignition and combustion. One is the suspended droplet technique, in which single droplet is 

suspended on a fibre and inserted into a hot chamber (Bergeron and Hallett.William, 1989, 

Faeth, 1977, Kobayasi, 1955, Marchese et al., 2011a, Kadota et al., 1998, Xu et al., 2003, 

Bartle et al., 2011). In this method, the fibre has an influence on the ignition and combus-

tion processes. However, this effect can be minimized by reducing the diameter of the fiber 

used and increasing the diameter of droplets (Marchese et al., 2011a). The second method 

is to allow droplets to fall freely into a hot chamber (Li et al., 2011, Wang et al., 1984). 

This method eliminates any disturbance due to the fibre, but introduces forced convection, 

which may lead to a change in the ignition mechanisms (Dwyer and Sanders, 1987). The 

first experimental technique was used in our experiments that the single droplet was 

suspended on the end of a thin quartz fibre because the effect of the catalysts on the chemi-

cal reaction rates of diesel fuel would be blurred by the forced convection flow associated 

with the freely falling droplets. 
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Figure 3-6 shows the schematic diagram of the experimental apparatus. It consisted of a 

horizontal tube furnace with temperature control for providing a hot air environment, a 

droplet suspension system, a step motor for delivering the droplet into the furnace and a 

CCD camera for measuring the ignition delay period, total burnout time and flame tempera-

ture.  

 

Figure 3-6 A schematic diagram of the apparatus for the droplet ignition and combustion 

experiments 

 

3.6.1.1  Furnace 

The furnace used in the current experimentation is a tube furnace, which is 40mm in 

diameter and 500mm in length. The tube was surrounded by heating elements and insulated 

by fiberglass. The tube furnace generated hot ambient air into which the droplets ignited 

and combusted. A thermocouple was inserted to the centre of the tube furnace to measure 

gas temperature inside the furnace. The gas temperatures could reach up to 1473K and was 

regulated by a temperature controller. The air temperature distribution along the axial 

direction of the tube furnace is illustrated in Figure 3-7 at a regulated temperature of 973K. 
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It is seen that the isothermal zone within the centre tube is about 300mm length, where the 

droplet ignition and combustion occurred.  

 

Figure 3-7 Air temperature distribution along the axial direction of the tube furnace at the 

regulated temperature of 973K 

 

3.6.1.2  Droplet Generation and Suspension Technique 

The droplet was generated using a micro-syringe of 10ul in volume and was deposited on 

the tip of a thin quartz fibre of approximately 200±10µm in diameter. The use of thin quartz 

fibre in present experimentation is mainly due to its relatively low thermal expansion 

coefficient, thermal conductivity and diffusivity, which minimizes the effects of the pres-

ence of the fibre on the droplet ignition and combustion process.  

 

The back-lighted images of a droplet surrounded by a luminous flame were recorded and 

post-processed so that the evolution of the droplet size (ds) during combustion was deter-

mined. The post-processing of the images consisted of a super-resolution reconstruction 

(Shah and Zakhor, 1999, Park et al., 2003) and Canny edge detection methods (Canny, 
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1986), which allowed the edge of a burning droplet to be identified accurately. Due to the 

finite resolution of identification of the boundary that yielded an error of 1 pixel, the 

inherent uncertainty in calculating the droplet diameter was estimated to be around 2% for 

the droplet in the present study. Figure 3-8 shows an example of an original measured back-

lighted image of a burning droplet during combustion and the images after the post-

processing.  

   

(a) (b) (c) 

Figure 3-8 The original back-lighted image of a burning droplet (a); the back-lighted image 

of the burning droplet with super-resolution construction (b); and the detected edge of the 

burning droplet (c) 

 

The actual shape of the suspended droplet in the present experimentation was elliptical due 

to the influence of gravity and quartz fibre as illustrated in Figure 3-9. A stated droplet size 

referred to an equivalent value determined as following (Dietrich et al., 1996): 

3/12

minmax )*( ddds        (3-22)
 

where maxd  is the droplet length and mind is the droplet width. 

 

The droplet suspended on the quartz fibre was delivered into the centre of the furnace with 

the assistance of a step motor. Because there existed a temperature gradient in the vicinity 
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of the furnace entrance as seen in Figure 3-7, the velocity of the step motor was set up to 

1m/s, which allow about 0.15s to deliver the droplet from the entrance to the centre of the 

furnace, so that the effect of the temperature gradient is negligible except if the measured 

ignition delay time is less than 0.1s.   

 

Figure 3-9 A schematic diagram of droplets suspension on the tip of quartz fibre 

 

3.6.1.3  Data Acquisition 

Using the optical images taken by the CCD camera (Basler PIA-210gc), the ignition delay 

time, burnout time, burning rate and the flame temperature were calculated. The ignition 

delay time (ti) was defined as the time period between the moment when the droplet passed 

through the entrance of the furnace and the moment when the first visible flame was 

observed with an accuracy of 1/200 seconds as determined by the frame rate of the CCD 

camera. The burnout time (tc) was defined as the time period between the instance when the 

droplet was ignited and the completion of the droplet combustion.  

 

The burning rate of droplet was calculated based on the time history of the droplet size, as 

measured using the method discussed above. Classical d
2
-law of droplet combustion (Law, 
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1982) assumed that the square of the droplet decreases linearly with time. The d
2
-law is 

well confirmed to by the burning droplets after an initial period of heating. In current 

studies, the burning rate constant was determined as (Law, 1982, Li et al., 2011, Morin et 

al., 2000). 

dtddK s /)( 2         (3-23) 
 

 

The flame temperature was determined using the two-colour pyrometry (Zhao and 

Ladommatos, 1998) by analysing the optical spectra from the visual thermal imaging taken 

by CCD camera (Ma et al., 2005, Simonini et al., 2001, Huang et al., 2000, Yan et al., 

2009). This method has been recently adopted to calculate the temperature of sooty flame 

using the pixel intensity of the images taken by a CCD camera. The principles of this 

method will be described in detail in the following section. 

 

3.6.2  Flame Temperature Measurement Using Thermal Images Taken by CCD 

Camera 

Ignition and combustion usually take place in an extremely short time interval and the 

succeeding flames are unstable caused by the turbulent flow. These offer a great challenge 

for most temperature measurement instruments. Non-contact temperature measurement 

provides advantages for flame temperature such as two-colour pyrometry (Zhao and 

Ladommatos, 1998). Two-colour pyrometry is an optical technique that has been widely 

used to measure the temperature of the soot particles formed during combustion, particular-

ly useful for diesel combustion studies due to the fact that soot incandescence dominates 

the flame radiation emission. Accordingly, the measured soot temperature is close to the 

true flame (gas phase) temperature (Matsui et al., 1979). However, traditional two-colour 

pyrometry has many disadvantages, including a complicated, sensitive and expensive 
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imaging system, no spatial resolution of temperature data and relatively low signal strength 

(Jiang et al., 2009, Simonini et al., 2001, Huang et al., 2000). This study applies a concep-

tually similar but much simpler technique that addresses all these issues. This technique, 

adopting a color CCD camera to measure the flame temperature, appears in detail below. 

 

3.6.2.1  Imaging Acquisition System 

Figure 3-10 shows the schematic diagram of imaging acquisition system using a colour 

CCD camera. The imaging system consists of a scientific camera, lenses, data acquisition 

hardware, and a computer.  

 

Figure 3-10 A schematic diagram of the image acquisition system using a CCD camera 

 

The image sensor plays a pivotal role in the performance of an imaging system since it 

affects how the visual information is obtained from the real world scene. Charge-coupled 

device (CCD) is the most advanced sensor used in vision applications. A camera manufac-

tured with CCD sensor is called CCD camera for short. The CCD camera is characterized 

by its small size and light weight. Additionally, it also has an excellent dynamic range with 
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a near linear correlation between the incoming light energy and the produced electric 

signal. 

 

The camera used in the droplet combustion experiment for measuring flame temperature 

and droplet size was a high-speed colour CCD camera. The camera has a recording rate up 

to 210 frames per second (fps) and the rate of 200 fps was used in this study. The images 

recorded were acquired by the data acquisition hardware and saved in the computer. Frame 

by frame review provided useful images for further analysis.  

 

3.6.2.2  Principle of Two-Colour Pyrometry Using Colour CCD 

For a blackbody, the radiance intensity is a function of temperature and wavelength alone, 

given by Planck’s radiation law: 
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where: ),( TE  is the emissive power per unit wavelength at a specific wavelength, 1C is 

first radiation constant 3.742·10
8
W·μm

4
/m

2
/sr, 2C is second radiation constant1.439·10

4
 

μm·K. 

 

For T is less than 3000μm·K, the equation can be replaced by Wien’s Law: 
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However, real objects such as soot particles are not perfect emitters and radiate less energy 

at each wavelength than the equivalent black body value. The spectral emissivity, defined 
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as the ratio of the actual intensity emitted by a body at a given wavelength to the black 

body intensity, has to be added to Eq. 3-25: 
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where  is surface emissivity  

 

CCD camera converts the incoming light intensity into an electronic signal on the sensor, 

which consists of a matrix of light sensitive photosites called pixel. With the fact the 

camera sensor response is almost linear with respect to the source intensity, the pixel 

intensity produced per unit wavelength at a specific wavelength is the product of the 

emissive power ),( TE  , and spectral response )(S , at this wavelength, as shown in Eq. 3-

27.  
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where ),( TG  is the pixel intensity of images, a  is proportional factor ensuring the units 

consistent for equations, D is the diameter of lens as shown in Figure 3.10, d is the work-

ing distance between the lens and the flame as shown in Figure 3-10, t  is the exposure 

time of the camera, )(gf is the function of gain value of the camera, S is the spectrum 

sensitivity of CCD sensor and K  is the optical system constant comprising the effect of a ,

D , d , t and )(gf . Once the imaging acquisition system is setup, K  remains constant. 
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A color CCD camera, which usually applies RGB pattern, outputs three signals, R, G and B 

simultaneously. Thus, for these three signals, Eq. 3-27 is derived to: 
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The two-colour pyrometry employing a colour CCD camera uses the ratios of the pixel 

intensities of the three channels. The three channels can be reduced to two ratios between 

red and blue ( ),(/),( TGTG BR  ), and green and blue ( ),(/),( TGTG BG  ). In doing so 

the absolute intensity response is not used and an absolute temperature calibration is not 

needed. Taking the ratio of green and blue for example: 
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            (3-32) 

Emissivity is a function of temperature, wavelength, and direction of emission. For gaseous 

flames, the size of the soot varies from 0.005 to 0.1 μm (Char and Yen, 1996) and is much 

smaller than the wavelengths of observation. Flower (1983) proved that, when assuming the 

soot particles in the flame are homogeneous, optically thin, isothermal along a horizontal 

line, and small relative to the used wavelength, the spectral emissivity is inversely propor-

tional to the wavelength (Flower, 1983): 




1                                (3-33) 

So the EQ 3.32 becomes: 
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Then the relationship between the temperature and the ratio of ),(/),( TGTG BG  can be 

derived from Eq. 3-34: 
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Eq. 3-35 is the basic equation for the two-colour method using thermal image taken by a 

colour CCD camera. The grey level )( GG  and )( BG   can be read from the captured true 

colour images.  

 

The challenge is to resolve the correction coefficient A  and N  since both the effective 

wavelength of red ( R ), green ( G ) and blue ( B ) and the spectral response at these 

wavelengths ( )( RRS  , )( GGS  and )( BBS  ) are not known for the camera. With the as-

sumption that the spectral responses at the wavelengths of red, green and blue do not 

change with the temperature (Jiang et al., 2009), the relationship between 

))(/)(( BG GGLn  and T/1  is supposed to be linear seen from the Eq. 3-35 with A being 

the slope and N being the intercept. Therefore, the correction coefficient A and N can be 

obtained by calibrating the camera using a blackbody furnace. 
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3.6.2.3  Calibration and Validation 

The blackbody furnace used for the calibration was M360 (LumaSense Technologies). It 

provides temperature ranging from 323K to 1373K with an accuracy of 0.5% of the read-

ing. The camera was calibrated at five different temperature points and the resulted grey 

levels of )( RG  , )( GG   and )( BG   at different temperatures were extracted from the 

corresponding images, which were processed using software MATLAB. Figure 3-11 shows 

the images of the blackbody furnace at temperature of 1173K and the resulted grey levels 

of )( RG  , )( GG   and )( BG  .   

  

(a) (b) 

  

(c) (d) 

Figure 3-11 The colour image of the blackbody furnace at the temperature of 1173K (a); 

the resulted grey level of R channel (b); the resulted grey level of G channel (c); and the 

resulted grey level of B channel (d) 
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Figure 3-12 shows the calculated data of ))(/)(( BG GGLn   as a function of temperature. 

The signal of green and blue was chosen in this study because the signal of red is easily 

saturated when the temperature is high. A linear least square was used to fit the data and it 

is seen that a good linear fit (R
2
= 0.96) was obtained, yielding a slope -1610.42 and inter-

cept 2.09: 

TGGLn BG /42.161009.2))(/)((    (3-39) 

 

Figure 3-12 Linear fit for the relationship between ))(/)(( BG GGLn  and T/1  

 

Figure 3-13 Comparison of temperatures measured by thermocouple and the CCD camera  
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Figure 3-13 shows the comparison between the calculated temperatures based on the Eq. 3-

39 and the measured temperature of the blackbody furnace using thermocouple. It is seen 

that there is a good agreement between the calculated results and the measured temperature. 

 

3.7 Flame Emission Spectroscopy 

3.7.1 Principle of Flame Emission Spectroscopy 

Flame emission spectroscopy is a way of determining the presence of particular molecule 

or atoms in the flame (Gaydon, 1957, Alkemade and Herrmann, 1979).  

 

A sample of a material requiring analysis is brought into the flame. The thermal energy 

from the flame evaporates the solvent and breaks chemical bonds of the solvent to create 

free atoms (Alkemade and Herrmann, 1979). Then the atoms are excited from the ground 

electronic states into the excited electronic states that subsequently emit electromagnetic 

radiation (light) when they return into the ground electronic states. Each element emits 

electromagnetic radiation at characteristic wavelengths, which are determined by the 

differences in energy between the two states. These unique wavelengths form the element’s 

emission spectrum. Each element’s emission spectrum is unique. Therefore, spectroscopy 

can be used to identify the elements in the matter of unknown composition. 

 

In the flame emission spectroscopy, a spectrometer is used to measure the properties of the 

element’s emission spectrum and therefore identify the presence of a particular element. 

Typically, a spectrometer is consisted of monochromator, photodetector and recorder. The 

emitted radiation of an atom in a flame passes through a monochromator that isolates a 

specific wavelength for the desired analysis. A photodetector measures the radiant power of 
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the radiation from the selected wavelength, which is then amplified and sent to a recorder. 

Then change the monochromator to allow another specific wavelength for analysis and the 

same procedure will be repeated to cover the radiation information from a wide range of 

wavelengths, for instance, 380nm-760nm within visible spectrum range. Finally, the whole 

spectroscopy information of the emission characteristics of the element to be analysed will 

be recorded. 

 

As aforementioned discussion, the frequencies of light that an atom can emit depend on the 

energy released when electrons move from a higher energy level to a lower energy level. 

Iron has the electron structure 1S
2
, 2S

2
, 2P

6
, 3S

2
, 4S

2
, 3D

6
 (Dykstra, 1997). Under condi-

tions of combustion, ferrous and ferric iron will be available in the flame. So there are a 

large number of electron orbital available for electrons to move from lower energy levels to 

higher energy levels. Consequently, there are a number of emission spectral lines for iron 

atom. In fact, there are 235 spectral lines for iron in the ultra and visible range of spectrum 

(Sansonettl and Martin, 2005). The spectral lines listed in the Reference (Sansonettl and 

Martin, 2005) will be used for the identification of iron atoms in the flame in the current 

study. 

 

3.7.2 Experimental Setup 

Figure 3-14 shows the schematic diagram of the flame emission spectroscopy system for 

the detecting of iron ions in the flames of the droplets combustion. A UV/VIS spectrometer 

from StellarNet (BLACK-Comet-XR), covering the range of 280nm to 900nm was pur-

chased for the present study. The spectrometer utilises a 40mm diameter concave grating, 

590 grooves per mm with aberration correction to provide superb spectral imaging. This 
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architecture does not utilise mirrors, thereby minimizing energy losses due to reflection and 

light scattering. With the installed 50um slits in the grating, the spectrometer has a spectral 

resolution of 1.5nm. The detector of the spectrometer is a 2048 pixel CCD linear sensor 

with a pixel size of 14um by 200um. 

 

Figure 3-14 A schematic diagram of the apparatus for the droplet combustion experiments 

with a flame emission spectroscopy for identification of the presence of iron ions in the 

flame 

 

Spectral energy is transmitted to the spectrometer through a 400um by 4 meter UV-VIS 

armored fibre optic cable. The fibre is terminated with a quartz collimating lens. The 

spectrometer was controlled by supplied software, SpectraWiz, in combination with a built 

in 12 bit digitizer, allows episodic captures with detector integration times ranging from 

2ms to 65s. The software has standard spectral analysis tools such as peak wavelength, 

baseline correction, data smoothing, spectral derivatives.  

 

With the assistance of the spectrometer, the spectral information of the burning droplets 

dosed with the catalyst will be recorded and analysed. The results will be discussed in 

Chapter 5 in detail.  



 

     88 

3.8 Single Droplet Combustion Modelling 

Apart from the experimental work of ignition and combustion of single droplets, a compre-

hensive mathematical modelling was also carried out to model the effect of the ferrous 

picrate based homogeneous combustion catalyst on the ignition and combustion of single 

droplets of diesel and biodiesel. The development and results of the mathematical model 

will be detailed in Chapter 6 with the comparisons between the modelling results and the 

experimental results included. To accomplish the mathematical solutions of the model, a 

computer program was written and solved using the software MATLAB.   

 

3.9  Kinetic Modelling 

 

In order to understand the kinetic effect of iron atoms on the ignition and combustion rate 

of diesel, a detailed chemical kinetic modelling was carried out based on various pieces of 

information available from the literature. The chemical kinetic modelling was performed 

using commercial software CHEMKIN Pro. Chapter 7 will be devoted to the development 

and results of the chemical kinetic modelling.   
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Chapter 4 Effect of the Ferrous Picrate Based Catalyst on Fuel 

Efficiency and Combustion Characteristics of Diesel and Biodiesel in 

Diesel Engines 

 

4.1 Introduction 

As discussed in chapter 2 that the reported data regarding the effects of the ferrous-picrate 

based homogeneous combustion catalyst on fuel efficiency of diesel engines were varied 

and sometimes controversial. In addition, there has been no research in existence about the 

effects of the catalyst on biodiesel combustion in diesel engines. Against this backdrop, the 

effects of the ferrous picrate based catalyst on fuel efficiency of diesel and biodiesel in 

diesel engines were quantitatively and systematically studied. Furthermore, in order to 

understand the working mechanisms of the catalyst within diesel engines, the combustion 

characteristics of diesel and biodiesel within diesel engines with the use of the catalyst were 

also studied. The combustion characteristics are consisted of pressure change, ignition 

delay time, combustion duration and heat release rate.  

 

Two types of diesel engines were used in the present research. One is a Small Compression 

Ignition Engine Emission Fuel Test Rig (SCIEEF), which is fully instrumented to provide 

screening data for effects of the catalyst on engine performance and combustion character-

istics. The other is a large industrial scale diesel engine, which is widely used in the mining 

site where the catalyst is intended to use. The specifications of the two engines were 

detailed in Chapter 3. 
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The biodiesel used for the present experimentation was provided by BioWorks Australia 

Pty Ltd. The biodiesel was derived from the trans-esterification of soybean oil, rapeseed oil 

and animal tallow and the chemical composition was shown in Chapter 3.   

 

4.2 Effect of the Catalyst on Fuel Efficiency and Combustion 

Characteristics of Diesel in a Laboratory Diesel Engine 

4.2.1 Effect of the Catalyst on Fuel Efficiency of Diesel 

The effect of the catalyst dosing ratio on the brake specific fuel consumption with the full 

loaded engine working at speeds of 2800rpm, 3200rpm and 3600rpm, respectively, is 

shown in Figure 4-1. It can be seen that the brake specific fuel consumption decreased with 

increasing the catalyst dosing ratio under the tested engine conditions. However, the brake 

specific fuel consumption did not decrease linearly with the catalyst dosing ratio. At the 

tested engine speeds, the reduction of the brake specific fuel consumption with the catalyst 

dosing ratio from 0 to 1:15000 is about three or four times than that with the catalyst dosing 

ratio from 1:15000 to 1:5000. 

  

Figure 4-1 The brake specific fuel consumption as a function of the catalyst dosing ratio 
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The results of statistical analysis of ANOVA and LSD are presented in Table 4-1 including 

the differences in average means of the brake specific fuel consumption for each fuel and 

the associated p value. The statistical analysis indicates that the brake specific fuel con-

sumption did not change significantly until the catalyst dosing ratio reached 1:15000 under 

the three tested speeds. It can also be seen that there is a significant difference in the brake 

specific fuel consumption between the fuel with catalyst dosing ratio of 1:15000 and the 

fuel with the catalyst dosing ratio of 1:10000, while the brake specific fuel consumption 

between the fuel with catalyst dosing ratio of 1:10000 and the fuel with catalyst dosing 

ratio of 1:5000 is almost the same, which means the brake specific fuel consumption did 

not significantly change when the catalyst dosing ratio was greater than 1:10000. 

 

Table 4-1 Results of ANOVA Analysis  

  3600rpm, 0.4MPa 3200rpm, 0.42MPa 2800rpm, 0.4MPa 

  Mean 

difference 

p-Value Mean 

difference 

p-Value Mean 

difference 

p-Value 

Pure 

Diesel 

1:20000 0.78 0.336 2.38 0.037 1.12 0.315 

1:15000 3.64 <0.0001 5.32 <0.0001 4.42 0.01 

1:10000 6.92 <0.0001 5.32 <0.0001 7.44 <0.0001 

1:5000 6.02 <0.0001 7.4 <0.0001 8.4 <0.0001 

1:20000 1:15000 2.86 0.002 2.94 0.012 3.3 0.007 

1:10000 6.14 <0.0001 2.94 0.012 6.32 <0.0001 

1:5000 5.24 <0.0001 5.02 <0.0001 7.28 <0.0001 

1:15000 1:10000 3.28 0.001 0 1.0 3.02 0.012 

1:5000 2.38 0.007 2.08 0.065 3.98 0.002 

1:10000 1:5000 -0.9 0.269 2.08 0.065 0.96 0.388 

(Note: Mean difference in the table refers to the difference between the mean values of 

BSFC the two fuels compared. P-Value indicates the significance of the difference at the 

95% confidence level) 
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The dependency of the brake specific fuel consumption on the engine load (BMEP) when 

the engine was run at engine speeds of 2800rpm, 3200rpm and 3600rpm, respectively, with 

pure diesel and diesel dosed with different catalyst dosing ratios are is presented in Figure 

4-2. It is obvious that the application of the homogeneous combustion catalyst reduced the 

brake specific fuel consumption under all tested load conditions. It is also evident that the 

homogeneous combustion catalyst had a greater effect when the diesel engine was run 

under light loads. For example, under the engine speed of 2800rpm, the use of the homoge-

neous combustion catalyst reduced the brake specific fuel consumption from 573.1 to 

548.9 gkW
-1

h
-1

 (4.2% fuel saving), at the engine load of 0.12MPa and the catalyst dosing 

ratio of 1:10000. As the engine load increased, the influence of the homogeneous combus-

tion catalyst on the brake specific fuel consumption become less significant. Under the 

tested engine speeds and engine load of 0.4MPa, the brake specific fuel consumption is 

reduced by 2%-2.4% when the fuel was dosed with the catalyst at a dosing ratio of 1:10000. 

The reason may be interpreted as follows. The gas temperature in the cylinder is higher 

when the engine load is higher, leading to a better burning condition of the fuel mixture, 

with or without the catalyst. Consequently, the ability of the homogeneous combustion 

catalyst to promote diesel combustion process at higher engine loads is not as significant as 

that at light engine loads.  

 

The variation of the brake thermal efficiency on the engine load when the engine was run at 

engine speeds of 2800rpm, 3200rpm and 3600rpm, respectively, with pure diesel and diesel 

dosed with catalyst at dosing ratio of 1:10000 is illustrated in Figure 4-3. It is evident that 

the brake thermal efficiency increased due to the use of the homogeneous combustion 

catalyst under the tested engine conditions. At the engine speeds of 2800rpm, 3200rpm and 

3600rpm and with the catalyst dosing ratio of 1:10000, the improvement of the brake
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Figure 4-2 The brake specific fuel consumption as a function of the engine load (BMEP)  
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Figure 4-3 The brake thermal efficiency a function of the engine load (BMEP) 
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thermal efficiency reached approximately 0.3%-0.8%. It is also seen that the improvement 

of the brake thermal efficiency was slightly greater in the light load range. For example, 

under engine speed of 2800rpm and the catalyst dosing ratio of 1:10000, the brake thermal 

efficiency was improved by 0.52% at the engine load of 0.12MPa but by 0.3% at the engine 

load of 0.4MPa. 

 

4.2.2 Effect of the Catalyst on Combustion Characteristics of Diesel 

Figure 4-4 illustrates the engine cylinder pressure and pressure rise rate under the condi-

tions of engine speeds 2800rpm and 3200rpm at the engine load 0.4MPa and 0.42MPa, 

respectively, when the fuel was dosed with catalyst at different ratios. In comparison with 

those with the pure diesel, the ignition timing was shortened with the diesel dosed with the 

homogeneous combustion catalyst and the maximum pressure increased slightly. Due to the 

fact that the ignition timing occurred after the top dead centre under both conditions seen in 

Figure 4-4, the reduction of ignition timing with the addition of the catalyst implies that the 

combustion occurred closer to the top dead centre, resulting in a higher maximum pressure 

and a higher rate pressure rise. It is also obvious that the ignition timing and the maximum 

pressure and pressure rise rate did not change significantly when the catalyst dosing ratio 

increases from 1:10000 to 1:5000. This observation is consistent with the finding that the 

brake specific fuel consumption did not change significantly when the catalyst dosing ratio 

increased from 1:10000 to 1:5000 as shown in Figure 4-1.  

 

Based on the above measured pressure data, the heat release rates of the pure diesel and the 

fuel dosed with the catalyst at dosing ratios of 1:10000 and 1:5000 were calculated and 

shown in Figure 4-5.  It is very clear that the rate of burning was very high after the igni-
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tion, which corresponds to the period of rapid cylinder pressure rise. This was followed by 

a period of gradually decreasing heat release rate. The commencement of heat release was 

advanced when the catalyst was dosed into the diesel fuel, resulting in a shorter ignition 

delay. The reduction of the ignition delay was less than 1 degree when the homogeneous 

combustion catalyst was added into the diesel fuel up to the dosing ratio of 1:5000. The end 

of the combustion was also advanced with the addition of the catalyst, shortening the total 

combustion duration. The reduction of the combustion duration was about two degrees 

when the homogeneous combustion catalyst was added into the diesel fuel up to the dosing 

ratio of 1:5000.   

 

Figure 4-6 shows the effect of the catalyst on the ignition delay and the combustion dura-

tion under different engine loads (BMEP) at the engine speed of 3200 rpm. It is seen from 

Figure 4-6(a) that the ignition delay slightly decreased with increasing engine load for both 

pure diesel and diesel being dosed with the catalyst. Adding the catalyst into the diesel fuel 

resulted in a shorter ignition delay under all tested engine load conditions. However, it is 

evident that the effect of the catalyst on the ignition delay was more significant under lower 

engine loads. For instance, with the diesel fuel dosed with catalyst at a dosing ratio of 

1:10000, the ignition delay was shortened 0.7 
◦
CA (decreasing from 14.2 

◦
CA to 13.5 

◦
CA) 

under engine load BMEP of 0.13MPa while only 0.4 
◦
CA (from 12.7 

◦
CA to 12.3 

◦
CA) 

under engine load BMEP of 0.42MPa. It is also manifested that increasing the catalyst 

dosing ratio from 1:10000 to 1:5000, the ignition delay did not change significantly. From 

Figure 4.6(b), it is seen that the combustion duration for all the tested fuels increased with 

increasing the engine load. With the increase of the engine load, more fuel was injected and 

consumed, which took a longer time to complete the combustion. A significant reduction in 

the combustion duration was observed with the catalyst dosed in the diesel fuel and this 
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was more remarkable under lower engine loads. Under the BMEP of 0.13MPa, the combus-

tion duration was reduced by 3.5 
◦
CA from 23.2 

◦
CA to 19.7 

◦
CA while only 2.2 

◦
CA from 

29.3 
◦
CA to 27.1 

◦
CA under the BMEP of 0.42MPa with the use of the catalyst at a dosing 

ratio of 1:10000. However, the combustion duration was not further shortened when the 

catalyst dosing ratio was doubled, especially under higher engine loads. 

 

Figure 4-4 In-cylinder pressure and pressure rise rate of the pure diesel and diesel dosed 

with the catalyst.  (a): engine speed: 2800rpm and engine load: 0.4MPa; (b): engine speed: 

3200rpm and engine load: 0.4MPa 
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Figure 4-5 Heat release rate and accumulative heat release of pure diesel and the diesel 

dosed with the catalyst (a): engine speed: 2800rpm and engine load: 0.4MPa; (b): engine 

speed: 3200rpm and engine load: 0.42MPa  
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Figure 4-6 Effect of the catalyst on the ignition delay and combustion duration under 

different engine loads (BMEP) at the engine speed of 3200rpm 

 

From Figures 4-4, 4-5 and 4-6, it is inferred that the homogeneous combustion catalyst 

played a catalytic role during the diesel combustion process in the diesel engine. It promot-

ed the ignition and accelerated the heat release of the diesel combustion in the engine, 

which allows more time for complete fuel combustion.  
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4.3 Effect of the Catalyst on Fuel Efficiency and Combustion 

Characteristics of Biodiesel in a Laboratory Diesel Engine 

4.3.1 Effect of the Catalyst on Fuel Efficiency of Biodiesel 

The dependency of the brake specific fuel consumption on the engine load (BMEP) when 

the engine was run with the four fuels at the engine speed of 3200rpm is presented in 

Figure 4-7. The four fuels are diesel, diesel with the catalyst at the catalyst dosing ratio of 

1:10000, biodiesel, and biodiesel with the catalyst at the catalyst dosing ratio of 1:10000. It 

is obvious that the brake specific fuel consumption of tested four fuels decreased with 

increasing the engine load under the tested conditions. The brake specific fuel consump-

tions of the biodiesel were greater than that of the diesel. This is probably due to the lower 

heating value of the biodiesel than that of the diesel. It is also seen that the addition of the 

catalyst reduced the brake specific fuel consumption of both diesel and biodiesel, which 

implied that the catalyst promoted the combustion process regardless which fuel was used 

in the engine. The highest fuel saving was 2.4% for the diesel at the BMEP of 0.21MPa and 

2.8% for the biodiesel at the BMEP of 0.4MPa.  

 

Figure 4-8 shows the variation of the brake thermal efficiency with the engine load (BMEP) 

for the four fuels. It can be seen that the brake thermal efficiency increased with increasing 

engine load, reaching the maximum values of 24%-27%. This implies that the energy 

conversion efficiency was higher under the higher engine load conditions due to the higher 

gas temperature and higher flame temperature. The brake thermal efficiency of the bio-

diesel was lower than that of the diesel, with the difference increasing with increasing load. 

However, the brake thermal efficiency of both diesel and biodiesel was improved with the 

use of the catalyst. For instance, at the engine BMEP of 0.4MPa, the brake thermal effi-

ciency was increased 0.5% for the diesel and 0.8% for the biodiesel. 
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Figure 4-7 The brake specific fuel consumption as a function of the engine load (BMEP) 

 

Figure 4-8 The brake thermal efficiency as a function of the engine load (BMEP) 

 

In order to understand the observed differences in the fuel efficiency and the brake thermal 

efficiency, the combustion characteristics of both diesel and biodiesel with and without the 

catalyst in the engine were analysed.  
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4.3.2 Effect of the Catalyst on Combustion Characteristics of Biodiesel 

Figure 4-9 shows the engine cylinder pressure for the four fuels under the condition of 

engine speed 3200rpm at the engine BMEP 0.33MPa. In comparison with the pure diesel, 

the ignition timing was greatly shortened for the biodiesel and the maximum pressure 

increased slightly. Due to the fact that the ignition timing occurred after the top dead centre 

(TDC) under the tested conditions, the reduction of the ignition timing implies that the 

combustion occurred closer to the top dead centre, resulting in a higher maximum pressure. 

It is also evident that the use of the ferrous-picrate based combustion catalyst slightly 

reduced the ignition timing and increased the maximum pressure for both diesel and 

biodiesel. The early peaking pressure characteristic warrants careful attention to ensure that 

the peak pressure takes place after TDC for safe and efficient operation. Otherwise, a peak 

pressure occurring close to TDC will cause engine knock and thus affect engine durability. 

Note that the biodiesel has a higher cetane number than that of the diesel. The catalyst 

advanced the ignition of both diesel and biodiesel slightly as mentioned before and conse-

quently increased the maximum cylinder pressure slightly. However, as seen in Figure 4-9, 

the effect of the catalyst on the maximum pressure was not significant. In fact, as discussed 

below, the effect of the catalyst was more profound in the combustion phase rather than in 

the ignition phase. Therefore, the engine knock and durability due to the use of the catalyst 

should not be considered to be an issue. 

 

Based on the above measured pressure data, the heat release rates of the four tested fuels 

were calculated and illustrated in Figure 4-10. It is very clear that the rate of burning is very 

high after the ignition, which corresponds to the period of rapid cylinder pressure rise. This 
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was followed by a period of gradually decreasing heat release rate. The commencement of 

heat release was advanced for the biodiesel compared to that of the diesel, resulting in

 

Figure 4-9 In-cylinder pressure for both diesel and biodiesel dosed with and without the 

catalyst under engine speed 3200rmp and engine load 0.33MPa 

 

Figure 4-10 Heat release rate and cumulative heat release for both diesel and biodiesel 

dosed with and without the catalyst under engine speed 3200rpm and engine load 0.33MPa 
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advanced ignition timing. It can be seen that the maximum heat release rate of biodiesel 

was lower than that of diesel, specifically, 18.4J/Deg.CA for the diesel and 16.7 J/Deg.CA 

for the biodiesel. This is because, as a consequence of advanced ignition timing, less fuel 

was accumulated during the relatively short ignition delay period, which resulted in a lower 

heat release rate. It is obvious that the heat release started earlier when the catalyst was 

dosed into both diesel and biodiesel, which implies that the use of the catalyst also ad-

vanced the ignition timing.  

 

Figure 4-11 shows the ignition delay time of the four fuels at the engine speed of 3200 

under various engine loads (BMEP). It is seen that the ignition delay time slightly de-

creased with increasing engine load for both diesel and biodiesel. It is obvious that the 

ignition delay time of biodiesel was shorter than that of diesel, which is consistent with the 

literature reports. The difference of the ignition delay time between the diesel and biodiesel 

was greater under higher engine load. For instance, when the engine fuelled with the 

biodiesel, the ignition delay was shortened 0.6 
◦
CA (decreasing from 10.6 

◦
CA to 10 

◦
CA) 

under the BMEP of 0.4MPa while only 0.4
◦
CA (from 11.2 

◦
CA to 10.8 

◦
CA) under the 

BMEP of 0.13MPa. Biodiesel usually have constituents having higher boiling point. 

However, the high pressure injection of the biodiesel into a high temperature chamber 

resulted in a chemical breakdown of the higher weight molecules into products with lower 

molecular weight on the peripheral region of the spray. Rapid gasification of these lighter 

compounds on the fringe of the spray might lead to an earlier ignition and thus shorter 

ignition delay time.  
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Figure 4-11 The ignition delay time as a function of the engine load (BMEP) for the tested 

four fuels 

 

Adding the catalyst into both diesel and biodiesel resulted in a slightly shorter ignition 

delay time under all tested engine load conditions. This means that the catalyst participated 

in the ignition process of fuels and accelerated the chemical reaction rates within the 

ignition delay period.  

 

Figure 4-12 shows the cumulative heat release of the four fuels. Again, it is observed that 

the ignition timing was advanced for the biodiesel. However, it manifests that the total 

combustion duration for the biodiesel was longer than that of the diesel. As mentioned 

earlier, the biodiesel had higher boiling point than the diesel. Those constitutes in the 

biodiesel with higher boiling may not adequately evaporate during the mixing controlled 

diffusion combustion phase and continue to burn in the late combustion phase as the piston 

moved away from the TDC. In addition, biodiesel had a lower heating value than that of 
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diesel so that more fuel was needed to be delivered into the engine to generate the same 

power when the biodiesel was used. Consequently, more time was required to burn the 

extra amount of the biodiesel injected into the engine. The longer combustion duration was 

responsible for the lower thermal efficiency of biodiesel as shown in Figure 4-8.    

 

Figure 4-12 Cumulative heat release for both diesel and biodiesel dosed with and without 

the catalyst under engine speed 3200rpm and engine load 0.33MPa 

 

It is also seen that the end of the combustion of both diesel and biodiesel was advanced 

with the addition of the catalyst, shortening the total combustion duration. The reduction of 

the combustion duration was about two degrees when the catalyst was added into both 

diesel and biodiesel at the dosing ratio of 1:10000. This observation suggested that the 

catalyst enhanced the combustion processes in diesel engines, resulting in a faster heat 

release and shorter combustion duration. 

 

The combustion duration of the tested four fuels as a function of the engine loads is shown 

in Figure 4-13. It is seen that the combustion duration of all the tested fuels increased with 
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increasing the engine load. With the increase of the engine load, more fuel was injected and 

consumed, which took a longer time to complete the combustion. It is obvious that the 

combustion duration of biodiesel was higher than that of diesel and the difference was 

greater under higher engine loads. This may help to explain the previous observations as 

shown in Figure 4-8 that the thermal efficiency of biodiesel was lower than that of diesel 

and the difference increased with an increase in the engine load. A significant reduction in 

the combustion duration was observed with the catalyst dosed in both diesel and biodiesel. 

The maximum reduction of 1.7 
◦
CA was observed at the engine BMEP of 0.13 MPa for 

diesel and 1 
◦
CA for biodiesel at the engine BMEP of 0.33MPa. Under the BMEP of 

0.13MPa, the combustion duration was reduced by 3.5 
◦
CA from 23.2 

◦
CA to 19.7 

◦
CA 

while only 2.2 
◦
CA from 29.3 

◦
CA to 27.1 

◦
CA under the BMEP of 0.4MPa with the use of 

the catalyst at a dosing ratio of 1:10000. 

 

 

Figure 4-13 The combustion duration as a function of the engine load (BMEP) for the 

tested four fuels 
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From Figures 4-9-4-13, it is evident that the homogeneous combustion catalyst played a 

catalytic role during the diesel and biodiesel combustion process in the diesel engine. It 

promoted the ignition and accelerated the heat release of the fuel combustion in the engine, 

which allowed time for more complete fuel combustion. Therefore, the brake thermal 

efficiency was improved and the brake specific fuel consumption was reduced. 

 

4.4 Effect of the Catalyst on Fuel Efficiency in a Large Industrial Scale 

Diesel Engine 

Figures 4-14 and 4-15 show the instantaneous brake specific fuel consumptions of the 

engine running with both catalyst treated and untreated diesel under four engine loads at the 

engine speeds of 1400rpm and 1800rpm respectively. It was found that the brake specific 

fuel consumption decreased with increasing engine load with the exception when the 

engine was running under engine load of 0.75MPa and engine speed of 1400rpm. It can be 

seen that the use of the catalyst significantly reduced the brake specific fuel consumption 

under all tested conditions, with fuel savings ranging from 1.1% to 5.6%. It is obvious that 

the effect of the catalyst on the brake specific fuel consumption was greater under lower 

engine loads than that under higher engine loads. For instance, at the engine speed of 

1400rpm, there was a fuel saving of 4.8% under the engine load of 0.35MPa while the fuel 

saving was only 1.3% under the engine load of 1.5MPa. The similar trend was also ob-

tained at the engine speed of 1800rpm, under which the fuel saving was 5.6% under the 

engine load of 0.38MPa while 1.1% under the engine load of 266hp. These observations 

were consistent with the results from the previous laboratory tests. 
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Figure 4-14 The brake specific fuel consumption and fuel savings under four loads condi-

tions at the engine speed of 1400rpm 

 

 

Figure 4-15 The brake specific fuel consumption and fuels savings under four loads condi-

tions at the engine speed of 1800rpm 
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4.5 Summary 

 

The effects of the ferrous picrate based homogeneous combustion catalyst on fuel efficien-

cy and combustion characteristics of diesel and biodiesel in diesel engines as a function of 

engine speeds, loads and catalyst dosing ratio has been investigated systematically. The 

main conclusions can be drawn as follows: 

 

The brake specific fuel consumption was reduced up to 4.2% with the addition of the 

catalyst in the diesel in the small laboratory diesel engine and up to 5.6% in the large 

industrial diesel engine. It was also found that the reduction of the brake specific fuel 

consumption was greater under light loads conditions.  

 

With the reduction of the brake specific fuel consumption due to the use of the catalyst, the 

brake thermal efficiency was increased. The brake thermal efficiency of the laboratory 

diesel engine was improved by 0.3%-0.8% under the tested conditions with the catalyst 

dosing ratio of 1:10000. The addition of the ferrous picrate based catalyst in the diesel 

shortened ignition delay time and combustion duration of the diesel within the engines, 

resulting in slightly higher peak cylinder pressure and faster heat release rate. 

 

The brake specific fuel consumption of the biodiesel was ca.15-20% higher than that of the 

diesel during the laboratory engine tests. The brake thermal efficiency of biodiesel was 

lower than that of the diesel and the difference was greater under higher engine loads. The 

ignition delay time of the biodiesel was shorter than that of the diesel with the difference 

increasing with increasing the load. However, the biodiesel had longer combustion duration 

than that of diesel with the difference increasing with increasing the engine load. 
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The use of the catalyst reduced the brake specific fuel consumption of the biodiesel and up 

to 2.8% fuel saving was obtained during the laboratory engine tests. As a consequence, the 

catalyst slightly improved the brake thermal efficiency of the biodiesel up to 0.8% under 

the tested conditions. The addition of the ferrous picrate based combustion catalyst short-

ened the ignition delay time of the biodiesel in the engine, resulting in a slightly higher 

peak cylinder pressure. In addition, the use of the catalyst enhanced the combustion rate of 

biodiesel, resulting in shorter combustion durations and faster heat release rates. 
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Chapter 5 Combustion Characteristics of Single Droplets of Diesel and 

Biodiesel Influenced by the Catalyst 

 

5.1  Introduction 

In this chapter, the effect of the ferrous picrate based catalyst on the combustion character-

istics of single droplets of diesel and biodiesel were systematically investigated.  

 

The effect of the ferrous picrate based catalyst on fuel efficiency of diesel engines has been 

systematically and quantitatively confirmed as detailed in Chapter 4. It was found that the 

brake specific fuel consumption was improved by up to 4.2% with the addition of the 

catalyst in diesel for the laboratory small diesel engine and up to 5.6% for the large indus-

trial scale diesel engine. It was also found that the catalyst had similar catalytic effects on 

the combustion process of biodiesel and the brake specific fuel consumption was improved 

up to 2.8% when the laboratory diesel engine was fuelled with the biodiesel. However, the 

working mechanisms of the catalyst in the combustion processes of diesel and biodiesel 

remain unclear. Diesel or Biodiesel combustion in CI engines is very complex, involving 

compression of combustion air, fuel injection, evaporation and mixing, and ignition and 

complex chemical reactions (combustion) between the fuel vapour and air. The complexity 

of such complex chemical and physical processes makes it difficult to single out the effect 

of the catalyst in diesel and biodiesel combustion processes to be studied at the mechanistic 

level.  

 

Against this backdrop, experimental studies of ignition and burnout behaviour of single 

droplets of diesel and biodiesel, with and without being dosed with the homogeneous 

combustion catalyst, was performed in order to understand the mechanisms of the catalyst. 
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This chapter details this work and its findings. The experimental approach was detailed in 

Chapter 3. 

 

5.2 Effect of the Catalyst on Ignition Delay Period 

Figure 5-1 shows the effect of the catalyst dosing ratio on the ignition delay period of both 

diesel and biodiesel droplets. It is seen that the addition of the catalyst did not result in any 

significant change in the ignition delay period measurable using the present technique. One 

possible reason is that the effect of the catalyst on the ignition delay period might have been 

blurred by the inherent measurement error of about 5ms in the present study.  

 

It is however clear that the ignition delay period of the biodiesel was longer than that of the 

diesel. This is obviously due to the differences in the chemical compositions between the 

two fuels and the associated boiling points (Table 3-1). Table 3-1 shows that biodiesel has a 

higher cetane number than that of diesel, which is consistent with the literature. However, 

cetane number measures the ignition quality of diesel spray into a hot and high pressure 

environment, which cannot be used to explain the results in the current studies. The ignition 

delay period of droplets consists of droplet heating, molecular diffusion/mixing and gas 

phase chemical reaction, in which the droplet heating plays a significant role. The boiling 

points of the biodiesel were higher than those of the diesel (Table 3-1). When subjected to 

the same air temperature, the higher boiling point of the biodiesel required a longer time to 

heat up and evaporate for combustion. Therefore, the higher boiling point was mainly 

responsible for the longer ignition delay period, with or without the addition of the catalyst. 
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Figure 5-1 Effect of the catalyst dosing ratio on the ignition delay period of both diesel and 

biodiesel droplets at various air temperatures 

 

5.3 Effect of the Catalyst on Burnout Time 

Figure 5-2 shows the effect of the catalyst dosing ratio on the burnout time of both diesel 

and biodiesel droplets. It is seen that the burnout times of droplets were reduced significant-

ly by the addition of the catalyst. The burnout time decreased with increasing catalyst 

dosing ratio but this effect levelled off when the catalyst dosing ratio was greater than 

1:5000. It is also evident that the biodiesel had a slightly shorter burnout time compared to 

the diesel fuel with the difference increasing as the air temperature increased, which may be 

explained by the higher oxygenate content and therefore a higher burning rate for biodiesel. 
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Figure 5-2 Effect of the catalyst dosing ratio on the burnout time of both diesel and bio-

diesel droplets at various air temperatures 

 

5.4 Effect of the Catalyst on Burning Rate 

Figure 5-3 plots the temporal variations of the square of droplet diameter (ds) after ignition, 

for both diesel and biodiesels with and without the catalyst at different ambient tempera-

tures, sometime referred to as the d
2
 – law (Law, 1982) . The d

2
 – law dictates that the 

square of the droplet diameter decreases linearly with time. It is evident from Figure 5-3 

that the d
2 

– law (Law, 1982) is well conformed to by the burning droplets after an initial 

period of heating. This conformation is more profound at higher temperatures. At the 
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higher temperatures, the ignition delay period was so short that the bulk temperature of the 

droplet is far below the boiling temperature upon the occurrence of the ignition and contin-

ued to increase after the ignition until reaching the boiling point. At lower temperatures, the 

droplet size of the biodiesel at ignition was greater than that of the diesel although the 

initial droplet sizes were the same. This observation confirms that the biodiesel droplets 

evaporated at a slower rate, due to its higher boiling points, than the diesel before ignition.  

 

 

 

 

Figure 5-3 The d
2
 – t plots for burning droplets of diesel and biodiesel with and without the 

catalyst at different temperatures.■:diesel;●:diesel dosed with the catalyst at a dosing 

ratio of 1:10000;▲: diesel dosed with the catalyst at a dosing ratio of 

1:5000;□:biodiesel;○:biodiesel dosed with the catalyst at a dosing ratio of 

1:10000;△:biodiesel dosed with the catalyst at a dosing ratio of 1:5000  
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Figure 5-4 compares the burning rates of diesel and biodiesel with the catalyst at different 

temperatures. It is seen that the burning rates of both fuels increased with increasing 

temperature. It is also evident that the catalyst enhanced the burning rates of both fuels. For 

example, at 973K, the burning rate increased from 0.83mm
2
/s to 0.88mm

2
/s for the diesel 

and from 0.97mm
2
/s to 1.06mm

2
/s for the biodiesel, respectively, when the catalyst was 

added at a 1:10000 dosing ratio. However, when the catalyst dosing ratio doubled, the 

burning rate did not increase proportionally. This is in accordance with the observation of 

the effect of the catalyst on the burnout time (Figure 5-3). From Figure 5-4, it was found 

that the burning rate of the biodiesel droplet was higher than that of the diesel. This is due 

to the oxygenate content in the biodiesel fuel. 

 

 

Figure 5-4 Burning rates of diesel and biodiesel droplets with and without the catalyst at 

different temperatures 
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5.5 Effect of the Catalyst on Flame Temperature 

Figure 5-5 shows a typical diffusion flame of a burning droplet and the calculated tempera-

ture distribution. The effect of the catalyst on flame temperature is shown in Figure 5-6. A 

burning droplet was surrounded by an envelope flame with a bright flame zone. In the 

present study, the flame temperature used in the proceeding discussion refers to the average 

temperature of the bright flame zone.  

 

 

(a) 

 

(b) 

Figure 5-5 Typical images of a droplet flame (a) and the associated flame temperature 

contour (b) 
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Figures 5-6 (a) shows the measured instantaneous flame temperatures, as a function of 

time, for the droplets of pure diesel and diesel dosed with the catalyst at 1:10000 and 

1:5000 ratios at 973K. The flame temperatures reached a very high point, more than 

2400K, immediately after ignition, and then decreased sharply to level off at a constant 

value during steady burning of the droplet, and, in the final stage of the combustion pro-

cess, gradually decreased towards the end. This corresponds to the two phases of droplet 

combustion in which the premixed combustion of the fuel vapour involved in the auto-

ignition phase and the mixing-controlled diffusion flame of the fuel vapour in the steady 

burning of the droplets. The combustion of the diesel and biodiesel droplets at other tem-

peratures exhibited the same trend. Figure 5-6 (b) illustrates the flame temperatures during 

the steady burning of the droplets of both diesel and biodiesel dosed with the catalyst at the 

dosing ratios of 1:10000 and 1:5000, at various temperatures. The flame temperatures 

increased as the furnace temperature increased. The flame temperatures of the droplets 

dosed with the catalyst were higher than those of the pure fuels, respectively. At 973K, the 

flame temperatures of the diesel and biodiesel droplets rose around 40K with the catalyst 

dosing ratio of 1:10000. However, when the catalyst dosing ratio was doubled from 

1:10000 to 1:5000, the flame temperature only further increased by approximately 10K, or 

50K over the flame temperatures of the pure fuels. The flame temperatures of the biodiesel 

droplets were about 30K-50K higher than those of the diesel at the same temperatures.  The 

higher burning rate is thought to be responsible for the increased flame temperature, which 

in turn increased the burning rate of the biodiesel droplets, as shown in Figure 6. 

 

Regardless the fuel type, the addition of the catalyst increased the flame temperatures, 

which is considered to be due to (1) enhanced burning rate of the fuel vapour and (2) 

reduced radiation heat loss from the flames as less soot was formed in the combustion. 
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Figure 5-6 Flame temperatures of diesel droplets as a function of time at 973K (a) and 

flame temperature during quasi-steady combustion of diesel and biodiesel droplets with and 

without the catalyst at different temperatures (b) 

 

5.6 Mechanisms of Catalytic Effect 

The preceding discussion has shown that the use of the ferrous picrate based homogeneous 

catalyst reduced the burnout times, enhanced the burning rate and increased flame tempera-

tures of droplets of both diesel and biodiesel. In order to understand the mechanisms of the 
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ferrous picrate in the combustion process, the flame emission spectroscopy and thermo-

gravimetric analysis of ferrous picrate were conducted. The flame emission spectroscopy 

was used for identification of the presence of iron ions in the flame and the TGA experi-

ments were carried out to find out the decomposition temperature of the pure ferrous 

picrate.  

 

Figure 5-7 illustrates the emission spectra of the flames of the pure catalyst. The spectra 

showed all possible light emissions ranging from 280nm to 900nm during the combustion 

process and a spectrum with major feature near 589.1nm, which corresponds to one of the 

atomic emission lines for iron (Sansonettl and Martin, 2005). This line spectrum was not 

found in the flames of the catalyst solvent with the ferrous picrate removed. This suggested 

that, during combustion of the catalyst, the ferrous picrate decomposed and released iron 

atom into the luminous flame.  

 

Figure 5-7 Flame emission spectra of a burning catalyst droplet at 973K 
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Figure 5-8 shows the behaviour of thermal decomposition of the pure ferrous picrate. It is 

seen that the decomposition started at around 473K at a very slow rate but the vigorous 

gravimetric change occurred at 523K, which was the decomposition temperature of the 

ferrous picrate under the tested conditions. The results of flame emission spectroscopy and 

the TGA suggested that the ferrous picrate could decompose at 523K and released iron 

atoms upon the decomposition. 

 

Figure 5-8 DSC-TG curves showing the thermal decomposition behaviour of ferrous 

picrate in air in TGA at a heating rate of 20Kmin
-1

 

 

Based on the evidence presented above, the mechanism of the ferrous picrate in the com-

bustion process of diesel and biodiesel has been proposed as follows. Table 1 shows that 

the boiling points of both diesel and biodiesel were higher than the decomposition tempera-

ture of ferrous picrate (523K). When subjected to heat, the surface temperature of the fuel 

droplets increased till reaching their boiling points. When the surface temperatures of the 

droplets of the fuels dosed with the catalyst was higher than 523K, the ferrous picrate 

decomposed and released iron atoms into the reaction zone, which promoted the oxidation 
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of the fuel vapour. This resulted in higher reaction rates and an increase in the flame 

temperatures of the catalyst dosed droplets. Consequently, the heat transfer to the droplet 

was enhanced by the higher flame temperature, resulting in a higher burning rate and 

shorter burnout time. This is consistent with literature reports that atomic iron promotes 

ignition and combustion of hydrocarbons (Park et al., 2002), hydrogen (Linteris and 

Babushok, 2009) and carbon monoxide (Li and Wei, 2011) at temperatures ranging from 

1000K to 2500K. 

 

It may also be speculated that, due to the presence of the C-NO2 bond in ferrous picrate, 

NO and/or NO2 released from the ferrous picrate decomposition upon heating may have 

promoted the ignition and combustion of the fuel droplets. It has been reported that the 

major N component released during thermal composition of picrate salts is NO instead of 

NO2 (Brill et al., 2000). It has also been widely recognized that NO, at concentrations of 

tens to few hundred ppm, was only effective in promoting the oxidation of hydrocarbons at 

low temperatures (Chan et al., 2011). In the present work, the amount of the picrate dosed 

into the fuels was in the order of several hundred ppb and, assuming all N in the picrate was 

converted to NO, the additional NO in the flame due to picrate decomposition would be ca 

200 ppb, insufficient to be responsible for the enhanced combustion of the catalyst dosed 

fuels. Therefore, the promotion effect of ferrous picrate in the high temperature combustion 

process of the diesel and biodiesel droplets cannot be attributed to NO from the picrate but 

the iron ions. The tiny amount of catalyst added in the fuels also suggested that the in-

creased flame temperatures measured were not due to the radiation from the iron atoms. 
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5.7 Summary 

A comprehensive study of the effect of the ferrous picrate based homogeneous combustion 

catalyst on the combustion characteristics of single droplets of diesel and biodiesel has been 

carried out. It was found that the addition of the catalyst did not result in any significant 

change in the ignition delay period measurable using the present technique. However, it 

was found that the catalyst shortened the burnout time, increased the burning rate and the 

flame temperature of diesel and biodiesel droplets. Such effect was enhanced with increas-

ing the catalyst dosing ratio but levelled off when the catalyst dosing ratio was greater than 

1:5000. At the dosing ratio of 1:10000 in the diesel and biodiesel, the flame temperatures of 

the catalyst dosed droplets were about 40k-50K higher than those of droplets without the 

catalyst while the burning rate was 0.05-0.1mm
2
/s higher.  

 

It was also found that the ferrous picrate decomposed at 523K and iron ions were detected 

in the flame of the catalyst droplets alone. It was proposed that the ferrous picrate decom-

posed and released iron ions into the flame zone during the combustion process of the 

droplets. The combustion rate was enhanced with the presence of iron ions in the flame, 

resulting in a higher flame temperature. Consequently, the heat transfer between the flame 

front and the droplet surface and the evaporation rate were improved.  

 

It was also shown that biodiesel had a longer ignition delay period but a shorter burnout 

time, higher burning rate and flame temperature than those of diesel. It is assumed that the 

presence of double bond and oxygen in the biodiesel may be the major factor leading to this 

difference.
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Chapter 6 Mathematical Modelling of the Effect of the Catalyst on 

Combustion Characteristics of Single Droplets of Diesel and Biodiesel 

 

6.1  Introduction 

In this chapter, the effect of the ferrous picrate based catalyst on the combustion character-

istics of single droplets of diesel and biodiesel were investigated through a mathematical 

model. 

 

The experimental studies of the effect of the catalyst on the combustion characteristics of 

single droplets of diesel and biodiesel have been investigated in Chapter 5. It was found 

that the catalyst reduced burnout time, increased flame temperature and enhanced the 

burning rates of single droplets of diesel and biodiesel. During the combustion processes of 

the catalyst, iron atoms were detected, which implied that the ferrous picrate decomposed 

during the combustion processes releasing iron atoms. It was also found that ferrous picrate 

decomposed at the temperature approximately 523K using TGA experiments. Based on 

these experimental observations, it is necessary to verify that whether the surface tempera-

tures of the droplets of diesel and biodiesel could reach the decomposition temperature of 

ferrous picrate during the combustion processes. In the meantime, another question also 

arises as to whether the increased flame temperature was mainly responsible for the im-

proved burning rate. 

 

Against this backdrop, a comprehensive mathematical model was formulated incorporating 

the effects of fibre conduction, liquid-phase conduction, gas phase reaction and flame 

radiation. The model simulated the experimental conditions under which the single droplets 

of diesel and biodiesel dosed with the catalyst were suspended at the tip of a quartz fibre 
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undergoing heating, ignition and subsequent combustion in a hot stagnation environment. 

With this model, the predicted burning rate of a droplet of the catalyst treated fuel was 

compared with the experimentally measured burning rate and the results helped answer the 

above two questions and also elucidate the working mechanisms of the catalyst in the 

combustion processes of diesel and biodiesel droplets.  

 

6.2 Mathematical Model  

6.2.1 Assumptions 

The physical problem to be simulated was the ignition and combustion of single droplets 

detailed in Chapter 5. To make it more clear, the schematic diagram of the system is 

illustrated in Figure 6-1. The ferrous picrate based catalyst was doped into diesel and 

biodiesel and the single droplets were suspended at the tip of a quartz fibre undergoing 

heating, ignition and subsequent combustion in a hot stagnation environment. 

 

Figure 6-1 Schematic of the physical problem 

 

The droplet was subjected to the heat radiation from the furnace wall and heat input 

through the fibre conduction. In the present model, the following assumptions were made 
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(Chang and Shieh, 1995, Sazhin, 2006, Shanygan and Prakash, 1995, Yang and Wong, 

2001): 

1. The pressure is constant everywhere and the momentum equation is unnecessary; 

2. The system is spherically symmetric and one-dimensional; 

3. Transport properties are constant along the radial direction based on the reference 

temperature and composition. The reference temperature (
refT ) and vapour concentra-

tion (
refY ) was estimated according the following equations (Bergeron and Hallett, 

1989): 


 T
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TTref
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      (6-2) 

where sT is the droplet surface temperature, T is the ambient temperature, sY is the surface 

vapour concentration and Y is the ambient vapour concentration. 

4. The chemical reaction in the gas phase is modelled using a single step Arrhenius 

equation (Westbrook and Dryer, 1981): 
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        (6-3) 

where K is the pre-exponential factor, E is the activation energy, FY is the fuel concentra-

tion, oY  is the oxygen concentration and  is the gas density. In the current calculation, 

4106.3 K , molekJE /87 , 25.0m  and 5.1n (Bergeron and Hallett, 1989); 

5. Heat input through the fibre is evenly distributed within the droplet volume (Yang and 

Wong, 2001); 

6. The gas phase reaction is quasi-steady (Bergeron and Hallett, 1989); 

7. The catalyst has no effect on the transportation properties and thermodynamic data of 
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the gas and liquid. The catalyst only affects the flame temperature; 

8. Methyl oleate was used as a model fuel of the biodiesel (Golovitchev and Yang, 2009). 

 

6.2.2 Governing Equations 

Gas phase: 

The conservation equations in gas phase: 

0)(
1 2

2





FFpgpg QW

dr

dT
C

dr

dT
r

dr

d

rt

T
C        (6-4) 

0)(
1 2

2
 i

i
pg

i W
dr

dY
C

dr

dY
rD

dr

d

r
   OFi ,                     (6-5) 

 24 prG        (6-6) 

where FQ is heat of combustion, 43.5kJ kg
-1

 for diesel and 37.5 kJ kg
-1

 for biodiesel, G is 

liquid vaporisation rate (kg s
-1

),   is the bulk gas velocity, D is the gas diffusivity, pgC is 

the constant pressure heat capacity ratio, Y is the vapour concentration, g is the heat 

conductivity of gas. 

Liquid Phase: 
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where 


fQ is heat conduction from the quartz fibre, plC is the constant heat capacity of 

liquid, l  is the heat conductivity of liquid, l  is the liquid density. 

The energy balance at the interface: 

Initial Conditions: 
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At 0t  

)(tRr  : 0TTl     (6-9) 

)(tRr  : 
 TTg

, 0, gFY     (6-10) 

Boundary conditions: 

(a) At the droplet centre ( 0r ): 

0
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  (6-11) 

(b) At the droplet surface ( )(tRr  ) 

STT  , FSF YY  , FSNSOSO YYYY  1    (6-12) 

Thermodynamic equilibrium relation between TS and YFS is evaluated using the Clausius-

Clapeyron equation: 
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where P is the ambient pressure and sP is the vapour pressure, which is calculated by the 

equation (6-25), gM  is the molecule weight of gas and FM is the molecule weight of fuel. 
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where T is the ambient temperature, which was the furnace temperature before the ignition 

and was set to the measured flame temperature after the ignition, L  is the latent heat,   is 

the soot emissivity, which was 0.02 when the flame was formed (Chang and Shieh, 1995).  
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where Nu is Nusselt number, Re is Reynold number, 
g is the kinetic viscosity of gas, sr is 

droplet radius. 

(c) At infinity ( r ) 

 TT , 0 FF YY , 21.01  FSNSOSO YYYY   (6-19) 

Calculation of fibre conduction input )(tQ f
 

To calculate the conduction heat input through the fibre, a transient one-dimensional 

analysis was used, described as follows (Yang and Wong, 2001). 

 

Because the fibre in fine and the Biot number is of the order O(10
-2

) (Yang and Wong, 

2001), the temperature distribution in the fibre is assumed to be one-dimensional. Neglect-

ing the absorption of the incident radiation by the fibre, the conservation of energy can be 

written as: 
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where f is the density of quartz fibre, fpc . is the heat capacity of quartz fibre, fk is the 

heat conductivity of quartz fibre, fd is the diameter of quartz fibre, and h is the heat 

convection coefficient over a horizontal cylinder. 

In the above equation, h  is obtained with: 

fdkNuh /                   
(6-21) 

where Nu =0.36 for the limiting stagnant situation.  

Initial condition: 

0),0( TxT f    (6-22) 
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and boundary conditions: 

0




x

T f
 at both x and 0x  (6-23) 

The properties of quartz, the fibre material for the current experimentation, are

32220  kgmf , 1114.1  KsJmk f and 1

, 744  JKgc fp  

The fibre conduction input can be calculated once 
fT is known: 
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where netV  is the net volume of the liquid fuel.  

 

6.2.3 Fuel Thermo-Physical Properties 

The physical properties of fuel play a pivotal role in determining the accuracy of the results 

predicted by the mathematical models. Key physical properties including density, vapour 

pressure, latent heat of vaporisation, specific heat capacity were calculated based on the 

following equations. 

Vapour pressure 

The vapour pressure for diesel (Sazhin, 2006, Chin and Lefebvre, 1985):  
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  (6-25) 

The vapour pressure for biodiesel using Antoine equation (Riddick et al., 1986): 

crs TTTP  )],142/(525.19630054.6[^101000   (6-26)
 

crT is the critical temperature of fuels; KTcr 726 for diesel (Sazhin, 2006) and KTcr 764

for biodiesel (Riddick et al., 1986) 
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Density 

The Racket equation modified by Spencer and Danner (Reid et al., 1987) was employed to 

predict the liquid density: 

  2499.0*84.0  for diesel and   2370.0*87.0  for biodiesel  (6-27) 

7/27/2 )/15.2731()/1( crcr TTT    (6-28)
 

Latent heat of vaporisation 

The latent heat of vaporisation of the liquid was determined using the equation proposed in 

(Chin and Lefebvre, 1985): 

38.0))/()((254000 TTTTL crcr   for diesel  (6-29) 

38.0))/()((238000 TTTTL crcr   for biodiesel  (6-30)
 

Specific Heat Capacity 

Bondi’s modification of Rowlinson’s method (Reid et al., 1987) was used to estimate the 

specific heat capacity of the liquid as a function of temperature: 
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61 43577.0ln4721.136875.152518.15     (6-33) 

where   , crr TTT  , crb TT and 0

lC  is the specific heat capacity at reference 

state (273.15K, 1atm) J/mole
-1

K
-1

. bT  is the boiling point of fuels. KTb 536 for diesel and 

KTb 617 for biodiesel.  
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6.2.4 Numerical Method 

To account for the droplet surface regression during evaporation and combustion, transfor-

mations of the spatial coordinates in both liquid and gas phases were made to fix the 

surface using the following mathematic method (Bergeron and Hallett, 1989): 

)(/),( tRrtr   (6-34) 

The fully implicit scheme backward in time and central in space is used to discretise the 

governing equations and boundary conditions. In our numerical solutions, time step 

mst 1  and grid size 01.0  are adequately small for all of our computations 

(Bergeron and Hallett, 1989). Infinity was set at 100 times of the droplet radius.  

 

6.3 Model Validation 

Figure 6-2 shows comparisons of the ignition delay period between experimental data and 

theoretical results for both diesel and biodiesel droplets at various ambient temperatures. It 

is seen that a good agreement has reached. It is evident that that the ignition delay period 

decreased with increasing the ambient temperature. It is also manifested that the ignition 

delay periods of the biodiesel droplets were longer than that of diesel, which was attributed 

to higher boiling points of the biodiesel. The ignition delay period of a spherical droplet 

consists of droplet heating, molecular diffusion/mixing and gas phase chemical reaction, in 

which the droplet heating plays a significant role. The boiling points of the biodiesel were 

higher than those of the diesel as shown in Chapter 3. When subjected to the same air 

temperature, the higher boiling point of the biodiesel required a longer time to heat up and 

evaporate for the subsequent ignition and combustion.  
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Figure 6-2 Comparisons of ignition delay period of experimental data and theoretical 

results of diesel and biodiesel at various ambient temperatures 

 

The theoretical results of the burnout times of droplets of diesel and biodiesel are compared 

with the experimental data at different ambient temperatures as shown in Figure 6-3. 

Taking the experimental errors into the consideration, it is manifested that the agreement 

between the modelling results and experimental data were excellent for all different tem-

peratures.  

 

The good agreement between the experimental data and theoretical results, shown in Figure 

6-2 and 6-3, demonstrates that the current model was reliable enough to capture the main 

ignition and combustion characteristics of the single droplets of diesel and biodiesel. The 

deviations between the experimental data and the modelling results could be accounted for 

by the fact that few real physical phenomena were simplified in the current model. The gas 

phase reaction was modelled using one step Arrhenius equation, which was not sufficient 

enough to simulate the real complex chemical reactions of diesel and biodiesel in the hot 
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air. Furthermore, the soot radiation was also simplified in the current model, neglecting the 

specific soot formation mechanisms and soot radiation characteristics. 

 

Figure 6-3 Comparisons of the burnout time of experimental data and modelling results of 

both diesel and biodiesel 

 

6.4 Effect of the Catalyst on the Combustion Characteristics of Single 

Droplets 

The theoretical results of the time variation of the squared droplet diameter after ignition 

for both diesel and biodiesel are shown in Figure 6-4 and compared with the experimental 

data. In each plot, the calculations with and without the effects of the catalyst were includ-

ed.  

Both theoretical and experimental results show that the square of the droplet diameter 

decreased with the time, but was not linearly until after a short period. 
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Figure 6-4 Theoretical and experimental time variations of squared droplets diameter of 

diesel and biodiesel with different catalyst dosing ratio at different ambient temperatures 

(Experimental symbols ■:diesel;●:diesel dosed with the catalyst at a dosing ratio of 

1:10000;▲: diesel dosed with the catalyst at a dosing ratio of 

1:5000;□:biodiesel;○:biodiesel dosed with the catalyst at a dosing ratio of 

1:10000;△:biodiesel dosed with the catalyst at a dosing ratio of 1:5000) 

 

The well-established d
2
-law (Dietrich et al., 1996, Faeth, 1977, Law, 1982) dictates that the 

square of the droplet diameter decreases linearly with time. However, for the big droplets 

used in the current experimentation, the d
2
-law is only well conformed to by the burning 

droplets after an initial period of heating. It is evident from the theoretical results that the 
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square of the droplet diameter tended to decrease in a faster manner with the addition of the 

catalyst in the fuels due to the increased flame temperature.  

  

  

Figure 6-5 Theoretical and experimental burning rates of diesel and biodiesel with different 

catalyst dosing ratio at different ambient temperatures 

 

Figure 6-5 shows the theoretical burning rates of droplets of diesel and biodiesel with the 

catalyst at different ambient temperatures. The experimental burning rates were also 

included for comparisons. For both of the theoretical and experimental results, the burning 

rate was determined as dtddK s )( 2  based on the data after the 5.02

0

2 dd (Yang and 

Wong, 2001). Considering the experimental errors, it is seen that the theoretical and exper-

imental data matched each other very well, in which the use of the catalyst enhanced the 

burning rates of both fuels. As the catalyst only affected the flame temperature assumed in 
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this model, the good agreement between the experimental and modelling results implies 

that the increased burning rate with the use of the catalyst was mainly attributed to the 

increased flame temperature. 

 

Figure 6-6 shows the theoretical results of the burnout time of droplets of diesel and 

biodiesel with and without the catalyst. It is seen that the use of the catalyst reduced the 

burnout time of both droplets of diesel and biodiesel. The shortened burnout time has been 

attributed to the increased burning rates of the droplets with the addition of the catalyst in 

the fuel shown in Figure 6-5. However, it is also seen that the effect of the catalyst on the 

diesel was more significant than on the biodiesel. For instance, at ambient temperature 

973K, the burnout time of diesel droplet was reduced by approximately 6.6% with the 

catalyst dosing ratio 1:5000, while only 2.8% for the biodiesel droplets. This is probably 

due to the fact that the biodiesel droplets burned at a faster burning rate than that of diesel 

droplets so that the effect of the catalyst on the biodiesel was not as significant as on the 

diesel droplets.  

  

Figure 6-6 Theoretical results of the effect of the catalyst on the burnout time of droplets of 

diesel (a) and biodiesel (b) 
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In our previous experimental work, it was observed that the ferrous picrate decomposed at 

the temperature around 523K. The decomposed iron atom was released into the flame, 

which was postulated to catalyse the gas phase reaction and accelerated the reaction rate. 

Figure 6-7 shows the surface temperature of droplets of diesel and biodiesel at air tempera-

ture of 973K. It is seen that droplet surface temperatures were below the boiling points of 

both fuels before the ignition point. After the ignition, the surface temperature continued to 

rise and reached the boiling point in a short period, which corresponds to the heating period 

shown in the Figure 6-4 after the ignition point. It is also seen that both boiling points of 

diesel and biodiesel was higher than the decomposition temperature of the ferrous picrate, 

which implies that it is certain that the ferrous picrate decomposed after the ignition and 

release the iron atoms into the flame.  

 

Figure 6-7 Surface temperatures of droplets of diesel and biodiesel at air temperature of 

973K 

Another postulation about the mechanism of the ferrous picrate based catalyst in the 

combustion processes of droplets is that the ferrous picrate decomposed inside the droplet 
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to induce the micro explosion. However, the micro-explosion phenomenon caused by the 

use of the catalyst has not been confirmed yet in our previous experiments. Figure 6-8 

shows the intra-droplet temperature distribution of droplets of diesel and biodiesel at 

different times at ambient temperature 973K. It is seen that the temperature inside the 

droplets could reach the decomposition temperature of ferrous picrate but this required a 

long time to achieve. When the temperature within the droplets reached the decomposition 

point of ferrous picrate, the droplet size has become very small, which means the chance of 

micro-explosion to happen is also rare. In addition, the catalyst dosing ratios used in the 

current experimentation were too tiny to result in the explosion even though the catalyst 

decomposition inside the droplet could occur. Therefore, more work using pure fuels and 

higher catalyst dosing ratios are required to confirm this hypothesis. 

  

Figure 6-8 Intra-droplet temperature distributions of diesel droplets at different times at air 

temperature 973K at catalyst dosing ratio 1:5000 

 

6.5 Conclusions 

A detailed mathematical model has been developed to account for the effect of a ferrous 

picrate based catalyst on the ignition and combustion characteristics of single droplets of 
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diesel and biodiesel suspended at the tip of a quartz fibre undergoing heating, ignition and 

subsequent combustion in a hot stagnation environment. The formulated model incorpo-

rated the effects of fibre heat conduction, liquid-phase conduction, gas phase reaction and 

flame radiation. The model was validated by the corresponding experimental work and a 

good agreement has been achieved at various ambient temperatures in terms of the ignition 

delay period and burnout time.  

 

The model predicted higher burning rates of both diesel and biodiesel droplets with the use 

of the catalyst, which is attributed to the increased flame temperature. The modelling 

results showed that the surface temperatures of droplets of both diesel and biodiesel 

reached the decomposition temperature of the ferrous picrate (523K) after ignition. This 

validated our postulation that the ferrous picrate decomposed during the combustion 

process of single droplets of diesel and biodiesel to release iron atoms into the flame region, 

which in turn enhanced the gas phase reaction rate and therefore increased the flame 

temperature. 
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Chapter 7 Kinetic Modelling of the Effect of Iron on Ignition and 

Combustion of n-heptane in Counterflow Diffusion Flames 

 

7.1  Introduction 

In the laboratory work using a small diesel engine, the brake specific fuel consumption was 

increased by up to 4.2% with the addition of the ferrous picrate catalyst (FPC) in diesel fuel 

as described in Chapter 4. Furthermore, the phenomenological studies of the combustion of 

single droplets of diesel found that the use of the FPC shortened the burnout time, increased 

the burning rate and the flame temperature and it was also found that the increased flame 

temperature was mainly responsible for the increased burning rate of droplets detailed in 

Chapters 5 and 6. Based on these experimental observations, one question arises as to why 

the flame temperature increased with the use of the ferrous picrate catalyst.  

 

It has been found that the ferrous picrate decomposed and released iron atoms into the 

flame during the droplet combustion process seen in Chapter 5. There have been some 

experimental and modelling studies showing that iron atoms accelerated ignition and 

combustion of CO, H2 and methane (Li and Wei, 2011, Park et al., 2002, Shvartsberg et al., 

2011, Staude et al., 2009). However, there is a lack of literature reports about the detailed 

mechanisms of the effects of iron atoms in diesel ignition and combustion. Therefore, it 

was proposed in the present study that the iron atoms presented in the flame promoted the 

ignition and combustion rate of diesel fuel and thus the flame temperature. Against this 

backdrop, this chapter was devoted to investigate the chemical kinetic effects of gas phase 

iron species in the ignition and combustion of diesel to investigate whether iron species 

could enhance the combustion rates of diesel. This will elucidate the mechanisms of the 
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ferrous picrate based catalyst in promoting diesel combustion in compression ignition 

engines building on the previous experimental work and hypothesis.  

 

    

Figure 7-1 Schematics of the n-Heptane ignition (a) and combustion (b) models 

 

7.2 Kinetic Model and Simulations 

Diesel combustion in compression ignition engines is characterised by the premixed 

ignition and subsequent diffusion combustion (Dec, 1997). According to their studies, 

diesel fuel is first injected into hot, highly compressed air shortly before the end of the 

compression stoke of the piston and then vaporizes rapidly and entrains and mixes with hot 

air. The mixture of fuel vapour and the air eventually ignites in the gas phase under fuel 

ratio around 1 to 4. The mixing controlled diffusion combustion occurs just following the 
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ignition. Therefore, the present kinetic modelling approach included two parts, an idealized 

premixed ignition model and an opposed counterflow diffusion flame model. Because of 

the complex composition of real diesels, n-Heptane (
167HnC ) was chosen as a model fuel 

as it has a similar cetane number to diesel and has also been frequently used as a diesel fuel 

surrogate (Westbrook et al., 2006). Figure 7-1 shows the schematics of the ignition and 

combustion models. 

 

The ignition was simulated using the SENKIN program within the CHEMKIN Pro soft-

ware. The detailed description and use of CHEMKIN Pro can be referred to its manual. The 

SENKIN model calculated the temporal evolution of mole fractions of various species 

involved in the ignition phase for a homogeneous, adiabatic and gaseous mixture in a 

closed reactor under a constant pressure. The mixing of the injected fuel and hot air was not 

considered and once the ignition calculations begin, the simulations are performed in a 

constant pressure, spatially homogeneous environment, effectively decoupling the ignition 

process from the rest of the combustion chamber. These assumptions are quite reasonable 

since the ignition of fuel/air mixture is quite rapid in the diesel combustion chamber and 

there is little time for further exchange of heat and chemical species between the igniting 

mixtures and the remaining of the combustion chamber. Ignition delay time was used to 

describe the ignition characteristics of 
167HnC /air mixture, defined as the time required for 

the mixture to achieve the maximum concentration of OH (Westbrook et al., 2006), as 

shown in Figure 7-2. The ignition delay time was calculated under the constant pressure of 

50 bar with various initial temperatures, the characteristic condition of the laboratory small 

diesel engine used in the present study. The simulations were also performed for varying 
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different equivalence ratio, defined as the ratio of the 
167HnC to air ratio to the stoichio-

metric 
167HnC  to air ratio. 

 

Figure 7-2 Schematic of the definition of the ignition delay time as simulated with an initial 

temperature 800K and an equivalence ratio of 1.0 using CHEMKIN Pro 

 

The proceeding diffusion flame of n-Heptane was simulated using the OPPDIF code within 

the CHEMKIN PRO software. The model applies a counterflow configuration in which the 

counterflow n-Heptane diffusion flame is formed by two coaxial opposing jets of the fuel 

and air. The simulations were performed at atmospheric pressure due to the lack of 

transport data of iron related species at high pressures. The distance between fuel and air 

boundaries was 10mm. The velocity and temperature of air were set to 0.375ms
-1

 and 

800K, respectively, and those of the fuel stream were 0.342ms
-1

 and 298K. The fuel stream 

was a mixture of n-Heptane vapour and nitrogen with a mole ratio 15/85. The reason for 

choosing such parameters because this is the condition employed by Seiser et al (Seiser et 

al., 1998, Seiser et al., 2000) to simulate their experimental work, whose reaction mecha-

nisms of n-Heptane also used in the present model was validated. 
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The reaction mechanism of n-Heptane used in the present model includes 155 species and 

1540 reactions (Seiser et al., 2000). A detailed kinetic mechanism proposed by Rumminger 

et al. (1999) for gas phase iron species was also employed in the present simulations 

(Rumminger et al., 1999, Rumminger and Linteris, 1999). This iron mechanism included 

the decomposition reactions of 5)(COFe , which do not apply in the present simulations and 

were therefore eliminated in the present work. The full reaction mechanism has been 

provided in the Appendix A. This mechanism has been validated in methane (Rumminger 

et al., 1999), carbon monoxide (Li and Wei, 2011) and hydrogen (Linteris and Babushok, 

2009) combustion. 

 

7.3 Effect of iron on ignition delay time 

Figure 7-3 shows the ignition delay time of an n-Heptane-air mixture as a function of iron 

concentration at an initial temperature 800K and an equivalence ratio 1.0. Clearly, the 

addition of iron in the fuel reduced the ignition delay time, suggesting that iron promoted 

ignition. The ignition delay time decreased rapidly with increasing iron concentration from 

zero to ca. 30 ppm and this decrease slowed as the concentration further increased and, 

finally, levelled off when the concentration was > 500 ppm. The addition of 100ppm iron 

reduced the ignition delay time by > 10%.  

 

In order to understand the reasons for the effect of iron on ignition process, major reactions 

contributing to n-Heptane consumption at an early stage (20 ms) of ignition were identified 

and the relative rates of n-Heptane consumption due to these reactions are presented in 

Figure 7-4, sorted in the order decreasing reaction rate. Figure 4 shows that it is the OH  

radical, rather than HO2, that dominated the n-Heptane consumption during the early stage 
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of ignition. It has been reported that n-Heptane ignition occurs when OH  radicals accumu-

late in the reaction mixture (Westbrook, 2000). Most of OH  radicals then react with fuel 

molecules, producing water and heat, increasing the mixture temperature, and accelerating 

the total n-Heptane oxidation rate. The present simulation confirmed that OH  is the most 

critical species for initiating the ignition of n-Heptane. 

 

Figure 7-3 Effect of iron concentration in the fuel on ignition delay time 

 

Figure 7-4 Relative rates, as indicated by the horizontal bars, of consumption of n-Heptane 

by various elementary reactions at a residence time of 0.02ms, initial temperature 800K and 

the equivalence ratio 1.0 
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The role of Fe addition in reducing the ignition delay time can be explained with the aid of 

Figure 7-5, which shows the mole fractions of iron related species (Figure 7-5(a)) and OH  

(Figure 7-5(b)) as a function of time during the ignition of n-Heptane with 50ppm of iron in 

the fuel.  

   

 

Figure 7-5 Mole fractions of various iron related species with the addition of iron in the fuel 

(a) and mole fractions of OH with and without the addition of iron in the fuel (b) 

 



 

     149 

Before the ignition occurred as characterised by the instantaneous rapid rise of the OH 

concentration, most iron atoms reacted with oxygen to form 2FeO  which was not signifi-

cantly consumed during the build-up of the radical pool. On the other hand, a small portion 

of iron reacted with oxygen to form FeO  and radical O ; the latter in turn was consumed 

primarily via n-Heptane (
167HnC ) to produce radical OH  and the former ( FeO ) was 

reduced by H  to Fe . As OH  was primarily responsible for the ignition of n-Heptane, the 

role of iron was to add OH radicals to the system in the very early stage by participating in 

the following reactions:  

22 FeOOFe   (7-1) 

OFeOOFe  2  (7-2) 

OHFeOHFeO 2  (7-3) 

OHFeHFeO   (7-4) 

OHHCHnCO  157167
 (7-5) 

 

Figure 7-6 Effect of iron on ignition delay time as a function of initial temperature 
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The effect of initial temperature on the ignition delay time (ms) is shown in Figure 7-6 for 

equivalence ratio of 1.0 with Fe  concentrations of 0, 50 and 100ppm, respectively. It is 

seen that the ignition delay time decreased with increasing both temperature from700K to 

900K and Fe addition. Note that Fe addition to reduce the ignition delay time was more 

effective at low initial temperatures. Hence, given everything else being equal, the addition 

of Fe  was also expected to make the n-Heptane ignition to occur at a lower temperature. 

 

Figure 7-7 shows the effect of the equivalence ratio on ignition delay time at Fe concentra-

tions of 0, 50ppm and 100ppm. The ignition delay time decreased with increasing 

equivalence ratio and the decrease was greater at low equivalence ratios. The Fe addition 

also monotonically reduced the ignition delay time, being more significant at high equiva-

lence ratios. A reaction pathway analysis indicated that under leaner conditions, the rate of 

reaction OFeOOFe  2 , was higher than in the stoichiometric or richer mixtures. As 

a result, O  was formed much earlier, and its subsequent branching reaction with n-Heptane 

led to a richer radical pool, mainlyOH , in accordance with reaction 5. 

 

Figure 7-7 Effect of iron on ignition delay time as a function of equivalence ratio 
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7.4 Effect of iron on the diffusion combustion of n-Heptane 

Typical flame temperature profiles as a function of distance from the fuel side with and 

without iron in the fuel, and the peak flame temperature as a function of iron concentration 

are compared in Figure 7-8. It is apparent from Figure 7-8 (a) that iron addition only 

affected the peak flame temperatures and the simulated peak flame temperatures, occurring 

at ca. 6.7mm away from the fuel side, were 2016K and 1982K for the cases of with and 

without Fe addition, respectively. Figure 7-8 (b) shows that the peak flame temperature 

logarithmically increased with increasing iron concentration and became invariant when the 

concentration was greater than 400ppm.  

 

  

Figure 7-8 Effect of iron addition in the fuel on the flame temperatures: (a) a comparison of 

temperature profiles in flame zone with and without iron in the fuel and (b) the peak flame 

temperature of a counterflow diffusion flame as a function of iron concentration in the fuel 
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Figure 7-9 Comparisons of mole fraction profiles of (a) CO2, H2O and CO; (b) O, OH, and 

H radicals; and (c) various iron related species in the flame zone with and without iron in 

the fuel 
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To gain an insight into the mechanism of iron in promoting the combustion of the fuel, how 

iron atoms chemically affected the major species, various radicals and iron-bearing species 

present in the flame were analysed. The results are presented in Figure 7-9. The concentra-

tions of three major species, 2CO , OH 2 and CO , during n-Heptane combustion, with and 

without iron, are compared in Figure 7-9 (a), which shows that, with the addition of iron in 

the fuel, the mole fraction of OH 2  increased while the mole fraction of CO decreased 

significantly on both sides of the peak flame region. It is also interesting to note that the 

mole fraction of 2CO decreased slightly on the fuel side. However, the mole fraction of 

2CO is slightly higher on the air side of the flame for the case with Fe addition than that 

without Fe, suggesting that the combustion was more efficient as more CO  was converted 

into 2CO  due to iron addition. 

 

Mole fractions of O , OH and H  radicals in the flame region are compared in Figure 7-9 

(b). The Fe  addition in the fuel resulted in a higher peak mole fraction of OH  but lower 

peak mole fractions of O  and H , being more significant for radical H . Compared to the 

result without Fe addition, the peak mole fraction of H  was reduced by almost 10% as a 

consequence of 100ppm Fe  addition. However, the concentration of OH  was slightly 

reduced immediately on the fuel side of the peak flame region due to the effect of Fe.  

 

Figure 7-9 (c) shows the mole fractions of key iron related species in the flame with 

100ppm iron in the fuel. It is evident that most iron atoms in the reaction zone were con-

verted to iron species 2FeO , FeO , 2)(OHFe and FeOH . As iron diffused from the fuel to 

the flame zone, it encountered oxygen and reactions occurred. Most of iron was converted 

to 2FeO , which reached a peak at a distance of 0.55cm from the fuel side, then decreased 
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sharply and finally became negligible in the peak flame temperature region. Interestingly, at 

6.4mm on the fuel side of the peak flame temperature region, 2)(OHFe  was depressed, 

with sharp increases in FeO and FeOH . Both FeO  and FeOH  reached their peaks in the 

peak flame temperature region. The region of high mole fractions of FeO  and FeOH  

corresponded to a high mole fraction of radical H , as seen in Figure 7-9 (b). A detailed 

examination of the key reactions involving iron species and their rates would reveal the 

underlying mechanisms of iron atoms in the diffusion flame. 

 

As shown in Figures 7-8 and 7-9, key reactions involving major iron species were exam-

ined. Figure 7-10 illustrates the rates of important reactions of the major iron species in the 

diffusion flame, which were useful in elucidating the main reaction paths in the n-Heptane 

diffusion flame as affected by the presence of iron atoms. Iron mainly reacted with oxygen 

to form 2FeO , which then reacted with O  to form FeO  in the peak flame region. The bulk 

of the FeO  reacted with water to begin a catalytic cycle that converted H  into less reactive

2H  molecules (Jensen et al., 1974), as described by: 

22 )(OHFeOHFeO   (7-6) 

OHFeOHHOHFe 22)(   (7-7) 

2HFeOHFeOH   (7-8) 

This is consistent with the trend of decreasing mole fraction of H  with the addition of iron, 

as seen in Figure 7-9 (b).  

 

Furthermore, the peak mole fraction of O  was similar to that of H  in the peak flame 

region, which increased the importance of the reaction between iron species and radical O . 

It follows that reaction (9) below was one of the most significant iron reactions. 
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Figure 7-10 The rates of various reactions involving iron species in flame 

 

OHFeOOFeOH   (7-9) 

Reaction (9) also resulted in a lower peak mole fraction of O  in the peak flame region, 

which is consistent with observations in Figure 7-9 (b).  

 

How the above iron mechanism affected the flame temperature was further examined. The 

sensitivity of the flame temperature to the rates of major reactions was analysed and found 

that the dominant reactions determining the peak flame temperature in the n-Heptane 

diffusion flame are: 

HCOOHCO  2  (7-10) 
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OHOOH  2  (7-11) 

OHHOH  2  (7-12)  

OHOHH 2  (7-13)  

22 HOOH   (7-14) 

HHCHC  2232  (7-15)
 

HHCHHC  73263
 (7-16) 

2157167 HHCHHnC   (7-17) 

It was found that reactions (12) – (17) are many orders of magnitude slower than reactions 

(10) and (11). Therefore, reactions (10) and (11) are considered to be primarily responsible 

for the peak flame temperature. Increasing the forward rate or reducing the backward rate 

of these two reactions increased the peak flame temperature. Figure 7-11 shows the rates of 

these two reactions with addition of 100ppm iron in the fuel. The forward rates of both 

reactions increased in the peak flame regions, which in turn increased the peak flame 

temperature, Figure 7-8. Although the mole fractions of H , and O were lowered with iron 

addition, the overall rates of reactions (10) and (11) increased.  

 

The mechanisms of iron during ignition and combustion of diesel as modelled by n-

Heptane may be proposed, as illustrated in Figure7-12. During the ignition phase, iron 

advances the injection of radicals O , OH and H , particularly OH , into the radical pool, 

resulting in a faster ignition and shorter ignition delay time. In the diffusion flame, iron 

leads to lower mole fractions of radical H  and O  in the peak flame region. Nevertheless, 

the rates of HCOOHCO  2 and OHOOH  2 , which are responsible for the 

peak flame temperature, increase. Consequently, the peak flame temperature increases with 



 

     157 

increasing iron concentration. This is consistent with the findings from single droplet 

combustion experiments. 

 

Figure 7-11 Effect of iron on the reaction rates of OHOOH  2 and 

HCOOHCO  2  

 

Figure 7-12 A schematic of the proposed mechanisms of iron in diesel ignition and com-

bustion 
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7.5 Conclusions 

A kinetic modelling study of ignition and combustion characteristics of diesel represented 

by n-Heptane and the effect of iron has been carried out.  

 

Simulations for a range of equivalence ratios, air temperatures and iron concentrations in 

the fuel showed that a small amount of iron (up to 100ppm) in n-Heptane could significant-

ly reduce the ignition delay time, which decreased with increasing iron concentration. The 

reaction pathway analysis showed that the promotion of n-Heptane ignition by iron atoms 

was due to the reactions of iron with 2O , which led to an early injection of radicals of H

and O . These radicals in turn accelerated the subsequent build-up of radical OH , which 

reacted with the fuel molecules and initiates the ignition.  

 

The simulation results also showed that the addition of iron in n-Heptane increased the peak 

flame temperature of the counterflow diffusion flame of n-Heptane and the peak flame 

temperature increased with increasing iron concentration. The maximum mole fractions of 

H  and O  in the peak flame region were decreased by the addition of iron in the fuel due to 

the catalytic recombination cycles involving FeO , 2)(OHFe  and FeOH , however, the 

reaction rates of OHOOH  2  and HCOOHCO  2  in the peak flame region 

were increased. These two reactions were principally responsible for the increased flame 

temperature due to iron addition in the fuel.  
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Chapter 8 Evaluation and Implications of the Present Work 

 

8.1  Introduction 

In the present chapter, the findings from the four preceding chapters are evaluated against 

the objectives set out in Chapter 2 and their implications are also assessed. In evaluating the 

present work, the results from the present study are compared with the literature data as 

detailed in Chapter 2. In addition, new gaps are identified, leading to recommendations for 

the future research. 

 

8.2  Effect of the Catalyst on Fuel Efficiency of Diesel Engines 

The study on the effect of the catalyst on fuel efficiency of diesel engines in Chapter 4 has 

shown that the catalyst was able to reduce fuel consumptions and increase fuel efficiency in 

diesel engines. It has been found that the use of the catalyst reduced the brake specific fuel 

consumption up to 4.2% in a small laboratory diesel engine and 5.6% in a large industrial 

scale diesel engine. Table 8-1 shows the comparisons of the results from the present studies 

and open literature on the fuel savings with the use of the ferrous picrate based catalysts in 

diesel engines. It is seen that the results from the current research are consistent with the 

literature data. Data in the table has confirmed that the ferrous picrate based catalysts are 

capable of improving fuel efficiency regardless of engine types.  

 

While most literature reports only focused on the performance of diesel engines in terms of 

fuel savings, the study on the combustion characteristics in the present research has indicat-

ed that the increased fuel efficiency was attributed to the faster heating rates, shortened 

combustion duration and higher peak cylinder pressure due to the use of the catalyst. 
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Moreover, it has been also found that the catalyst had a better performance in terms of fuel 

efficiency when the engine was run at light load. 

 

Table 8-1 Comparisons between the present experimental results and the literature data on 

the fuel savings in diesel engines with the use of the ferrous picrate based catalysts 

Researchers Engine Types  Fuel Savings  

Parsons and Germane (1983)  Ford 302C diesel engine  Up 15.6%  

Guld (1985)  Varimax TD35  2.5%  

Markworth (1992)  EMD 2-567  1.7%  

Gillinder (2005) Perkins Generator  2 – 5.5%  

CAD Railway Services Canada (2003)  EMD 12-710G3A  2.5-7%  

Present Studies  YANMAR diesel engine  2-4.2%  

 

The results from the current research have important implications in the application of the 

catalyst in diesel engines. To begin with, the current research was performed under various 

conditions as a function of engine load, speed and the catalyst dosing ratio. These results, in 

combination with the literature data, provided confidence to end users that the catalyst 

indeed has potential to increase fuel efficiency in diesel engines. Furthermore, it has been 
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confirmed that the effect of the catalyst on fuel efficiency is dependent on the engine load, 

speed and catalyst dosing ratio in the present research. These findings help explain the 

discrepancies of the literature data on the effect of the catalyst on fuel efficiency in diesel 

engines. It is inferred that it would be difficult to reach a quantitative agreement among the 

reported data because different researchers used different engine types and operated the 

engine under different conditions.   

 

So far, the determination of the effect of the catalyst on fuel efficiency has focused on the 

short term tests and failed to look at the influence of the catalyst on the engine durability in 

the long run due to the high cost and long time period required to complete the tests. It has 

been reported that the performance of the catalyst in the diesel engines became better as the 

engine operation time increased due to the “cleaning” effect (Markworth, 1992). It was 

stated that the catalyst reduced carbon deposition on engine piston and cylinder surfaces, 

resulting in a cleaner engine and thus a better mechanical performance. In the future 

research, the studies should be extended to verify this statement through long term tests. 

 

Additionally, it has been found that the catalyst also increased fuel efficiency of biodiesel 

in diesel engines. This is for the first time to find that the ferrous picrate based catalyst 

could improve biodiesel combustion within diesel engines and the present finding has an 

important implication in the practical use of the biodiesel nowadays. Biodiesel has been 

proposed to be an alternative fuel of diesel because of its environmental and fuel security 

benefits. The amount of biodiesel being used in the world has been increasing recently and 

any small amount of improvements on fuel efficiency of biodiesel in diesel engines will 

result in a significant fuel saving and thus a reduction of total fuel cost. However, this 

finding is preliminary although significant because only one biodiesel was tested under a 
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few engine conditions. It is well known that biodiesel is an oxygen containing fuel and 

whether the oxygen could oxidise the ferrous picrate, which in turn affect the performance 

of the catalyst in diesel engines should be considered and studied in detail. Besides, the 

compositions of biodiesel vary with the feedstock. Therefore, a systematic study on the 

effect of the catalyst on biodiesel combustion in diesel engines should be further investigat-

ed. 

 

8.3 Effect of the Catalyst on Combustion Characteristics of Droplets of 

Diesel and Biodiesel 

The study of the effect of the ferrous picrate based catalyst on combustion characteristics of 

diesel and biodiesel through single droplets experiments has proven that the use of catalyst 

can reduce the burnout time, increase flame temperature and burning rates of droplets. Most 

important findings in the present study are the determination of iron atoms in the flames of 

the catalyst combustion using the flame emission spectroscopy and the determination of the 

decomposition temperature of ferrous picrate (ca. 523K). These results confirmed that the 

ferrous picric decomposed during the combustion processes of diesel and biodiesel to 

release iron atoms to the flame. 

 

These findings are important milestones to the understanding of working mechanisms of 

the catalyst in the combustion processes of diesel and biodiesel in relation to the practical 

use of the catalyst in diesel engines. There has been little scientific devotion to the study of 

the working mechanisms of the ferrous picrate based catalyst in diesel and biodiesel 

combustion processes in the open literature. Most literature (Parsons and Germane, 1983, 

Zeller and Westphal, 1992) studies only postulated that the increased fuel efficiency is 

attributed to the enhanced burning rates of diesel in diesel engines but there have been no 
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scientific evidences to prove this hypothesis. The present research proved that the use of the 

catalyst indeed improved burning rates, which provides a clue to understand the possible 

mechanisms of the ferrous picrate in the combustion processes of diesel and biodiesel. 

According to the well-established diesel combustion theory, higher burning rates of diesel 

or biodiesel fuel within diesel engines leads to higher combustion temperature, which in 

turn increase combustion efficiency and fuel efficiency. The catalyst increased the burning 

rates of diesel and biodiesel, thus increased combustion efficiency and reduced fuel con-

sumption.  

 

Viewed from another angle, these findings may have impacts on the understanding of other 

iron containing catalysts. It has been reported that other iron containing catalysts (Du et al., 

1998, May and Hirs, 2005) also have similar effect to the ferrous picrate but the underlying 

mechanisms were unknown. From the present findings, it can be assumed that those iron 

containing catalysts may possess similar characteristics, which is that the catalysts release 

iron atoms into the flame potentially promoting the combustion rates of diesel. However, 

the feasibility of this theory would of course need further analysis and investigation. 

 

However, the current single droplet experiments failed to explain the effect of the catalyst 

on ignition delay period of droplets of diesel and biodiesel, partly because of the intrinsic 

error of the camera used in the present studies, which could blur the effect of the catalyst. 

Further research using more sophisticated techniques is required on this particular area. The 

ignition and combustion process within diesel engines is characterised by high pressure 

spray ignition and combustion, which is slightly different from single droplet combustion 

under atmospheric pressure in the current research. Many physical properties of fuels and 

the catalyst may change under high pressure such as thermal conductivity, boiling point, 
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fuel vapor pressure and the decomposition temperature of the catalyst. In addition, the 

droplet sizes in fuel spray within diesel engines are much smaller than the droplet sizes 

used in the present research. Therefore, the effect of the catalyst on the combustion charac-

teristics of fuel spray as function of temperature, pressure, droplet size, catalyst dosing ratio 

should be investigated systematically as part of future work.  

 

8.4 Mathematical Modelling of the Effect of the Catalyst in Combustion 

Processes of Diesel and Biodiesel 

In order to determine if it is possible for the ferrous picrate to decompose during the 

combustion process of droplets of diesel and biodiesel and whether the increased flame 

temperature is mainly responsible for the increased burning rate, a comprehensive mathe-

matical model was formulated considering the factors of fibre conduction, liquid-phase 

conduction, gas phase reaction and flame radiation. This represents a more generic model 

considering various important factors during the ignition and combustion processes of 

single droplets in studying the mechanisms of the catalyst. 

 

The model was validated by the corresponding experimental work and a good agreement 

has been achieved at various ambient temperatures in terms of the ignition delay period and 

burnout time. Generally speaking, the measured and calculated burning rates of single 

droplets of diesel in the present studies (0.75-1.2mm
2
/s) are consistent with the literature 

data under the similar conditions as shown in Figure 8-1. The model is anticipated to be 

applicable to various fuels with greater accuracy provided more appropriate information 

such as relevant kinetics and physical properties of the particular fuel being studied are 

available. 
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Figure 8-1 Comparisons of experimental data and modelling results of burning rates of 

diesel and biodiesel (□: Modelling results of diesel from present study; ○: Modelling 

results of biodiesel from present study; ■: Experimental results of diesel from present 

study; ●: Experimental results of biodiesel from present study; ★: Experimental data on 

biodiesel (RME) from Morin et al., 2000; ◆: Experimental data on diesel from Bartle et 

al.,2011; ▼:Experimental data on diesel from Kaboyasi, 1954; ▲: Experimental data on 

diesel from Li et al., 2011; ×: Experimental data on biodiesel from Li et al., 2011) 

 

The modelling results showed that the surface temperatures of droplets of both diesel and 

biodiesel reached the decomposition temperature of the ferrous picrate (523K) after igni-

tion. The most significant implication is that the ferrous picrate is able to decompose during 

the combustion processes of single droplets of diesel and biodiesel to release iron atoms 

into the flame region, which must have participated in the gas phase reactions. Iron or its 

related species either enhanced burning rate of the fuel vapour or reduced radiation loss by 

reducing soot formations in the combustion (It has been found that the use of the ferrous 
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picrate based catalyst reduced soot emissions(Riley, 2005, Zhang, 2009) which eventually 

increased flame temperature. The increased flame temperature in turn enhanced the burning 

rates of droplets of diesel and biodiesel.  

 

This study also has implications in the utilization of the catalyst in other liquid fuels whose 

boiling points are higher than the decomposition temperature of ferrous picrate. In the 

combustion processes of these liquid fuels, it is more likely for the ferrous picrate to 

decompose to release iron atoms to flames and increased flame temperature, which in turn 

improve the burning rates of fuels. 

 

The areas that could form the scope of future research are thought to include the develop-

ment of a more sophisticated and a detailed kinetic treatment of the complicated gas phase 

reactions with the evolution of various iron-containing species. The current mathematical 

model only adopted one step Arrhenius equation to account for the gas reaction which was 

not sufficient enough to simulate the real complex chemical reactions of diesel and bio-

diesel fuel burning in the hot air. An in-depth study into gas reaction in future would 

provide insights into the actual kinetic effect of the catalyst and hence enable a more 

accurate evaluation of the chemical kinetic effect of the catalyst. Besides, it has been 

assumed the radiation was uniform around the burning droplets. However, the real radiation 

is much more complicated including soot formation mechanism, soot oxidation mechanism 

and soot volume fraction. Modelling the formation and oxidation of soot species and the 

interaction between these species and iron-containing species would be a more comprehen-

sive approach in future research, which not only may improve the model predictions but 

also help better understand the mechanisms of ferrous picrate based catalyst on the ignition 

and combustion processes of diesel and biodiesel droplets. Furthermore, whether the 



 

     167 

catalyst affect the conductivity of liquid phase and later on the evaporation characteristics 

remains a question to answer. This may necessitate a systematic understanding of the 

evolution of the catalyst during the whole evaporation, ignition and combustion processes 

of droplet in a great detail.  

 

8.5 Kinetic Modelling of Iron Atoms on Ignition and Combustion of 

Diesel 

The study of kinetic modelling on the effect of iron on ignition and combustion of n-

heptane as a model fuel of diesel has suggested that the iron atoms and iron related species 

in the flame can promote the ignition and combustion rate of n-heptane. The addition of 

iron accelerates the early generation of radical OH , which in turn promotes the ignition. 

The reaction rates of H + O2  O + OH and CO + OH  CO2 + H in the peak flame 

region were found to increase due to the presence of iron related species, which is consid-

ered to be responsible for the increased peak flame temperature. This is a significant 

finding as it proves that the increased flame temperature was the consequence of faster 

chemical reaction rates of fuel vapours due to the presence of iron atoms in the flame. The 

calculated results are in broad agreement with the literature data about the effect of iron 

atoms on other fuels like the methane (Park et al., 2002), carbon monoxide (Matsuda, 1972, 

Linteris et al., 2000) and hydrogen (Linteris and Babushok, 2009). The present research 

results, in combination with literature data, have clearly demonstrated a significant role of 

iron atoms in the ignition and combustion processes of diesel, which was not known before. 

 

A salient implication is that the higher burning rates of diesel and biodiesel can be attained 

by using iron-containing catalysts in an appropriate amount as long as these catalysts are 

able to release iron atoms into the flame upon heat. The released iron atoms will boost the 
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burning rates of fuel vapour reaction and increase flame temperature, which in turn enhance 

the burning rates of liquid fuels. This is obviously economically and practically feasible. 

Another implication is the possibility of the use of other catalysts in diesel fuel as long as 

these catalysts can promote the reaction rates of H + O2  O + OH and CO + OH  CO2 

+ H , which has been identified to determine the burning rates of n-heptane.  

 

In the current kinetic modelling, diesel was only modelled by n-heptane. However, diesel is 

a complex mixture of saturated and unsaturated hydrocarbon compounds with carbon atoms 

ranging from 8 to 21 and biodiesel is an oxygen content fuel which has distinct chemical 

reaction mechanisms compared to petroleum derived hydrocarbon fuels. Investigating the 

kinetic effect of iron on ignition and combustion characteristics of various fuels should be 

considered in the future research. In addition, the present simulations were performed under 

atmospheric pressure while diesel combustion in diesel engines is characterised by high 

temperature and pressure. It is also believed to be worthwhile to investigate the chemical 

kinetic effect of iron in hydrocarbon flames under high pressure provided accurate thermo-

dynamic and transportation property data of iron-related species are available. The studies 

in the future on the kinetic effects of iron on other hydrocarbon fuels and under high 

pressures will enable deeper understanding of the working mechanisms of the catalyst 

within diesel engines in terms of chemical kinetics. 

 

Although the present single droplets experiments provided evidences that the use of ferrous 

picrate based catalyst increased peak flame temperature, there have been no quantitative 

experimental data available to validate the accuracy of the kinetic model directly. There-

fore, appropriate experimentation should be designed and carried out in the future to 

validate the accuracy of the kinetic mechanism.  
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8.6 Overall Evaluation and Implications 

 

The overall aim to study a ferrous picrate based homogeneous combustion catalyst in diesel 

engines has been achieved. The findings from the present research highlight: 

 Systematically studies of the effect of the catalyst on fuel efficiency and combustion 

characteristics of diesel and biodiesel in diesel engines 

 Better understanding of the working mechanism of the catalyst in the combustion 

process of diesel and biodiesel using single droplets experiments and corresponding 

mathematical modelling 

 Understanding of the chemical kinetic effect of iron on the ignition and combustion 

characteristics of diesel 

 

These findings have various implications in the practical utilization of the ferrous picrate 

based catalyst in diesel engines. Understanding of the working mechanisms of the catalyst 

in the combustion processes provides confidence to apply the catalyst and eventually enable 

the possibility of modifications of the current catalyst and development of new catalysts. 

Although there has been a better understanding of the fundamental behaviours of the 

catalyst through the present studies, the research is this field is far from being complete and 

further improvements are possible and necessary in further research. 
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Chapter 9  Conclusions and Recommendations 

 

9.1  Introduction 

In the present chapter, the main research findings will be concluded. The present research 

has improved the status of knowledge of the use of the ferrous picrate based catalyst in 

diesel engines. The conclusions and evaluations of the present research have also led to 

some recommendations for future studies in this field. 

 

9.2  Conclusions 

9.2.1 Effect of the Catalyst on Fuel Efficiency and Combustion Characteristics of 

Diesel Engines 

 The use of the catalyst reduced the brake specific fuel consumption. Up to 4.2% fuel 

saving in the small laboratory diesel engine and up to 5.6% in the large industrial scale 

diesel engine under tested conditions were achieved. The brake specific fuel consump-

tion reduction does not correlate linearly with the catalyst dosing ratio and the 

reduction of the brake specific fuel consumption was greater at light loads.  

 

 The brake thermal efficiency increased as engine load increased. The addition of the 

catalyst increased the brake thermal efficiency and up to 0.8% was achieved under 

tested conditions in the small laboratory diesel engine. 

 

 The use of the catalyst could reduce the brake specific fuel consumption of the bio-

diesel up to 2.8% and slightly improve the brake thermal efficiency under the tested 

conditions. The brake specific fuel consumption of biodiesel was ca.15-20% higher 

than that of diesel. The brake thermal efficiency of biodiesel was lower than that of 
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diesel and the difference was greater under higher engine loads. 

 

 The addition of the catalyst shortened the ignition delay and combustion duration of 

diesel and biodiesel in the engine, resulting in slightly higher peak cylinder pressure 

and faster heat release rate. 

 

 

9.2.2 Effect of the Catalyst on Combustion Characteristics of Single Droplets of 

Diesel and Biodiesel 

 A comprehensive study of the effect of the ferrous picrate based homogeneous com-

bustion catalyst on the combustion characteristics of single droplets of diesel and 

biodiesel has been carried out. It was found that the catalyst shortened the burnout time, 

increased the burning rate and flame temperature of diesel and biodiesel droplets. At 

the dosing ratio of 1:10000 in the diesel and biodiesel, the flame temperatures of the 

catalyst dosed droplets were about 40k-50K higher than those of droplets without the 

catalyst while the burning rate was 0.05-0.1mm
2
/s higher.  

 

 It was also found that the ferrous picrate decomposed at 523K and iron atoms were 

detected in the flame of the catalyst droplets. It was proposed that the ferrous picrate 

decomposed and released iron into the flame zone during the combustion process of the 

droplets. The combustion rate was enhanced with the presence of iron in the flame, re-

sulting in a higher flame temperature. Consequently, the heat transfer between the 

flame front and the droplet surface and the evaporation rate were improved.  

 

 It was also found that biodiesel had a longer ignition delay period but a shorter burnout 
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time, higher burning rate and flame temperature than those of diesel. It is assumed that 

the presence of double bond and oxygen in the biodiesel may be the major factor lead-

ing to this difference. 

 

9.2.3 Mathematical Modelling of the Effect of the Catalyst on the Combustion 

Characteristics of Single Droplets of Diesel and Biodiesel 

 A detailed mathematical model has been developed to account for the effect of a 

ferrous picrate based catalyst on the ignition and combustion characteristics of single 

droplets of diesel and biodiesel suspended at the tip of a quartz fibre undergoing heat-

ing, ignition and subsequent combustion in a hot stagnation environment. The 

formulated model incorporated the effects of fibre heat conduction, liquid-phase con-

duction, gas phase reaction and flame radiation. The model was validated by the 

corresponding experimental work and a good agreement has been achieved at various 

ambient temperatures in terms of the ignition delay period and burnout time.  

 

 The model predicted higher burning rates of both diesel and biodiesel droplets with the 

use of the catalyst, which was attributed to the increased flame temperature. The mod-

elling results showed that the surface temperatures of droplets of both diesel and 

biodiesel reached the decomposition temperature of the ferrous picrate (523K) after ig-

nition. This validated our postulation that the ferrous picrate decomposed during the 

combustion process of single droplets of diesel and biodiesel to release iron atoms into 

the flame region, which in turn enhanced gas phase reaction rate and therefore in-

creased the flame temperature. 
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9.2.4 Kinetic Modelling of Iron on the Ignition and Combustion of Diesel  

 A kinetic modelling study of ignition and combustion characteristics of diesel repre-

sented by n-Heptane and the effect of iron has been carried out using CHEMKIN-Pro. 

The ignition was simulated using the SENKIN program while the simulation of n-

Heptane diffusion flame was performed using the OPPDIF program. 

 

 Simulations for a range of equivalence ratios, air temperatures and iron concentrations 

in the fuel showed that a small amount of iron (up to 100ppm) in n-Heptane could sig-

nificantly reduce the ignition delay time, which decreased with increasing iron 

concentration. The reaction pathway analysis showed that the promotion of n-Heptane 

ignition by iron atoms was due to the reactions of iron with 2O , which led to an early 

injection of radicals of H and O . These radicals in turn accelerated the subsequent 

build-up of radical OH , which reacted with the fuel molecules and initiated the ignition.  

 

 The simulation results also showed that the addition of iron in n-Heptane increased the 

peak flame temperature of the counterflow diffusion flame of n-Heptane and the peak 

flame temperature increased with increasing iron concentration. The maximum mole 

fractions of H  and O  in the peak flame region were decreased by the addition of iron 

in the fuel due to the catalytic recombination cycles involving FeO , 2)(OHFe  and 

FeOH , however, the reaction rates of OHOOH  2  and HCOOHCO  2  

in the peak flame region were increased. These two reactions are principally responsi-

ble for the increased flame temperature due to iron addition in the fuel.  

9.3 Implications 

 The study of the effect of the catalyst on fuel efficiency in diesel engines has important 
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implications in the application of the catalyst. The findings in the current research, in 

combination with the literature data, provided confidence to end users that the catalyst 

indeed has potential to save fuel in diesel engines. Furthermore, it has been confirmed 

that the effect of the catalyst on fuel efficiency is dependent on the engine load, speed 

and catalyst dosing ratio. Therefore, it would be difficult to reach a quantitative agree-

ment among the reported data because different researchers used different engine types 

and operated the engine under different conditions.  The present research also implied 

that the use of the catalyst can potentially increase fuel efficiency of biodiesel in diesel 

engines as well. 

 

 The study of single droplets of diesel and biodiesel implied that the increased fuel 

efficiency in diesel engines with the use of the catalyst was due to the increased burn-

ing rate of diesel and biodiesel. Another implication is that the same mechanism can be 

said to the other iron-containing catalysts, which release iron atoms into the flame po-

tentially increase the reaction rates of gas phase fuel vapour and thus flame temperature, 

which in turn promotes the burning rates of diesel or biodiesel.  

 

 The study of single droplet modelling to investigate the mechanisms of the catalyst 

implies that the ferrous picrate is able to decompose during the combustion processes 

of single droplets of diesel and biodiesel to release iron atoms into the flame region. 

This study also has implications in the utilization of the catalyst in other liquid fuels 

whose boiling points are higher than the decomposition temperature of ferrous picrate. 

In the combustion processes of these liquid fuels, it is more likely for the ferrous pic-

rate to decompose to release iron atoms to flames and increased flame temperature, 

which in turn improve the burning rates of fuels. 
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 The study of kinetic modelling of iron atoms in the combustion process of diesel 

implies that the higher burning rates of diesel and biodiesel can be attained by using 

iron-containing catalysts in an appropriate amount as long as these catalysts are able to 

release iron atoms into the flame upon heat. The released iron atoms will boost the 

burning rates of fuel vapour reaction and increase flame temperature, which in turn en-

hance the burning rates of liquid fuels. This is obviously economically and practically 

feasible. Another implication is the possibility of the use of other catalysts in diesel 

fuel as long as these catalysts can promote the reaction rates of H + O2  O + OH and 

CO + OH  CO2 + H, which has been identified to determine the burning rates of n-

heptane. 

 

 

9.4 Recommendations 

Although the overall objectives of the present research have been achieved, various new 

gaps have also been identified following the evaluations of the findings from the present 

research, leading to the flowing recommendations for future research. 

 

 The study on the effect of the catalyst on engine durability including engine deposit, 

fuel lines and filter deposit needs to be carried out to investigate whether the catalyst 

has significant influence on carbon deposition within engine cylinders and other sub-

systems. It is also recommended to systematically study the influence of the catalyst on 

biodiesel oxidation and combustion characteristics in diesel engines in both short run 

and long run. 
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 While the present research has focused on the effect of burning rates of single droplets 

of diesel and biodiesel, the effect of the catalyst on the ignition characteristics of drop-

lets warrants further research. Moreover, the effect of the catalyst on the combustion 

characteristics of fuel sprays as function of temperature, pressure, droplet size, catalyst 

dosing ratio should be investigated systematically as part of future work. 

 

 

 In the single droplet modelling, the development of a more sophisticated and a detailed 

kinetic treatment of the complicated gas phase reactions with the evolution of various 

iron-containing species is necessary and is expected to lead to a more accurate evalua-

tion of the chemical reaction effect of the catalyst. Besides, Modelling the formation 

and oxidation of soot species and the interaction between these species and iron-

containing species would be a more comprehensive approach in future research. Fur-

thermore, whether the catalyst affects the conductivity of the liquid phase and later on 

the evaporation characteristics remains a question to answer. This may necessitate a 

systematic understanding of the evolution of the catalyst during the whole evaporation, 

ignition and combustion processes of droplet in a great detail. 

 

 In the current kinetic modelling, diesel was only modelled by n-heptane. However, 

diesel is a complex mixture of carbon chains with carbon atoms ranging from 8 to 21 

and biodiesel is an oxygen content fuel which has distinct chemical reaction mecha-

nisms compared to petroleum derived hydrocarbon fuels. The studies in the future on 

the chemical kinetic effects of iron on other hydrocarbon fuels and oxygen-contained 

fuels will enable deeper understanding of the mechanisms of the catalyst in terms of 

chemical kinetics. It is also believed to be worthwhile to investigate the chemical kinet-
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ic effect of iron in hydrocarbon flames under high pressure provided accurate thermo-

dynamic and transportation property data of iron-related species are available. Most 

importantly, appropriate experimentation should be designed and carried out in the fu-

ture to validate the accuracy of the kinetic mechanism.  
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Appendix A Chemical Kinetic Mechanism of n-Heptane and Gaseous Iron 

Species 

 

Reaction Rate Expression: )/exp( RTEATk b    (A-1) 

Where A  is pre-exponential factor, E is activation energy and T is temperature 

 

Reaction A b E 

CH3+H(+M)=>CH4(+M) 2.140E+15 -0.400 0.00 

CH4(+M)=>CH3+H(+M) 1.054E+21 -1.400 107900.10 

CH4+H=>CH3+H2 1.727E+04 3.000 8223.95 

CH3+H2=>CH4+H 6.610E+02 3.000 7744.02 

CH4+OH=>CH3+H2O 1.930E+05 2.400 2106.12 

CH3+H2O=>CH4+OH 4.820E+02 2.900 14859.94 

CH4+O=>CH3+OH 2.130E+06 2.210 6479.92 

CH3+OH=>CH4+O 3.557E+04 2.210 3919.93 

C2H6+CH3=>C2H5+CH4 1.510E-07 6.000 6047.08 

C2H5+CH4=>C2H6+CH3 9.649E-10 6.560 10219.89 

HCO+OH=>CO+H2O 1.020E+14 0.000 0.00 

CO+H2O=>HCO+OH 2.896E+15 0.000 105200.05 

CO+OH=>CO2+H 1.400E+05 1.950 -1347.04 

CO2+H=>CO+OH 1.568E+07 1.950 20989.96 

H+O2=>O+OH 1.970E+14 0.000 16539.91 

O+OH=>H+O2 1.555E+13 0.000 424.95 

O+H2=>H+OH 5.080E+04 2.670 6292.07 

H+OH=>O+H2 2.231E+04 2.670 4196.94 

O+H2O=>2OH 2.970E+06 2.020 13400.10 

2OH=>O+H2O 3.013E+05 2.020 -3849.90 

OH+H2=>H+H2O 2.160E+08 1.510 3429.97 

H+H2O=>OH+H2 9.352E+08 1.510 18580.07 

HCO+M=>H+CO+M 1.860E+17 -1.000 17000.00 

H+CO+M=>HCO+M 6.467E+13 0.000 -441.92 

H2O2+OH=>H2O+HO2 1.000E+12 0.000 0.00 
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H2O+HO2=>H2O2+OH 1.685E+11 0.330 31460.09 

C2H4+O=>CH3+HCO 1.020E+07 1.880 179.02 

CH3+HCO=>C2H4+O 2.851E+08 1.050 31770.08 

H+C2H4(+M)=>C2H5(+M) 1.081E+12 0.450 1821.94 

C2H5(+M)=>H+C2H4(+M) 3.587E+14 -0.340 39570.03 

CH3OH(+M)=>CH3+OH(+M) 1.900E+16 0.000 91729.92 

CH3+OH(+M)=>CH3OH(+M) 9.181E+10 1.000 744.98 

C2H6+H=>C2H5+H2 5.540E+02 3.500 5167.07 

C2H5+H2=>C2H6+H 1.355E-01 4.060 8857.07 

CH3OH+HO2=>CH2OH+H2O2 3.980E+13 0.000 19400.10 

CH2OH+H2O2=>CH3OH+HO2 3.130E+15 -0.900 10750.00 

C2H5+O2=>C2H4+HO2 1.220E+30 -5.760 10099.90 

C2H4+HO2=>C2H5+O2 1.259E+30 -5.630 22309.99 

C2H6+OH=>C2H5+H2O 5.125E+06 2.060 854.92 

C2H5+H2O=>C2H6+OH 1.010E+07 2.060 22979.92 

C2H6+O=>C2H5+OH 1.130E+14 0.000 7849.90 

C2H5+OH=>C2H6+O 2.080E+13 0.000 12719.89 

CH3+HO2=>CH3O+OH 1.100E+13 0.000 0.00 

CH3O+OH=>CH3+HO2 4.780E+14 -0.350 24549.95 

CO+HO2=>CO2+OH 3.010E+13 0.000 23000.00 

CO2+OH=>CO+HO2 6.435E+15 -0.330 84609.94 

2CH3(+M)=>C2H6(+M) 9.214E+16 -1.170 635.76 

C2H6(+M)=>2CH3(+M) 4.709E+21 -1.700 87409.89 

H2O+M=>H+OH+M 1.837E+27 -3.000 122599.90 

H+OH+M=>H2O+M 2.250E+22 -2.000 0.00 

H+O2(+M)=>HO2(+M) 1.475E+12 0.600 0.00 

HO2(+M)=>H+O2(+M) 5.053E+14 -0.070 49960.09 

CO+O(+M)=>CO2(+M) 1.800E+10 0.000 2384.08 

CO2+M=>CO+O+M 1.670E+16 -1.000 130099.90 

CO+O2=>CO2+O 1.068E-15 7.130 13320.03 

CO2+O=>CO+O2 9.444E-15 7.130 19539.91 

HCO+H=>CO+H2 7.340E+13 0.000 0.00 
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CO+H2=>HCO+H 4.813E+14 0.000 90000.00 

HCO+O=>CO+OH 3.020E+13 0.000 0.00 

CO+OH=>HCO+O 8.697E+13 0.000 87900.10 

CH2O+M=>HCO+H+M 6.283E+29 -3.570 93200.05 

HCO+H+M=>CH2O+M 2.660E+24 -2.570 427.10 

CH2O+OH=>HCO+H2O 3.430E+09 1.180 -446.94 

HCO+H2O=>CH2O+OH 1.186E+09 1.180 29380.02 

CH2O+H=>HCO+H2 9.334E+08 1.500 2976.10 

HCO+H2=>CH2O+H 7.453E+07 1.500 17650.10 

CH2O+O=>HCO+OH 4.160E+11 0.570 2761.95 

HCO+OH=>CH2O+O 1.459E+10 0.570 15340.11 

CH3+OH=>CH2O+H2 2.250E+13 0.000 4299.95 

CH2O+H2=>CH3+OH 6.756E+14 0.000 76030.11 

CH3+O=>CH2O+H 8.000E+13 0.000 0.00 

CH2O+H=>CH3+O 1.055E+15 0.000 69630.02 

CH3+O2=>CH3O+O 1.995E+18 -1.570 29210.09 

CH3O+O=>CH3+O2 3.585E+18 -1.590 -1630.98 

CH2O+CH3=>HCO+CH4 3.636E-06 5.420 998.09 

HCO+CH4=>CH2O+CH3 7.584E-06 5.420 16150.10 

HCO+CH3=>CH4+CO 1.210E+14 0.000 0.00 

CH4+CO=>HCO+CH3 2.073E+16 0.000 90479.92 

CH3O(+M)=>CH2O+H(+M) 5.450E+13 0.000 13500.00 

CH2O+H+M=>CH3O+M 3.812E+09 1.020 -7489.01 

C2H4(+M)=>C2H2+H2(+M) 1.800E+13 0.000 76000.00 

C2H2+H2+M=>C2H4+M 1.877E+11 0.170 34780.11 

HO2+O=>OH+O2 3.250E+13 0.000 0.00 

OH+O2=>HO2+O 7.857E+14 -0.330 55390.06 

HCO+HO2=>CH2O+O2 2.974E+10 0.330 -3860.90 

CH2O+O2=>HCO+HO2 2.050E+13 0.000 38950.05 

CH3O+O2=>CH2O+HO2 5.500E+10 0.000 2424.00 

CH2O+HO2=>CH3O+O2 1.318E+09 0.350 31390.06 

CH3+HO2=>CH4+O2 3.600E+12 0.000 0.00 
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CH4+O2=>CH3+HO2 5.177E+15 -0.330 57960.09 

HCO+O2=>CO+HO2 7.580E+12 0.000 409.89 

CO+HO2=>HCO+O2 9.029E+11 0.330 32929.97 

HO2+H=>2OH 7.080E+13 0.000 299.95 

2OH=>HO2+H 1.352E+14 -0.330 39570.03 

HO2+H=>H2+O2 1.660E+13 0.000 820.03 

H2+O2=>HO2+H 9.138E+14 -0.330 58299.95 

HO2+OH=>H2O+O2 2.890E+13 0.000 -500.00 

H2O+O2=>HO2+OH 6.888E+15 -0.330 72140.06 

H2O2+O2=>2HO2 5.942E+17 -0.660 53150.10 

2HO2=>H2O2+O2 4.200E+14 0.000 11979.92 

2OH(+M)=>H2O2(+M) 1.236E+14 -0.370 0.00 

H2O2(+M)=>2OH(+M) 3.138E+19 -1.370 51859.94 

H2O2+H=>H2O+OH 2.410E+13 0.000 3969.89 

H2O+OH=>H2O2+H 7.750E+12 0.000 74710.09 

CH4+HO2=>CH3+H2O2 3.420E+11 0.000 19289.91 

CH3+H2O2=>CH4+HO2 3.365E+11 -0.330 2501.91 

CH2O+HO2=>HCO+H2O2 5.820E-03 4.530 6556.88 

HCO+H2O2=>CH2O+HO2 1.194E-02 4.200 4920.89 

OH+M=>O+H+M 3.909E+22 -2.000 105299.95 

O+H+M=>OH+M 4.720E+18 -1.000 0.00 

O2+M=>2O+M 6.473E+20 -1.500 121500.00 

2O+M=>O2+M 6.170E+15 -0.500 0.00 

H2+M=>2H+M 4.570E+19 -1.400 104400.10 

2H+M=>H2+M 2.423E+15 -0.400 -3039.91 

C2H3+H(+M)=>C2H4(+M) 6.100E+12 0.270 280.11 

C2H4(+M)=>C2H3+H(+M) 1.692E+15 0.100 107099.90 

C2H5+C2H3=>2C2H4 3.000E+12 0.000 0.00 

2C2H4=>C2H5+C2H3 4.820E+14 0.000 71530.11 

C2H2+H(+M)=>C2H3(+M) 3.110E+11 0.580 2588.91 

C2H3(+M)=>C2H2+H(+M) 2.028E+15 -0.420 44460.09 

C2H4+H=>C2H3+H2 8.420E-03 4.620 2582.93 
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C2H3+H2=>C2H4+H 5.723E-01 3.790 3233.03 

C2H4+OH=>C2H3+H2O 2.020E+13 0.000 5955.07 

C2H3+H2O=>C2H4+OH 1.015E+13 0.000 20219.89 

C2H3+O2=>C2H2+HO2 5.190E-15 -1.260 3309.99 

C2H2+HO2=>C2H3+O2 2.727E-16 -0.930 11400.10 

C2H2+M=>C2H+H+M 4.200E+16 0.000 107000.00 

C2H+H+M=>C2H2+M 7.130E+07 2.080 -28909.89 

C2H2+O2=>HCCO+OH 2.000E+08 1.500 30099.90 

HCCO+OH=>C2H2+O2 2.232E+05 1.500 25400.10 

CH2+O2=>CO+H2O 7.280E+19 -2.540 1809.03 

CO+H2O=>CH2+O2 8.508E+20 -2.540 179799.95 

C2H2+OH=>C2H+H2O 3.370E+07 2.000 14000.00 

C2H+H2O=>C2H2+OH 4.671E+03 3.080 684.99 

O+C2H2=>C2H+OH 3.160E+15 -0.600 15000.00 

C2H+OH=>O+C2H2 4.443E+10 0.480 -15570.03 

C2H2+O=>CH2+CO 6.120E+06 2.000 1900.10 

CH2+CO=>C2H2+O 1.152E+06 2.000 52570.03 

C2H+O2=>HCO+CO 2.410E+12 0.000 0.00 

HCO+CO=>C2H+O2 1.328E+16 -1.080 154099.90 

C2H+O=>CO+CH 1.810E+13 0.000 0.00 

CO+CH=>C2H+O 7.478E+16 -1.080 82130.02 

CH2+O2=>HCO+OH 1.290E+20 -3.300 283.94 

HCO+OH=>CH2+O2 5.310E+19 -3.300 73169.93 

CH2+O=>CO+2H 5.000E+13 0.000 0.00 

CO+2H=>CH2+O 0.000E+00 0.000 0.00 

CH2+H=>CH+H2 1.000E+18 -1.560 0.00 

CH+H2=>CH2+H 7.026E+17 -1.560 2989.96 

CH2+OH=>CH+H2O 1.130E+07 2.000 3000.00 

CH+H2O=>CH2+OH 3.437E+07 2.000 21150.10 

CH2+O2=>CO2+2H 3.290E+21 -3.300 2868.07 

CO2+2H=>CH2+O2 0.000E+00 0.000 0.00 

CH+O2=>HCO+O 3.300E+13 0.000 0.00 
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HCO+O=>CH+O2 4.402E+13 0.000 71989.96 

CH3OH+OH=>CH2OH+H2O 7.100E+06 1.800 -596.08 

CH2OH+H2O=>CH3OH+OH 3.293E+01 3.460 22719.89 

CH3OH+H=>CH3O+H2 3.600E+12 0.000 6094.89 

CH3O+H2=>CH3OH+H 7.467E+12 -0.020 7825.05 

CH3OH+H=>CH2OH+H2 1.440E+13 0.000 6094.89 

CH2OH+H2=>CH3OH+H 1.543E+07 1.660 14250.00 

CH3OH+CH3=>CH2OH+CH4 3.190E+01 3.170 7172.08 

CH2OH+CH4=>CH3OH+CH3 8.927E-04 4.830 15809.99 

CH3OH+O=>CH2OH+OH 3.880E+05 2.500 3080.07 

CH2OH+OH=>CH3OH+O 4.960E+03 2.500 8781.07 

CH2OH+O2=>CH2O+HO2 3.810E+06 2.000 1641.01 

CH2O+HO2=>CH2OH+O2 1.768E+11 0.670 24179.97 

CH2OH(+M)=>CH2O+H(+M) 2.800E+14 -0.730 32820.03 

CH2O+H(+M)=>CH2OH(+M) 3.792E+16 -1.390 5402.01 

C2H3+O2=>C2H2+HO2 2.120E-06 6.000 9483.99 

C2H2+HO2=>C2H3+O2 1.114E-07 6.330 17570.03 

H2O2+O=>OH+HO2 9.550E+06 2.000 3969.89 

OH+HO2=>H2O2+O 2.541E+07 1.680 19849.90 

C2H2+O=>HCCO+H 1.430E+07 2.000 1900.10 

HCCO+H=>C2H2+O 2.021E+05 2.000 13309.99 

C2H2+OH=>CH2CO+H 2.190E-04 4.500 -1000.00 

CH2CO+H=>C2H2+OH 2.161E-03 4.500 19669.93 

CH2CO+H=>CH3+CO 1.100E+13 0.000 3400.10 

CH3+CO=>CH2CO+H 2.400E+12 0.000 40200.05 

CH2CO+O=>CH2+CO2 1.750E+12 0.000 1349.90 

CH2+CO2=>CH2CO+O 3.739E+12 0.000 53690.01 

CH2+O2=>CH2O+O 3.290E+21 -3.300 2868.07 

CH2O+O=>CH2+O2 3.862E+22 -3.300 63179.97 

CH2CO(+M)=>CH2+CO(+M) 3.000E+14 0.000 70979.92 

CH2+CO+M=>CH2CO+M 6.909E+08 1.000 -4359.94 

CH2CO+O=>HCCO+OH 1.000E+13 0.000 8000.00 
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HCCO+OH=>CH2CO+O 1.432E+10 0.000 -1255.02 

CH2CO+OH=>HCCO+H2O 1.000E+13 0.000 2000.00 

HCCO+H2O=>CH2CO+OH 1.412E+11 0.000 9994.98 

CH2CO+H=>HCCO+H2 2.000E+14 0.000 8000.00 

HCCO+H2=>CH2CO+H 6.522E+11 0.000 840.11 

HCCO+OH=>2HCO 1.000E+13 0.000 0.00 

2HCO=>HCCO+OH 4.820E+13 0.000 40359.94 

HCCO+H=>CH2(s)+CO 1.100E+14 0.000 0.00 

CH2(s)+CO=>HCCO+H 6.660E+13 0.000 39260.04 

HCCO+O=>H+2CO 8.000E+13 0.000 0.00 

H+2CO=>HCCO+O 0.000E+00 0.000 0.00 

C2H6+O2=>C2H5+HO2 4.000E+13 0.000 50900.10 

C2H5+HO2=>C2H6+O2 3.000E+11 0.000 0.00 

C2H6+HO2=>C2H5+H2O2 1.700E+13 0.000 20460.09 

C2H5+H2O2=>C2H6+HO2 1.069E+11 0.240 7842.02 

CH2+O2=>CO2+H2 1.010E+21 -3.300 1507.89 

CO2+H2=>CH2+O2 3.054E+23 -3.300 186700.05 

CH3+C2H3=>CH4+C2H2 3.920E+11 0.000 0.00 

CH4+C2H2=>CH3+C2H3 2.962E+13 0.000 66049.95 

CH3+C2H5=>CH4+C2H4 1.950E+13 -0.500 0.00 

CH4+C2H4=>CH3+C2H5 2.895E+16 -0.700 70169.93 

CH3OH+CH2O=>2CH3O 3.835E+13 0.050 84719.89 

2CH3O=>CH3OH+CH2O 6.030E+13 0.000 0.00 

CH2O+CH3O=>CH3OH+HCO 1.150E+11 0.000 1280.11 

CH3OH+HCO=>CH2O+CH3O 3.020E+11 0.000 18159.89 

CH4+CH3O=>CH3+CH3OH 1.570E+11 0.000 8842.02 

CH3+CH3OH=>CH4+CH3O 1.046E+09 0.000 50000.00 

C2H6+CH3O=>C2H5+CH3OH 3.000E+11 0.000 7000.00 

C2H5+CH3OH=>C2H6+CH3O 1.714E+10 0.000 50000.00 

C2H3+H=>C2H2+H2 2.000E+13 0.000 2500.00 

C2H2+H2=>C2H3+H 1.331E+13 0.000 68080.07 

CH3O+CH3OH=>CH2OH+CH3OH 3.000E+11 0.000 4074.09 
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CH2OH+CH3OH=>CH3O+CH3OH 1.549E+05 1.680 10500.00 

CH3OH+OH=>CH3O+H2O 1.000E+06 2.100 496.65 

CH3O+H2O=>CH3OH+OH 8.981E+06 2.080 17380.02 

C2H5+H=>2CH3 3.610E+13 0.000 0.00 

2CH3=>C2H5+H 5.446E+16 -1.030 16979.92 

C2H3+O2=>CH2O+HCO 1.700E+29 -5.310 6500.00 

CH2O+HCO=>C2H3+O2 1.657E+29 -5.310 93049.95 

C2H6=>C2H5+H 2.783E+21 -1.560 103799.95 

C2H5+H=>C2H6 3.610E+13 0.000 0.00 

pC2H4OH=>C2H4+OH 1.293E+12 -0.370 26849.90 

C2H4+OH=>pC2H4OH 9.930E+11 0.000 -960.09 

C2H4+CH3=>C2H3+CH4 6.620E+00 3.700 9500.00 

C2H3+CH4=>C2H4+CH3 1.440E+00 4.020 5472.04 

CH3CO(+M)=>CH3+CO(+M) 3.000E+12 0.000 16719.89 

CH3+CO+M=>CH3CO+M 9.623E+11 -0.130 9777.96 

CH3CHO=>CH3+HCO 2.614E+15 0.150 80549.95 

CH3+HCO=>CH3CHO 2.000E+13 0.000 0.00 

CH3CHO+O2=>CH3CO+HO2 3.010E+13 0.000 39150.10 

CH3CO+HO2=>CH3CHO+O2 8.552E+10 0.320 -1940.01 

CH3CHO+OH=>CH3CO+H2O 2.000E+06 1.800 1299.95 

CH3CO+H2O=>CH3CHO+OH 1.354E+06 1.790 32849.90 

CH3CHO+H=>CH3CO+H2 1.340E+13 0.000 3299.95 

CH3CO+H2=>CH3CHO+H 2.096E+12 -0.010 19690.01 

CH3CHO+O=>CH3CO+OH 5.940E+12 0.000 1868.07 

CH3CO+OH=>CH3CHO+O 4.080E+11 -0.010 16169.93 

CH3CHO+HO2=>CH3CO+H2O2 3.010E+12 0.000 11929.97 

CH3CO+H2O2=>CH3CHO+HO2 1.210E+13 -0.340 12010.04 

CH3CHO+CH3=>CH3CO+CH4 2.608E+06 1.780 5911.09 

CH3CO+CH4=>CH3CHO+CH3 1.066E+07 1.770 22789.91 

C3H5-s=>C2H2+CH3 9.598E+39 -8.170 42030.11 

C2H2+CH3=>C3H5-s 1.610E+40 -8.580 20330.07 

C2H2+CH3=>C3H4-p+H 1.211E+17 -1.200 16679.97 
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C3H4-p+H=>C2H2+CH3 1.000E+14 0.000 4000.00 

C3H5-a=>C2H2+CH3 2.397E+48 -9.900 82080.07 

C2H2+CH3=>C3H5-a 2.610E+46 -9.820 36950.05 

C3H6=>C2H3+CH3 2.730E+62 -13.280 123200.05 

C2H3+CH3=>C3H6 4.712E+59 -13.190 29539.91 

C2H2+CH3=>C3H4-a+H 6.740E+19 -2.080 31590.11 

C3H4-a+H=>C2H2+CH3 1.149E+16 -0.700 15789.91 

C3H6=>C3H5-a+H 2.010E+61 -13.260 118500.00 

C3H5-a+H=>C3H6 4.887E+56 -12.250 28080.07 

C3H6+O=>CH2CO+CH3+H 2.500E+07 1.760 76.00 

CH2CO+CH3+H=>C3H6+O 0.000E+00 0.000 0.00 

C3H6+O=>C2H5+HCO 1.580E+07 1.760 -1216.06 

C2H5+HCO=>C3H6+O 1.402E+05 1.880 26510.04 

C3H6+O=>CH3CHCO+2H 2.500E+07 1.760 76.00 

CH3CHCO+2H=>C3H6+O 0.000E+00 0.000 0.00 

C3H6=>C3H5-s+H 7.710E+69 -16.090 140000.00 

C3H5-s+H=>C3H6 1.217E+63 -14.600 26159.89 

C3H6+HO2=>C3H5-a+H2O2 1.500E+11 0.000 14190.01 

C3H5-a+H2O2=>C3H6+HO2 5.867E+05 1.330 9759.08 

C3H6+HO2=>C3H5-s+H2O2 7.500E+09 0.000 12570.03 

C3H5-s+H2O2=>C3H6+HO2 2.308E+04 1.270 -13419.93 

C3H6+HO2=>C3H5-t+H2O2 3.000E+09 0.000 9929.97 

C3H5-t+H2O2=>C3H6+HO2 9.234E+03 1.270 -14059.99 

C3H6+OH=>C3H5-a+H2O 3.120E+06 2.000 -298.04 

C3H5-a+H2O=>C3H6+OH 6.194E+06 2.010 31880.02 

C3H6+OH=>C3H5-s+H2O 2.110E+06 2.000 2777.96 

C3H5-s+H2O=>C3H6+OH 2.719E+04 2.490 11530.11 

C4H6=>2C2H3 4.027E+19 -1.000 98150.10 

2C2H3=>C4H6 1.260E+13 0.000 0.00 

C4H6+OH=>C2H5+CH2CO 1.000E+12 0.000 0.00 

C2H5+CH2CO=>C4H6+OH 3.730E+12 0.000 30020.08 

C4H6+OH=>CH2O+C3H5-a 1.000E+12 0.000 0.00 
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CH2O+C3H5-a=>C4H6+OH 3.501E+06 0.000 71059.99 

C4H6+OH=>C2H3+CH3CHO 1.000E+12 0.000 0.00 

C2H3+CH3CHO=>C4H6+OH 5.437E+11 0.000 18549.95 

C4H6+O=>C2H4+CH2CO 1.000E+12 0.000 0.00 

C2H4+CH2CO=>C4H6+O 6.377E+11 0.000 94340.11 

C4H6+O=>CH2O+C3H4-a 1.000E+12 0.000 0.00 

CH2O+C3H4-a=>C4H6+O 1.075E+12 0.000 79049.95 

C2H4+O2=>C2H3+HO2 4.000E+13 0.000 58200.05 

C2H3+HO2=>C2H4+O2 4.939E+13 -0.500 1368.07 

CH2O+M=>CO+H2+M 1.826E+32 -4.420 87119.98 

CO+H2+M=>CH2O+M 5.070E+27 -3.420 84349.90 

nC3H7=>CH3+C2H4 2.284E+14 -0.550 28400.10 

CH3+C2H4=>nC3H7 4.100E+11 0.000 7204.11 

nC3H7=>H+C3H6 2.667E+15 -0.640 36820.03 

H+C3H6=>nC3H7 1.000E+13 0.000 2500.00 

nC3H7+O2=>C3H6+HO2 3.000E+11 0.000 3000.00 

C3H6+HO2=>nC3H7+O2 2.000E+11 0.000 17500.00 

C2H4+CH3O=>C2H3+CH3OH 1.200E+11 0.000 6750.00 

C2H3+CH3OH=>C2H4+CH3O 1.000E+10 0.000 9000.00 

C3H6+OH=>C3H5-t+H2O 1.110E+06 2.000 1451.00 

C3H5-t+H2O=>C3H6+OH 3.276E+03 2.690 12309.99 

C3H6+O=>C3H5-a+OH 5.240E+11 0.700 5884.08 

C3H5-a+OH=>C3H6+O 1.055E+11 0.710 20820.03 

C3H6+O=>C3H5-a+OH 1.200E+11 0.700 8958.89 

C3H5-a+OH=>C3H6+O 1.569E+08 1.190 460.09 

C3H6+O=>C3H5-t+OH 6.030E+10 0.700 7631.93 

C3H5-t+OH=>C3H6+O 1.805E+07 1.390 1243.07 

C3H6+H=>C3H5-a+H2 1.730E+05 2.500 2492.11 

C3H5-a+H2=>C3H6+H 7.933E+04 2.510 19520.08 

C3H6+O2=>C3H5-s+HO2 2.000E+12 0.000 62900.10 

C3H5-s+HO2=>C3H6+O2 1.081E+08 0.820 -983.99 

C3H6+H=>C2H4+CH3 4.830E+33 -5.810 18500.00 
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C2H4+CH3=>C3H6+H 2.313E+33 -5.900 31619.98 

iC3H7=>H+C3H6 8.569E+18 -1.570 40340.11 

H+C3H6=>iC3H7 1.300E+13 0.000 1559.99 

iC3H7+H=>C3H6+H2 2.000E+13 0.000 0.00 

C3H6+H2=>iC3H7+H 4.822E+09 0.690 12090.11 

iC3H7+O2=>C3H6+HO2 4.500E+11 0.000 5020.08 

C3H6+HO2=>iC3H7+O2 2.000E+11 0.000 17500.00 

C3H8=>CH3+C2H5 7.900E+22 -1.800 88630.02 

CH3+C2H5=>C3H8 3.659E+14 -0.360 989.01 

C3H8+O2=>iC3H7+HO2 4.000E+13 0.000 47500.00 

iC3H7+HO2=>C3H8+O2 2.080E+12 0.000 0.00 

C3H8+O2=>nC3H7+HO2 4.000E+13 0.000 47500.00 

nC3H7+HO2=>C3H8+O2 2.080E+12 0.000 0.00 

H+C3H8=>H2+iC3H7 1.300E+06 2.400 4471.08 

H2+iC3H7=>H+C3H8 4.709E+05 2.150 12179.97 

H+C3H8=>H2+nC3H7 1.880E+05 2.750 6280.11 

H2+nC3H7=>H+C3H8 2.756E+01 3.440 9530.11 

C3H8+O=>iC3H7+OH 2.810E+13 0.000 5200.05 

iC3H7+OH=>C3H8+O 1.870E+12 0.000 9607.07 

C3H8+O=>nC3H7+OH 1.130E+14 0.000 7849.90 

nC3H7+OH=>C3H8+O 7.530E+12 0.000 12260.04 

C3H8+OH=>nC3H7+H2O 1.054E+10 0.970 1586.04 

nC3H7+H2O=>C3H8+OH 6.931E+09 0.970 23250.00 

C3H8+OH=>iC3H7+H2O 4.670E+07 1.610 -34.89 

iC3H7+H2O=>C3H8+OH 3.071E+07 1.610 21630.02 

C3H8+HO2=>iC3H7+H2O2 5.600E+12 0.000 17700.05 

iC3H7+H2O2=>C3H8+HO2 4.160E+11 0.000 7425.91 

C3H8+HO2=>nC3H7+H2O2 1.680E+13 0.000 20429.97 

nC3H7+H2O2=>C3H8+HO2 2.330E+12 0.000 9826.00 

CH3+C3H8=>CH4+iC3H7 3.980E+11 0.000 9500.00 

CH4+iC3H7=>CH3+C3H8 1.585E+12 0.000 16479.92 

CH3+C3H8=>CH4+nC3H7 1.290E+12 0.000 11599.90 
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CH4+nC3H7=>CH3+C3H8 5.129E+12 0.000 18580.07 

iC3H7+C3H8=>nC3H7+C3H8 3.000E+10 0.000 12900.10 

nC3H7+C3H8=>iC3H7+C3H8 3.000E+10 0.000 12900.10 

C2H3+C3H8=>C2H4+iC3H7 1.000E+11 0.000 10400.10 

C2H4+iC3H7=>C2H3+C3H8 1.310E+11 0.000 17799.95 

C2H3+C3H8=>C2H4+nC3H7 1.000E+11 0.000 10400.10 

C2H4+nC3H7=>C2H3+C3H8 1.310E+11 0.000 17799.95 

C2H5+C3H8=>C2H6+iC3H7 1.000E+11 0.000 10400.10 

C2H6+iC3H7=>C2H5+C3H8 3.630E+10 0.000 9934.03 

C2H5+C3H8=>C2H6+nC3H7 1.000E+11 0.000 10400.10 

C2H6+nC3H7=>C2H5+C3H8 3.630E+10 0.000 9934.03 

C3H8+C3H5-a=>iC3H7+C3H6 2.000E+11 0.000 16099.90 

iC3H7+C3H6=>C3H8+C3H5-a 3.980E+10 0.000 9700.05 

C3H8+C3H5-a=>nC3H7+C3H6 7.940E+11 0.000 20500.00 

nC3H7+C3H6=>C3H8+C3H5-a 1.000E+11 0.000 9799.95 

C3H8+CH3O=>nC3H7+CH3OH 3.000E+11 0.000 7000.00 

nC3H7+CH3OH=>C3H8+CH3O 1.220E+10 0.000 9181.88 

C3H8+CH3O=>iC3H7+CH3OH 3.000E+11 0.000 7000.00 

iC3H7+CH3OH=>C3H8+CH3O 1.220E+10 0.000 9181.88 

C5H9=>C3H5-a+C2H4 2.500E+13 0.000 45000.00 

C3H5-a+C2H4=>C5H9 0.000E+00 0.000 0.00 

C5H9=>C2H3+C3H6 2.500E+13 0.000 30000.00 

C2H3+C3H6=>C5H9 1.500E+10 0.000 7400.10 

C4H7=>C4H6+H 1.200E+14 0.000 49299.95 

C4H6+H=>C4H7 4.000E+13 0.000 1299.95 

C4H7=>C2H4+C2H3 1.000E+11 0.000 37000.00 

C2H4+C2H3=>C4H7 5.000E+10 0.000 7000.00 

C4H8-1+C4H6=>2C4H7 2.350E+12 0.000 46719.89 

2C4H7=>C4H8-1+C4H6 1.600E+12 0.000 0.00 

C4H7+CH3=>C4H6+CH4 8.000E+12 0.000 0.00 

C4H6+CH4=>C4H7+CH3 7.050E+13 0.000 57280.11 

C3H5-a+C4H7=>C3H6+C4H6 6.310E+12 0.000 0.00 
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C3H6+C4H6=>C3H5-a+C4H7 1.000E+10 0.000 50000.00 

C4H7+O2=>C4H6+HO2 1.000E+09 0.000 0.00 

C4H6+HO2=>C4H7+O2 1.000E+11 0.000 17000.00 

H+C4H7=>C4H6+H2 3.160E+13 0.000 0.00 

C4H6+H2=>H+C4H7 1.066E+13 0.000 56809.99 

C2H5+C4H7=>C4H6+C2H6 3.980E+12 0.000 0.00 

C4H6+C2H6=>C2H5+C4H7 3.211E+12 0.000 49840.11 

C2H5+C4H7=>C2H4+C4H8-1 9.240E+06 1.500 -962.00 

C2H4+C4H8-1=>C2H5+C4H7 7.807E+02 2.910 50960.09 

C2H3+C4H7=>C2H4+C4H6 3.980E+12 0.000 0.00 

C2H4+C4H6=>C2H3+C4H7 1.157E+13 0.000 57710.09 

C4H8-1=>C3H5-a+CH3 5.000E+15 0.000 71000.00 

C3H5-a+CH3=>C4H8-1 5.000E+12 0.000 0.00 

C4H8-1=>C2H3+C2H5 1.000E+19 -1.000 96770.08 

C2H3+C2H5=>C4H8-1 9.000E+12 0.000 0.00 

C4H8-1=>H+C4H7 4.107E+18 -1.000 97349.90 

H+C4H7=>C4H8-1 5.000E+13 0.000 0.00 

C4H8-1+CH3=>C4H7+CH4 1.000E+11 0.000 7299.95 

C4H7+CH4=>C4H8-1+CH3 6.000E+11 0.000 17859.94 

C4H8-1+H=>C4H7+H2 5.000E+13 0.000 3900.10 

C4H7+H2=>C4H8-1+H 4.000E+13 0.000 25200.05 

C4H8-1+OH=>C4H7+H2O 2.250E+13 0.000 2217.02 

C4H7+H2O=>C4H8-1+OH 4.772E+12 0.000 26469.89 

C4H8-1+C3H5-a=>C4H7+C3H6 7.900E+10 0.000 12400.10 

C4H7+C3H6=>C4H8-1+C3H5-a 1.000E+11 0.000 17500.00 

C4H8-1+HO2=>C4H7+H2O2 1.400E+12 0.000 14900.10 

C4H7+H2O2=>C4H8-1+HO2 3.160E+11 0.000 13000.00 

C4H8-1+O2=>C4H7+HO2 2.700E+13 0.000 33200.05 

C4H7+HO2=>C4H8-1+O2 3.000E+11 0.000 0.00 

sC4H9=>C3H6+CH3 7.367E+17 -1.400 30229.92 

C3H6+CH3=>sC4H9 3.300E+11 0.000 7200.05 

sC4H9=>C4H8-1+H 3.586E+20 -2.100 40969.89 
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C4H8-1+H=>sC4H9 1.000E+13 0.000 1200.05 

sC4H9+O2=>C4H8-1+HO2 4.500E-19 0.000 5020.08 

C4H8-1+HO2=>sC4H9+O2 2.000E-19 0.000 17500.00 

pC4H9=>C2H5+C2H4 7.497E+17 -1.410 29580.07 

C2H5+C2H4=>pC4H9 3.300E+11 0.000 7200.05 

pC4H9=>C4H8-1+H 1.159E+17 -1.170 38159.89 

C4H8-1+H=>pC4H9 1.000E+13 0.000 2900.10 

pC4H9+O2=>C4H8-1+HO2 3.000E-19 0.000 3000.00 

C4H8-1+HO2=>pC4H9+O2 2.000E-19 0.000 17500.00 

CH3COCH3=>CH3CO+CH3 1.219E+23 -1.990 83950.05 

CH3CO+CH3=>CH3COCH3 1.000E+13 0.000 0.00 

CH3COCH3+OH=>CH3COCH2+H2O 1.054E+10 0.970 1586.04 

CH3COCH2+H2O=>CH3COCH3+OH 6.931E+09 0.970 23250.00 

CH3COCH3+H=>CH3COCH2+H2 5.628E+07 2.000 7700.05 

CH3COCH2+H2=>CH3COCH3+H 9.000E+12 0.000 145000.00 

CH3COCH3+O=>CH3COCH2+OH 1.130E+14 0.000 7849.90 

CH3COCH2+OH=>CH3COCH3+O 7.500E+12 0.000 12299.95 

CH3COCH3+CH3=>CH3COCH2+CH4 3.960E+11 0.000 9783.94 

CH3COCH2+CH4=>CH3COCH3+CH3 5.378E+08 0.860 17539.91 

CH3COCH3+CH3O=>CH3COCH2+CH3OH 1.000E+11 0.000 7000.00 

CH3COCH2+CH3OH=>CH3COCH3+CH3O 1.000E+10 0.000 9000.00 

CH3COCH2=>CH2CO+CH3 1.000E+14 0.000 31000.00 

CH2CO+CH3=>CH3COCH2 1.000E+11 0.000 6000.00 

CH3COCH3+O2=>CH3COCH2+HO2 1.200E+14 0.000 46000.00 

CH3COCH2+HO2=>CH3COCH3+O2 2.000E+12 0.000 2000.00 

CH3COCH3+HO2=>CH3COCH2+H2O2 1.700E+13 0.000 20460.09 

CH3COCH2+H2O2=>CH3COCH3+HO2 1.000E+11 0.000 8000.00 

C2H5CO=>C2H5+CO 1.834E+15 -0.730 12909.89 

C2H5+CO=>C2H5CO 1.510E+11 0.000 4809.99 

C2H5CHO+H=>C2H5CO+H2 3.980E+13 0.000 4200.05 

C2H5CO+H2=>C2H5CHO+H 1.778E+13 0.000 23669.93 

C2H5CHO+O=>C2H5CO+OH 5.010E+12 0.000 1789.91 
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C2H5CO+OH=>C2H5CHO+O 1.000E+12 0.000 19159.89 

C2H5CHO+OH=>C2H5CO+H2O 2.690E+10 0.760 -340.11 

C2H5CO+H2O=>C2H5CHO+OH 1.705E+10 0.760 31200.05 

C2H5CHO+CH3=>C2H5CO+CH4 2.608E+06 1.780 5911.09 

C2H5CO+CH4=>C2H5CHO+CH3 9.972E+06 1.780 22780.11 

C2H5CHO+HO2=>C2H5CO+H2O2 1.000E+12 0.000 11000.00 

C2H5CO+H2O2=>C2H5CHO+HO2 1.000E+12 0.000 14000.00 

C2H5CHO+CH3O=>C2H5CO+CH3OH 1.000E+12 0.000 3299.95 

C2H5CO+CH3OH=>C2H5CHO+CH3O 3.160E+11 0.000 18000.00 

C2H5CHO+C2H5=>C2H5CO+C2H6 1.000E+12 0.000 8000.00 

C2H5CO+C2H6=>C2H5CHO+C2H5 1.585E+13 0.000 28000.00 

C2H5CHO=>C2H5+HCO 9.850E+18 -0.730 81710.09 

C2H5+HCO=>C2H5CHO 1.810E+13 0.000 0.00 

C2H5CHO+O2=>C2H5CO+HO2 2.000E+13 0.500 42200.05 

C2H5CO+HO2=>C2H5CHO+O2 1.909E+14 0.500 3090.11 

C2H5CHO+nC3H7=>C2H5CO+C3H8 1.700E+12 0.000 8440.01 

C2H5CO+C3H8=>C2H5CHO+nC3H7 1.900E+14 0.000 18789.91 

C2H5CHO+iC3H7=>C2H5CO+C3H8 1.700E+12 0.000 8440.01 

C2H5CO+C3H8=>C2H5CHO+iC3H7 1.900E+14 0.000 18789.91 

C2H5CHO+C2H3=>C2H5CO+C2H4 1.700E+12 0.000 8440.01 

C2H5CO+C2H4=>C2H5CHO+C2H3 2.488E+14 0.000 26190.01 

C2H5CHO+C3H5-a=>C2H5CO+C3H6 1.700E+12 0.000 8440.01 

C2H5CO+C3H6=>C2H5CHO+C3H5-a 1.000E+13 0.000 28000.00 

C5H10-1=>C2H5+C3H5-a 1.000E+16 0.000 71400.10 

C2H5+C3H5-a=>C5H10-1 1.000E+13 0.000 0.00 

C5H10-1+H=>C5H9+H2 2.800E+13 0.000 4000.00 

C5H9+H2=>C5H10-1+H 1.000E+12 0.000 14000.00 

C5H10-1+O=>C5H9+OH 2.540E+05 2.560 -1130.02 

C5H9+OH=>C5H10-1+O 7.000E+11 0.000 29900.10 

C5H10-1+O=>pC4H9+HCO 1.000E+11 0.000 0.00 

pC4H9+HCO=>C5H10-1+O 0.000E+00 0.000 0.00 

C5H10-1+O=>nC3H7+CH3CO 1.000E+11 0.000 0.00 
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nC3H7+CH3CO=>C5H10-1+O 0.000E+00 0.000 0.00 

C5H10-1+OH=>C5H9+H2O 6.800E+13 0.000 3059.99 

C5H9+H2O=>C5H10-1+OH 5.000E+12 0.000 26500.00 

C5H10-1+OH=>pC4H9+CH2O 1.000E+11 0.000 0.00 

pC4H9+CH2O=>C5H10-1+OH 0.000E+00 0.000 0.00 

C5H10-1+OH=>nC3H7+CH3CHO 1.000E+11 0.000 0.00 

nC3H7+CH3CHO=>C5H10-1+OH 0.000E+00 0.000 0.00 

C5H10-1+CH3=>C5H9+CH4 1.000E+11 0.000 7299.95 

C5H9+CH4=>C5H10-1+CH3 6.000E+11 0.000 17900.10 

H2O2+H=>H2+HO2 4.820E+13 0.000 7950.05 

H2+HO2=>H2O2+H 1.875E+12 0.330 24260.04 

HCO+O=>CO2+H 3.000E+13 0.000 0.00 

CO2+H=>HCO+O 9.677E+15 0.000 110200.05 

CH3+M=>CH2+H+M 1.968E+16 0.000 92520.08 

CH2+H+M=>CH3+M 2.107E+11 1.000 -19619.98 

CH3+H=>CH2+H2 9.000E+13 0.000 15099.90 

CH2+H2=>CH3+H 1.818E+13 0.000 10400.10 

CH3+OH=>CH2+H2O 3.000E+06 2.000 2500.00 

CH2+H2O=>CH3+OH 2.623E+06 2.000 12960.09 

CH+CH4=>C2H4+H 6.000E+13 0.000 0.00 

C2H4+H=>CH+CH4 3.573E+14 0.000 55479.92 

CH3OH(+M)=>CH2OH+H(+M) 2.690E+16 -0.080 98940.01 

CH2OH+H(+M)=>CH3OH(+M) 1.528E+06 2.580 -342.02 

CH3CO+H=>CH2CO+H2 2.000E+13 0.000 0.00 

CH2CO+H2=>CH3CO+H 7.270E+09 0.000 83039.91 

CH3CO+O=>CH2CO+OH 2.000E+13 0.000 0.00 

CH2CO+OH=>CH3CO+O 7.270E+09 0.000 83039.91 

CH3CO+CH3=>CH2CO+CH4 5.000E+13 0.000 0.00 

CH2CO+CH4=>CH3CO+CH3 7.270E+09 0.000 83039.91 

C2H4+O=>CH2CHO+H 3.390E+06 1.880 179.02 

CH2CHO+H=>C2H4+O 9.481E+06 1.790 16049.95 

C2H5+O=>CH3CHO+H 5.000E+13 0.000 0.00 
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CH3CHO+H=>C2H5+O 9.000E+13 0.000 72679.97 

C2H6+CH=>C2H5+CH2 1.100E+14 0.000 -260.04 

C2H5+CH2=>C2H6+CH 3.829E+10 0.560 440.01 

CH2OH+CH2O=>CH3OH+HCO 1.292E-01 4.560 6596.08 

CH3OH+HCO=>CH2OH+CH2O 9.630E+03 2.900 13109.94 

C3H6+O2=>C3H5-t+HO2 1.400E+12 0.000 60700.05 

C3H5-t+HO2=>C3H6+O2 1.734E+07 1.010 -1074.09 

C2H3+C2H4=>C4H6+H 5.000E+11 0.000 7299.95 

C4H6+H=>C2H3+C2H4 1.000E+13 0.000 4700.05 

C5H11-1=>C2H4+nC3H7 7.972E+17 -1.440 29789.91 

C2H4+nC3H7=>C5H11-1 3.300E+11 0.000 7200.05 

C5H11-1=>H+C5H10-1 3.483E+15 -0.660 37880.02 

H+C5H10-1=>C5H11-1 1.000E+13 0.000 2900.10 

C5H11-1+O2=>C5H10-1+HO2 3.000E-19 0.000 3000.00 

C5H10-1+HO2=>C5H11-1+O2 2.000E-19 0.000 17500.00 

C5H11-1=>C5H11-2 3.875E+09 0.350 19760.04 

C5H11-2=>C5H11-1 1.830E+13 -0.630 24359.94 

C5H11-2=>C3H6+C2H5 3.026E+21 -2.260 30960.09 

C3H6+C2H5=>C5H11-2 3.300E+11 0.000 7200.05 

C5H11-2=>C5H10-1+H 1.645E+19 -1.640 40780.11 

C5H10-1+H=>C5H11-2 1.000E+13 0.000 1200.05 

C5H11-2+O2=>C5H10-1+HO2 4.500E-19 0.000 5020.08 

C5H10-1+HO2=>C5H11-2+O2 2.000E-19 0.000 17500.00 

C2H5O+M=>CH3+CH2O+M 1.350E+38 -6.960 23799.95 

CH3+CH2O+M=>C2H5O+M 6.442E+36 -6.990 16849.90 

C2H5O+O2=>CH3CHO+HO2 4.280E+10 0.000 1097.04 

CH3CHO+HO2=>C2H5O+O2 3.872E+08 0.440 31880.02 

H2O2+O2=>2HO2 1.839E+14 -0.660 39549.95 

2HO2=>H2O2+O2 1.300E+11 0.000 -1629.06 

C2H3+O2=>CH2CHO+O 3.500E+14 -0.610 5260.04 

CH2CHO+O=>C2H3+O2 2.589E+12 0.120 6458.89 

C2H5O2=>C2H5+O2 4.930E+50 -11.500 42250.00 
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C2H5+O2=>C2H5O2 1.090E+48 -11.540 10219.89 

CH3O2+M=>CH3+O2+M 4.343E+27 -3.420 30469.89 

CH3+O2+M=>CH3O2+M 5.440E+25 -3.300 0.00 

CH3O2H=>CH3O+OH 6.310E+14 0.000 42299.95 

CH3O+OH=>CH3O2H 1.166E+11 0.600 -1771.03 

C3H2+O2=>HCCO+CO+H 5.000E+13 0.000 0.00 

HCCO+CO+H=>C3H2+O2 0.000E+00 0.000 0.00 

CH3O2+CH2O=>CH3O2H+HCO 1.990E+12 0.000 11669.93 

CH3O2H+HCO=>CH3O2+CH2O 8.504E+12 -0.500 7009.08 

C2H4+CH3O2=>C2H3+CH3O2H 1.130E+13 0.000 30429.97 

C2H3+CH3O2H=>C2H4+CH3O2 3.000E+12 0.000 11500.00 

CH4+CH3O2=>CH3+CH3O2H 1.810E+11 0.000 18479.92 

CH3+CH3O2H=>CH4+CH3O2 3.708E+11 -0.500 -1326.96 

CH3OH+CH3O2=>CH2OH+CH3O2H 1.810E+12 0.000 13710.09 

CH2OH+CH3O2H=>CH3OH+CH3O2 1.038E+08 1.160 2542.07 

C2H5+HO2=>C2H5O+OH 3.200E+13 0.000 0.00 

C2H5O+OH=>C2H5+HO2 3.075E+15 -0.320 27489.96 

CH3O2+CH3=>2CH3O 7.000E+12 0.000 -1000.00 

2CH3O=>CH3O2+CH3 2.971E+16 -0.930 28309.99 

CH3O2+C2H5=>CH3O+C2H5O 7.000E+12 0.000 -1000.00 

CH3O+C2H5O=>CH3O2+C2H5 6.569E+16 -0.900 31260.04 

CH3O2+HO2=>CH3O2H+O2 1.750E+10 0.000 -3275.10 

CH3O2H+O2=>CH3O2+HO2 5.156E+13 -0.830 34880.02 

H2O2+OH=>H2O+HO2 5.800E+14 0.000 9559.99 

H2O+HO2=>H2O2+OH 9.771E+13 0.330 41020.08 

2CH3O2=>CH2O+CH3OH+O2 3.110E+14 -1.610 -1050.91 

CH2O+CH3OH+O2=>2CH3O2 0.000E+00 0.000 0.00 

2CH3O2=>O2+2CH3O 1.400E+16 -1.610 1859.94 

O2+2 CH3O=>2CH3O2 0.000E+00 0.000 0.00 

C2H6+CH3O2=>C2H5+CH3O2H 1.700E+13 0.000 20460.09 

C2H5+CH3O2H=>C2H6+CH3O2 7.500E+11 0.000 1280.11 

O2C2H4OH=>pC2H4OH+O2 3.900E+16 -1.000 30000.00 
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pC2H4OH+O2=>O2C2H4OH 1.200E+11 0.000 -1099.90 

O2C2H4OH=>OH+2CH2O 1.250E+10 0.000 18900.10 

OH+2CH2O=>O2C2H4OH 0.000E+00 0.000 0.00 

C2H5O2=>C2H4O2H 5.640E+47 -11.440 37320.03 

C2H4O2H=>C2H5O2 6.990E+48 -12.220 25849.90 

C2H5O+M=>CH3CHO+H+M 1.160E+35 -5.890 25270.08 

CH3CHO+H+M=>C2H5O+M 3.063E+30 -4.780 6099.90 

CH3O2+CH3CHO=>CH3O2H+CH3CO 3.010E+12 0.000 11929.97 

CH3O2H+CH3CO=>CH3O2+CH3CHO 2.519E+13 -0.510 8990.92 

C2H3CO=>C2H3+CO 2.040E+14 -0.400 31450.05 

C2H3+CO=>C2H3CO 1.510E+11 0.000 4809.99 

C2H3CHO+OH=>C2H3CO+H2O 9.240E+06 1.500 -962.00 

C2H3CO+H2O=>C2H3CHO+OH 1.439E+07 1.530 36450.05 

C2H3CHO+H=>C2H3CO+H2 1.340E+13 0.000 3299.95 

C2H3CO+H2=>C2H3CHO+H 4.820E+12 0.030 25559.99 

C2H3CHO+O=>C2H3CO+OH 5.940E+12 0.000 1868.07 

C2H3CO+OH=>C2H3CHO+O 9.384E+11 0.030 22030.11 

C2H3CHO+HO2=>C2H3CO+H2O2 3.010E+12 0.000 11929.97 

C2H3CO+H2O2=>C2H3CHO+HO2 2.783E+13 -0.300 17880.02 

C2H3CHO+CH3=>C2H3CO+CH4 2.608E+06 1.780 5911.09 

C2H3CO+CH4=>C2H3CHO+CH3 2.451E+07 1.810 28650.10 

C2H3CHO+CH3O2=>C2H3CO+CH3O2H 3.010E+12 0.000 11929.97 

C2H3CO+CH3O2H=>C2H3CHO+CH3O2 5.794E+13 -0.470 14859.94 

C3H5O=>C2H3CHO+H 1.000E+14 0.000 29099.90 

C2H3CHO+H=>C3H5O 7.714E+11 0.480 17750.00 

C3H5O=>C2H3+CH2O 2.028E+12 0.090 23559.99 

C2H3+CH2O=>C3H5O 1.500E+11 0.000 10599.90 

C3H5O+O2=>C2H3CHO+HO2 1.000E+12 0.000 6000.00 

C2H3CHO+HO2=>C3H5O+O2 1.288E+11 0.000 32000.00 

C3H5-a+HO2=>C3H5O+OH 7.000E+12 0.000 -1000.00 

C3H5O+OH=>C3H5-a+HO2 2.041E+13 -0.160 12260.04 

C3H5-a+CH3O2=>C3H5O+CH3O 7.000E+12 0.000 -1000.00 
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C3H5O+CH3O=>C3H5-a+CH3O2 1.994E+15 -0.740 17020.08 

C3H6+HO2=>C3H6O1-2+OH 1.290E+12 0.000 14900.10 

C3H6O1-2+OH=>C3H6+HO2 1.000E-10 0.000 0.00 

C3H6+CH3O2=>C3H5-a+CH3O2H 3.240E+11 0.000 14900.10 

C3H5-a+CH3O2H=>C3H6+CH3O2 2.000E+10 0.000 15000.00 

C3H6O1-2=>C2H4+CH2O 6.000E+14 0.000 60000.00 

C2H4+CH2O=>C3H6O1-2 2.970E+11 0.000 50000.00 

C3H6O1-2+OH=>CH2O+C2H3+H2O 5.000E+12 0.000 0.00 

CH2O+C2H3+H2O=>C3H6O1-2+OH 0.000E+00 0.000 0.00 

C3H6O1-2+H=>CH2O+C2H3+H2 2.630E+07 2.000 5000.00 

CH2O+C2H3+H2=>C3H6O1-2+H 0.000E+00 0.000 0.00 

C3H6O1-2+O=>CH2O+C2H3+OH 8.430E+13 0.000 5200.05 

CH2O+C2H3+OH=>C3H6O1-2+O 0.000E+00 0.000 0.00 

C3H6O1-2+HO2=>CH2O+C2H3+H2O2 1.000E+13 0.000 15000.00 

CH2O+C2H3+H2O2=>C3H6O1-2+HO2 0.000E+00 0.000 0.00 

C3H6O1-2+CH3O2=>CH2O+C2H3+CH3O2H 1.000E+13 0.000 19000.00 

CH2O+C2H3+CH3O2H=>C3H6O1-2+CH3O2 0.000E+00 0.000 0.00 

C3H6O1-2+CH3=>CH2O+C2H3+CH4 2.000E+11 0.000 10000.00 

CH2O+C2H3+CH4=>C3H6O1-2+CH3 0.000E+00 0.000 0.00 

C2H4O2H=>C2H4+HO2 9.290E+30 -6.100 19929.97 

C2H4+HO2=>C2H4O2H 1.879E+25 -4.480 11659.89 

C3H6OOH1-2=>C3H6O1-2+OH 1.250E+15 -1.190 17580.07 

C3H6O1-2+OH=>C3H6OOH1-2 4.965E+08 1.030 29090.11 

C3H6OOH2-1=>C3H6O1-2+OH 3.460E+16 -1.610 18869.98 

C3H6O1-2+OH=>C3H6OOH2-1 2.787E+17 -1.520 33090.11 

C3H6OOH1-2=>C3H6+HO2 5.500E+14 -0.850 15260.04 

C3H6+HO2=>C3H6OOH1-2 6.466E+10 0.200 8278.92 

C3H6OOH2-1=>C3H6+HO2 2.440E+19 -2.140 18229.92 

C3H6+HO2=>C3H6OOH2-1 5.818E+22 -3.230 13960.09 

nC3H7O=>C2H5+CH2O 1.394E+16 -0.870 19770.08 

C2H5+CH2O=>nC3H7O 1.000E+11 0.000 11900.10 

iC3H7O=>CH3+CH3CHO 3.845E+17 -1.250 20489.96 
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CH3+CH3CHO=>iC3H7O 1.500E+11 0.000 12900.10 

iC3H7O=>CH3COCH3+H 2.000E+14 0.000 21500.00 

CH3COCH3+H=>iC3H7O 7.888E+12 0.250 6809.99 

nC3H7O=>C2H5CHO+H 2.510E+14 0.000 23400.10 

C2H5CHO+H=>nC3H7O 1.000E+12 0.000 0.00 

iC3H7O+O2=>CH3COCH3+HO2 9.090E+09 0.000 390.06 

CH3COCH3+HO2=>iC3H7O+O2 1.000E+11 0.000 32000.00 

CH3+OH=>CH2(s)+H2O 2.650E+13 0.000 2185.95 

CH2(s)+H2O=>CH3+OH 3.236E+10 0.890 1211.04 

CH3OH+O2=>CH2OH+HO2 2.050E+13 0.000 44900.10 

CH2OH+HO2=>CH3OH+O2 3.989E+05 1.990 -4424.00 

nC3H7O2+CH3O2=>nC3H7O+CH3O+O2 1.400E+16 -1.610 1859.94 

nC3H7O+CH3O+O2=>nC3H7O2+CH3O2 0.000E+00 0.000 0.00 

iC3H7O2+CH3O2=>iC3H7O+CH3O+O2 1.400E+16 -1.610 1859.94 

iC3H7O+CH3O+O2=>iC3H7O2+CH3O2 0.000E+00 0.000 0.00 

nC3H7O2=>C3H6OOH1-2 2.000E+11 0.000 26849.90 

C3H6OOH1-2=>nC3H7O2 1.905E+12 -0.170 17650.10 

iC3H7O2=>C3H6OOH2-1 6.000E+11 0.000 29400.10 

C3H6OOH2-1=>iC3H7O2 1.700E+12 -0.540 14359.94 

iC3H7O2+C2H5O2=>iC3H7O+C2H5O+O2 1.400E+16 -1.610 1859.94 

iC3H7O+C2H5O+O2=>iC3H7O2+C2H5O2 0.000E+00 0.000 0.00 

nC3H7O2+C2H5O2=>nC3H7O+C2H5O+O2 1.400E+16 -1.610 1859.94 

nC3H7O+C2H5O+O2=>nC3H7O2+C2H5O2 0.000E+00 0.000 0.00 

2iC3H7O2=>O2+2iC3H7O 1.400E+16 -1.610 1859.94 

O2+2 iC3H7O=>2iC3H7O2 0.000E+00 0.000 0.00 

2nC3H7O2=>O2+2nC3H7O 1.400E+16 -1.610 1859.94 

O2+2nC3H7O=>2nC3H7O2 0.000E+00 0.000 0.00 

iC3H7O2+nC3H7O2=>iC3H7O+nC3H7O+O2 1.400E+16 -1.610 1859.94 

iC3H7O+nC3H7O+O2=>iC3H7O2+nC3H7O2 0.000E+00 0.000 0.00 

iC3H7O2+CH3=>iC3H7O+CH3O 7.000E+12 0.000 -1000.00 

iC3H7O+CH3O=>iC3H7O2+CH3 1.533E+13 -0.130 26320.03 

iC3H7O2+C2H5=>iC3H7O+C2H5O 7.000E+12 0.000 -1000.00 
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iC3H7O+C2H5O=>iC3H7O2+C2H5 3.389E+13 -0.100 29260.04 

iC3H7O2+iC3H7=>2iC3H7O 7.000E+12 0.000 -1000.00 

2iC3H7O=>iC3H7O2+iC3H7 5.531E+11 0.450 29770.08 

iC3H7O2+nC3H7=>iC3H7O+nC3H7O 7.000E+12 0.000 -1000.00 

iC3H7O+nC3H7O=>iC3H7O2+nC3H7 8.901E+13 -0.220 29750.00 

iC3H7O2+C3H5-a=>iC3H7O+C3H5O 7.000E+12 0.000 -1000.00 

iC3H7O+C3H5O=>iC3H7O2+C3H5-a 1.029E+12 0.060 15030.11 

iC3H7O2+C4H7=>iC3H7O+C4H7O 7.000E+12 0.000 -1000.00 

iC3H7O+C4H7O=>iC3H7O2+C4H7 6.730E+06 1.310 44460.09 

nC3H7O2+CH3=>nC3H7O+CH3O 7.000E+12 0.000 -1000.00 

nC3H7O+CH3O=>nC3H7O2+CH3 1.609E+13 0.020 26130.02 

nC3H7O2+C2H5=>nC3H7O+C2H5O 7.000E+12 0.000 -1000.00 

nC3H7O+C2H5O=>nC3H7O2+C2H5 3.558E+13 0.050 29070.03 

nC3H7O2+iC3H7=>nC3H7O+iC3H7O 7.000E+12 0.000 -1000.00 

nC3H7O+iC3H7O=>nC3H7O2+iC3H7 5.807E+11 0.600 29580.07 

nC3H7O2+nC3H7=>2nC3H7O 7.000E+12 0.000 -1000.00 

2nC3H7O=>nC3H7O2+nC3H7 9.345E+13 -0.070 29559.99 

nC3H7O2+C3H5-a=>nC3H7O+C3H5O 7.000E+12 0.000 -1000.00 

nC3H7O+C3H5O=>nC3H7O2+C3H5-a 1.080E+12 0.210 14840.11 

nC3H7O2+C4H7=>nC3H7O+C4H7O 7.000E+12 0.000 -1000.00 

nC3H7O+C4H7O=>nC3H7O2+C4H7 7.065E+06 1.460 44270.08 

nC3H7O2=>nC3H7+O2 3.870E+18 -1.160 36080.07 

nC3H7+O2=>nC3H7O2 4.520E+12 0.000 0.00 

iC3H7O2=>iC3H7+O2 4.212E+16 -0.340 35909.89 

iC3H7+O2=>iC3H7O2 7.540E+12 0.000 0.00 

nC3H7+HO2=>nC3H7O+OH 7.000E+12 0.000 -1000.00 

nC3H7O+OH=>nC3H7+HO2 1.767E+15 -0.440 26979.92 

iC3H7+HO2=>iC3H7O+OH 7.000E+12 0.000 -1000.00 

iC3H7O+OH=>iC3H7+HO2 1.098E+13 0.230 27000.00 

CH3O2+nC3H7=>CH3O+nC3H7O 7.000E+12 0.000 -1000.00 

CH3O+nC3H7O=>CH3O2+nC3H7 1.725E+17 -1.020 31739.96 

CH3O2+iC3H7=>CH3O+iC3H7O 7.000E+12 0.000 -1000.00 
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CH3O+iC3H7O=>CH3O2+iC3H7 1.072E+15 -0.350 31760.04 

CH3O2+C3H8=>CH3O2H+nC3H7 1.700E+13 0.000 20460.09 

CH3O2H+nC3H7=>CH3O2+C3H8 5.000E+11 0.000 6500.00 

CH3O2+C3H8=>CH3O2H+iC3H7 2.000E+12 0.000 17000.00 

CH3O2H+iC3H7=>CH3O2+C3H8 5.000E+11 0.000 6500.00 

C4H7O=>CH3CHO+C2H3 7.940E+14 0.000 19000.00 

CH3CHO+C2H3=>C4H7O 1.000E+10 0.000 20000.00 

C4H7O=>C2H3CHO+CH3 7.940E+14 0.000 19000.00 

C2H3CHO+CH3=>C4H7O 1.000E+10 0.000 20000.00 

C4H7+HO2=>C4H7O+OH 7.000E+12 0.000 -1000.00 

C4H7O+OH=>C4H7+HO2 1.336E+08 1.090 41690.01 

C4H7+CH3O2=>C4H7O+CH3O 7.000E+12 0.000 -1000.00 

C4H7O+CH3O=>C4H7+CH3O2 1.304E+10 0.510 46450.05 

C4H7+C2H5O2=>C4H7O+C2H5O 7.000E+12 0.000 -1000.00 

C4H7O+C2H5O=>C4H7+C2H5O2 8.539E+06 1.440 44289.91 

C4H8-1+OH=>nC3H7+CH2O 1.000E+12 0.000 0.00 

nC3H7+CH2O=>C4H8-1+OH 1.620E+12 0.000 13229.92 

C4H8-1+O=>C3H6+CH2O 7.230E+05 2.340 -1049.95 

C3H6+CH2O=>C4H8-1+O 2.000E+05 2.340 80280.11 

C4H8-1+O=>CH3CHO+C2H4 1.300E+13 0.000 849.90 

CH3CHO+C2H4=>C4H8-1+O 2.070E+12 0.000 85099.90 

C4H8-1+O=>CH3CO+C2H5 1.300E+13 0.000 849.90 

CH3CO+C2H5=>C4H8-1+O 2.350E+12 0.000 38150.10 

C4H8-1+OH=>CH3CHO+C2H5 1.000E+12 0.000 0.00 

CH3CHO+C2H5=>C4H8-1+OH 9.330E+12 0.000 19929.97 

C4H8-1+OH=>CH3CO+C2H6 5.000E+11 0.000 0.00 

CH3CO+C2H6=>C4H8-1+OH 9.830E+12 0.000 32429.97 

C4H8-1+O=>C2H5CHO+CH2 1.300E+13 0.000 849.90 

C2H5CHO+CH2=>C4H8-1+O 5.710E+09 0.000 11000.00 

C4H8-1+O=>C2H5CO+CH3 1.300E+13 0.000 849.90 

C2H5CO+CH3=>C4H8-1+O 4.800E+11 0.000 32549.95 

C4H8-1+OH=>C2H5CHO+CH3 1.000E+12 0.000 0.00 
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C2H5CHO+CH3=>C4H8-1+OH 4.950E+10 0.000 16940.01 

C4H8-1+OH=>C2H5CO+CH4 5.000E+11 0.000 0.00 

C2H5CO+CH4=>C4H8-1+OH 2.200E+13 0.000 34270.08 

C4H8-1+CH3O2=>C4H7+CH3O2H 1.400E+12 0.000 14900.10 

C4H7+CH3O2H=>C4H8-1+CH3O2 3.160E+11 0.000 13000.00 

C4H8OOH1-3O2=>C4H8OOH1-3+O2 8.094E+21 -1.940 37830.07 

C4H8OOH1-3+O2=>C4H8OOH1-3O2 7.540E+12 0.000 0.00 

C4H8OOH1-3O2=>nC4KET13+OH 2.500E+10 0.000 21400.10 

nC4KET13+OH=>C4H8OOH1-3O2 6.508E+04 1.120 44390.06 

C4H8OOH1-2=>C4H8-1+HO2 2.207E+18 -1.940 16390.06 

C4H8-1+HO2=>C4H8OOH1-2 1.500E+11 0.000 7799.95 

C4H8OOH1-3=>C4H8O1-3+OH 5.000E+10 0.000 15250.00 

C4H8O1-3+OH=>C4H8OOH1-3 0.000E+00 0.000 0.00 

C4H8OOH1-3=>OH+CH2O+C3H6 6.637E+13 -0.160 29900.10 

OH+CH2O+C3H6=>C4H8OOH1-3 0.000E+00 0.000 0.00 

C4H8O1-3+OH=>CH2O+C3H5-a+H2O 5.000E+12 0.000 0.00 

CH2O+C3H5-a+H2O=>C4H8O1-3+OH 0.000E+00 0.000 0.00 

C4H8O1-3+H=>CH2O+C3H5-a+H2 5.000E+12 0.000 0.00 

CH2O+C3H5-a+H2=>C4H8O1-3+H 0.000E+00 0.000 0.00 

C4H8O1-3+O=>CH2O+C3H5-A+OH 5.000E+12 0.000 0.00 

CH2O+C3H5-A+OH=>C4H8O1-3+O 0.000E+00 0.000 0.00 

C4H8O1-3+HO2=>CH2O+C3H5-a+H2O2 1.000E+13 0.000 15000.00 

CH2O+C3H5-a+H2O2=>C4H8O1-3+HO2 0.000E+00 0.000 0.00 

C4H8O1-3+CH3O2=>CH2O+C3H5-a+CH3O2H 1.000E+13 0.000 19000.00 

CH2O+C3H5-a+CH3O2H=>C4H8O1-3+CH3O2 0.000E+00 0.000 0.00 

C4H8O1-3+CH3=>CH2O+C3H5-a+CH4 2.000E+11 0.000 10000.00 

CH2O+C3H5-a+CH4=>C4H8O1-3+CH3 0.000E+00 0.000 0.00 

pC4H9O2=>C4H8OOH1-2 2.000E+11 0.000 26849.90 

C4H8OOH1-2=>pC4H9O2 5.175E+10 -0.230 14299.95 

pC4H9O2=>C4H8OOH1-3 2.500E+10 0.000 20849.90 

C4H8OOH1-3=>pC4H9O2 1.744E+09 -0.050 8186.90 

C2H5CHO+CH3O2=>C2H5CO+CH3O2H 3.010E+12 0.000 11929.97 
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C2H5CO+CH3O2H=>C2H5CHO+CH3O2 2.358E+13 -0.510 8983.03 

C2H5CHO+C4H7=>C2H5CO+C4H8-1 1.700E+12 0.000 8440.01 

C2H5CO+C4H8-1=>C2H5CHO+C4H7 1.000E+13 0.000 28000.00 

C2H5O2=>C2H4+HO2 3.370E+55 -13.420 44669.93 

C2H4+HO2=>C2H5O2 1.290E+50 -12.280 21299.95 

C2H4O2H=>C2H5+O2 2.150E+37 -8.210 28020.08 

C2H5+O2=>C2H4O2H 2.420E+35 -8.030 8311.90 

C3H4-a+HO2=>C2H4+CO+OH 1.000E+12 0.000 14000.00 

C2H4+CO+OH=>C3H4-a+HO2 1.000E+00 0.000 0.00 

C3H4-a+HO2=>C3H3+H2O2 3.000E+13 0.000 14000.00 

C3H3+H2O2=>C3H4-a+HO2 1.551E+16 -1.380 44000.00 

CH3CHO+OH=>CH3+HOCHO 3.000E+15 -1.080 0.00 

CH3+HOCHO=>CH3CHO+OH 5.350E+19 -1.680 119799.95 

C3H5-t+O2=>C3H4-a+HO2 1.890E+30 -5.590 15539.91 

C3H4-a+HO2=>C3H5-t+O2 1.569E+31 -5.820 26609.94 

C3H6+O2=>C3H5-a+HO2 4.000E+12 0.000 39900.10 

C3H5-a+HO2=>C3H6+O2 3.332E+10 0.340 -555.93 

C3H6+CH3=>C3H5-a+CH4 2.210E+00 3.500 5674.95 

C3H5-a+CH4=>C3H6+CH3 2.647E+01 3.510 23179.97 

C3H6+CH3=>C3H5-s+CH4 1.348E+00 3.500 12849.90 

C3H5-s+CH4=>C3H6+CH3 1.048E-01 3.990 6924.95 

C3H6+CH3=>C3H5-t+CH4 8.400E-01 3.500 11659.89 

C3H5-t+CH4=>C3H6+CH3 1.496E-02 4.190 7842.02 

C3H6+C2H5=>C3H5-a+C2H6 1.000E+11 0.000 9799.95 

C3H5-a+C2H6=>C3H6+C2H5 5.369E+05 1.330 16440.01 

C3H5-t=>C2H2+CH3 2.163E+10 -8.310 45109.94 

C2H2+CH3=>C3H5-t 1.610E+10 -8.580 20330.07 

C3H5-a+HO2=>C2H3+CH2O+OH 1.000E-18 0.000 0.00 

C2H3+CH2O+OH=>C3H5-a+HO2 1.000E-30 0.000 0.00 

C3H5-a+H=>C3H4-a+H2 1.810E+13 0.000 0.00 

C3H4-a+H2=>C3H5-a+H 1.230E+13 0.120 47229.92 

C3H5-a+CH3=>C3H4-a+CH4 1.000E+11 0.000 0.00 
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C3H4-a+CH4=>C3H5-a+CH3 4.921E+12 0.050 47780.11 

C3H5-a+C2H5=>C2H6+C3H4-a 4.000E+11 0.000 0.00 

C2H6+C3H4-a=>C3H5-a+C2H5 1.802E+12 0.050 40330.07 

C3H5-a+C2H5=>C2H4+C3H6 4.000E+11 0.000 0.00 

C2H4+C3H6=>C3H5-a+C2H5 6.937E+16 -1.330 52799.95 

C3H5-a+C2H3=>C2H4+C3H4-a 1.000E+12 0.000 0.00 

C2H4+C3H4-a=>C3H5-a+C2H3 1.624E+13 0.050 48190.01 

C3H4-a+C3H6=>2C3H5-a 8.391E+17 -1.290 33690.01 

2C3H5-a=>C3H4-a+C3H6 1.000E+12 0.000 0.00 

C3H5-a+O2=>C2H3CHO+OH 2.470E+13 -0.440 23020.08 

C2H3CHO+OH=>C3H5-a+O2 1.903E+14 -0.800 74880.02 

C3H5-a+O2=>CH3CHO+HCO 4.335E+12 0.000 0.00 

CH3CHO+HCO=>C3H5-a+O2 1.611E+17 -1.270 96530.11 

C3H5-a+H=>C3H4-a+H2 3.333E+12 0.000 0.00 

C3H4-a+H2=>C3H5-a+H 7.977E+12 0.110 68859.94 

C3H5-a+CH3=>C3H4-a+CH4 1.000E+11 0.000 0.00 

C3H4-a+CH4=>C3H5-a+CH3 6.253E+12 0.110 69340.11 

C3H5-t+O2=>CH3COCH2+O 3.810E+17 -1.360 5580.07 

CH3COCH2+O=>C3H5-t+O2 2.000E+11 0.000 17500.00 

C3H5-t+H=>C3H4-p+H2 3.333E+12 0.000 0.00 

C3H4-p+H2=>C3H5-t+H 2.138E+16 -0.880 71049.95 

C3H5-t+CH3=>C3H4-p+CH4 1.000E+11 0.000 0.00 

C3H4-p+CH4=>C3H5-t+CH3 1.676E+16 -0.880 71530.11 

C3H4-a+M=>C3H3+H+M 1.143E+17 0.000 70000.00 

C3H3+H+M=>C3H4-a+M 1.798E+15 -0.380 10609.94 

C3H4-a=>C3H4-p 1.202E+15 0.000 92400.10 

C3H4-p=>C3H4-a 3.222E+18 -0.990 96590.11 

C3H4-a+O2=>C3H3+HO2 4.000E+13 0.000 39159.89 

C3H3+HO2=>C3H4-a+O2 1.175E+11 0.300 38.00 

C3H4-a+HO2=>CH2CO+CH2+OH 4.000E+12 0.000 19000.00 

CH2CO+CH2+OH=>C3H4-a+HO2 1.000E+00 0.000 0.00 

C3H3+H=>C3H2+H2 5.000E+13 0.000 0.00 
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C3H2+H2=>C3H3+H 3.853E+10 0.380 4599.90 

C3H4-A+OH=>C3H3+H2O 1.000E+07 2.000 1000.00 

C3H3+H2O=>C3H4-a+OH 7.003E+06 1.970 34520.08 

C3H4-a+O=>C2H4+CO 7.800E+12 0.000 1599.90 

C2H4+CO=>C3H4-a+O 8.280E+13 -0.210 124799.95 

C3H2+OH=>C2H2+HCO 5.000E+13 0.000 0.00 

C2H2+HCO=>C3H2+OH 2.907E+20 -1.390 78520.08 

C3H5-A=>C3H4-a+H 6.663E+15 -0.430 63219.89 

C3H4-a+H=>C3H5-a 2.400E+11 0.690 3006.93 

C3H5-t=>C3H4-a+H 3.508E+14 -0.440 40890.06 

C3H4-a+H=>C3H5-t 8.500E+12 0.000 2000.00 

C3H4-a+H=>C3H3+H2 2.000E+07 2.000 5000.00 

C3H3+H2=>C3H4-a+H 3.235E+06 1.970 23359.94 

C3H4-a+CH3=>C3H3+CH4 3.670E-02 4.010 6830.07 

C3H3+CH4=>C3H4-a+CH3 1.551E-01 3.980 25669.93 

C3H4-A+C3H5-a=>C3H3+C3H6 2.000E+11 0.000 7700.05 

C3H3+C3H6=>C3H4-a+C3H5-a 2.644E+19 -2.710 42140.06 

C3H4-a+C2H=>C3H3+C2H2 1.000E+13 0.000 0.00 

C3H3+C2H2=>C3H4-a+C2H 1.420E+16 -1.380 53820.03 

C3H4-p+M=>C3H3+H+M 1.143E+17 0.000 70000.00 

C3H3+H+M=>C3H4-p+M 6.708E+11 0.610 6419.93 

C3H4-p=>C2H+CH3 4.200E+16 0.000 100000.00 

C2H+CH3=>C3H4-p 1.018E+12 0.610 -1599.90 

C3H4-p+O2=>C3H3+HO2 2.000E+13 0.000 41599.90 

C3H3+HO2=>C3H4-p+O2 2.354E+11 0.140 77.92 

C3H4-p+HO2=>C2H4+CO+OH 3.000E+12 0.000 19000.00 

C2H4+CO+OH=>C3H4-p+HO2 1.000E+00 0.000 0.00 

C3H4-p+OH=>C3H3+H2O 1.000E+07 2.000 1000.00 

C3H3+H2O=>C3H4-p+OH 2.805E+07 1.810 32119.98 

C3H4-p+O=>C3H3+OH 7.650E+08 1.500 8599.90 

C3H3+OH=>C3H4-p+O 2.177E+08 1.310 22469.89 

C3H4-p+O=>C2H3+HCO 3.200E+12 0.000 2010.04 
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C2H3+HCO=>C3H4-p+O 2.548E+12 -0.390 32349.90 

C3H4-p+O=>HCCO+CH3 9.600E+08 1.000 0.00 

HCCO+CH3=>C3H4-p+O 1.643E+10 -0.200 24090.11 

C3H5-t=>C3H4-p+H 1.075E+15 -0.600 38489.96 

C3H4-p+H=>C3H5-t 6.500E+12 0.000 2000.00 

C3H5-s=>C3H4-p+H 4.187E+15 -0.790 37479.92 

C3H4-p+H=>C3H5-s 5.800E+12 0.000 3099.90 

C3H4-p+H=>C3H3+H2 2.000E+07 2.000 5000.00 

C3H3+H2=>C3H4-p+H 1.296E+07 1.810 20960.09 

C3H4-p+CH3=>C3H3+CH4 1.500E+00 3.500 5599.90 

C3H3+CH4=>C3H4-p+CH3 2.539E+01 3.310 22039.91 

C3H4-p+C2H=>C3H3+C2H2 1.000E+12 0.000 0.00 

C3H3+C2H2=>C3H4-p+C2H 5.297E+11 -0.390 49630.02 

C3H4-p+C2H3=>C3H3+C2H4 1.000E+12 0.000 7700.05 

C3H3+C2H4=>C3H4-p+C2H3 9.541E+11 -0.390 52450.05 

C3H4-p+C3H5-a=>C3H3+C3H6 1.000E+12 0.000 7700.05 

C3H3+C3H6=>C3H4-p+C3H5-a 4.931E+16 -1.730 37950.05 

C3H3+O=>CH2O+C2H 1.000E+13 0.000 0.00 

CH2O+C2H=>C3H3+O 5.446E+14 0.000 31609.94 

C3H3+OH=>C3H2+H2O 1.000E+13 0.000 0.00 

C3H2+H2O=>C3H3+OH 1.343E+15 0.000 15679.97 

C3H3+O2=>CH2CO+HCO 3.010E+10 0.000 2869.98 

CH2CO+HCO=>C3H3+O2 4.881E+11 0.000 59469.89 

C3H3+CH3=>C2H5+C2H 4.564E+17 -1.100 48729.92 

C2H5+C2H=>C3H3+CH3 1.810E+13 0.000 0.00 

pC4H9O2=>pC4H9+O2 7.601E+18 -1.220 35840.11 

pC4H9+O2=>pC4H9O2 4.520E+12 0.000 0.00 

C2H3O1,2=>CH3CO 8.500E+14 0.000 14000.00 

CH3CO=>C2H3O1,2 1.136E+10 2.110 33520.08 

C2H3O1,2=>CH2CHO 1.000E+14 0.000 14000.00 

CH2CHO=>C2H3O1,2 1.233E+11 1.710 28299.95 

CH2CHO=>CH2CO+H 3.094E+15 -0.260 50820.03 



 

     216 

CH2CO+H=>CH2CHO 5.000E+13 0.000 12299.95 

CH2CHO+O2=>CH2O+CO+OH 2.000E+13 0.000 4200.05 

CH2O+CO+OH=>CH2CHO+O2 0.000E+00 0.000 0.00 

nC4KET13=>CH3CHO+CH2CHO+OH 1.050E+16 0.000 41599.90 

CH3CHO+CH2CHO+OH=>nC4KET13 0.000E+00 0.000 0.00 

C3H5-a+O2=>C3H4-a+HO2 2.180E+21 -2.850 30760.04 

C3H4-a+HO2=>C3H5-a+O2 2.690E+19 -2.400 20500.00 

C3H5-a+O2=>CH2CHO+CH2O 7.140E+15 -1.210 21049.95 

CH2CHO+CH2O=>C3H5-a+O2 4.944E+16 -1.400 88619.98 

C3H5-a+O2=>C2H2+CH2O+OH 9.720E+29 -5.710 21450.05 

C2H2+CH2O+OH=>C3H5-a+O2 0.000E+00 0.000 0.00 

HCCO+O2=>CO2+HCO 2.400E+11 0.000 -853.97 

CO2+HCO=>HCCO+O2 1.474E+14 0.000 133599.90 

C3H6+H=>C3H5-s+H2 8.040E+05 2.500 12280.11 

C3H5-s+H2=>C3H6+H 2.393E+03 2.990 5875.96 

CH2CO+OH=>CH2OH+CO 3.730E+12 0.000 -1012.91 

CH2OH+CO=>CH2CO+OH 9.430E+06 1.660 27489.96 

CH3+O2=>CH2O+OH 7.470E+11 0.000 14250.00 

CH2O+OH=>CH3+O2 7.778E+11 0.000 67770.08 

C2H4+H2=>2CH3 3.767E+12 0.830 84710.09 

2CH3=>C2H4+H2 1.000E+14 0.000 32000.00 

C3H5-t+O2=>CH2O+CH3CO 3.710E+25 -3.960 7043.02 

CH2O+CH3CO=>C3H5-t+O2 1.872E+27 -4.430 101200.05 

iC3H7+OH=>C3H6+H2O 2.410E+13 0.000 0.00 

C3H6+H2O=>iC3H7+OH 2.985E+12 0.570 83820.03 

iC3H7+O=>CH3COCH3+H 4.818E+13 0.000 0.00 

CH3COCH3+H=>iC3H7+O 1.293E+16 -0.190 79380.02 

iC3H7+O=>CH3CHO+CH3 4.818E+13 0.000 0.00 

CH3CHO+CH3=>iC3H7+O 1.279E+11 0.800 86479.92 

C3H6+H=>C3H5-t+H2 4.050E+05 2.500 9793.98 

C3H5-t+H2=>C3H6+H 2.761E+02 3.190 5500.00 

C3H6=>C3H5-t+H 5.620E+71 -16.580 139299.95 



 

     217 

C3H5-t+H=>C3H6 2.032E+64 -14.890 27549.95 

nC3H7CHO+O2=>nC3H7CO+HO2 2.000E+13 0.500 42200.05 

nC3H7CO+HO2=>nC3H7CHO+O2 1.000E+07 0.500 4000.00 

nC3H7CHO+OH=>nC3H7CO+H2O 1.000E+13 0.000 0.00 

nC3H7CO+H2O=>nC3H7CHO+OH 2.000E+13 0.000 37000.00 

nC3H7CHO+H=>nC3H7CO+H2 4.000E+13 0.000 4200.05 

nC3H7CO+H2=>nC3H7CHO+H 1.800E+13 0.000 24000.00 

nC3H7CHO+O=>nC3H7CO+OH 5.000E+12 0.000 1789.91 

nC3H7CO+OH=>nC3H7CHO+O 1.000E+12 0.000 19000.00 

nC3H7CHO+HO2=>nC3H7CO+H2O2 2.800E+12 0.000 13599.90 

nC3H7CO+H2O2=>nC3H7CHO+HO2 1.000E+12 0.000 10000.00 

nC3H7CHO+CH3=>nC3H7CO+CH4 1.700E+12 0.000 8440.01 

nC3H7CO+CH4=>nC3H7CHO+CH3 1.500E+13 0.000 28000.00 

nC3H7CHO+CH3O=>nC3H7CO+CH3OH 1.150E+11 0.000 1280.11 

nC3H7CO+CH3OH=>nC3H7CHO+CH3O 3.000E+11 0.000 18000.00 

nC3H7CHO+CH3O2=>nC3H7CO+CH3O2H 1.000E+12 0.000 9500.00 

nC3H7CO+CH3O2H=>nC3H7CHO+CH3O2 2.500E+10 0.000 10000.00 

nC3H7CHO+OH=>C3H6CHO-2+H2O 4.670E+07 1.610 -34.89 

C3H6CHO-2+H2O=>nC3H7CHO+OH 8.057E+05 1.910 21940.01 

nC3H7CHO+HO2=>C3H6CHO-2+H2O2 1.475E+04 2.600 13909.89 

C3H6CHO-2+H2O2=>nC3H7CHO+HO2 1.511E+03 2.570 4424.00 

nC3H7CHO+CH3O2=>C3H6CHO-2+CH3O2H 9.630E+03 2.600 13909.89 

C3H6CHO-2+CH3O2H=>nC3H7CHO+CH3O2 4.053E+03 2.400 3704.11 

nC3H7CO=>nC3H7+CO 1.000E+11 0.000 9599.90 

nC3H7+CO=>nC3H7CO 1.000E+11 0.000 0.00 

CH3CHCO+OH=>C2H5+CO2 1.730E+12 0.000 -1010.04 

C2H5+CO2=>CH3CHCO+OH 0.000E+00 0.000 0.00 

CH3CHCO+H=>C2H5+CO 4.400E+12 0.000 1458.89 

C2H5+CO=>CH3CHCO+H 0.000E+00 0.000 0.00 

CH3CHCO+O=>CH3CHO+CO 3.200E+12 0.000 -436.90 

CH3CHO+CO=>CH3CHCO+O 0.000E+00 0.000 0.00 

CH2CH2COCH3=>C2H4+CH3CO 5.970E+12 0.000 20729.92 
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C2H4+CH3CO=>CH2CH2COCH3 2.110E+11 0.000 7349.90 

C2H5COCH2=>CH2CO+C2H5 1.570E+13 0.000 30000.00 

CH2CO+C2H5=>C2H5COCH2 2.110E+11 0.000 7349.90 

C3H6CHO-2=>C3H6+HCO 8.249E+12 -0.180 21900.10 

C3H6+HCO=>C3H6CHO-2 1.000E+11 0.000 6000.00 

C2H5COC2H4-p=>C2H5CO+C2H4 1.548E+17 -1.460 27840.11 

C2H5CO+C2H4=>C2H5COC2H4-p 7.000E+10 0.000 9599.90 

nC3H7COCH2=>nC3H7+CH2CO 1.226E+18 -1.400 43450.05 

nC3H7+CH2CO=>nC3H7COCH2 1.000E+11 0.000 11599.90 

nC4H9CHO+O2=>nC4H9CO+HO2 2.000E+13 0.500 42200.05 

nC4H9CO+HO2=>nC4H9CHO+O2 1.000E+07 0.000 40000.00 

nC4H9CHO+OH=>nC4H9CO+H2O 1.000E+13 0.000 0.00 

nC4H9CO+H2O=>nC4H9CHO+OH 2.000E+13 0.000 37000.00 

nC4H9CHO+H=>nC4H9CO+H2 4.000E+13 0.000 4200.05 

nC4H9CO+H2=>nC4H9CHO+H 1.800E+13 0.000 24000.00 

nC4H9CHO+O=>nC4H9CO+OH 5.000E+12 0.000 1789.91 

nC4H9CO+OH=>nC4H9CHO+O 1.000E+12 0.000 19000.00 

nC4H9CHO+HO2=>nC4H9CO+H2O2 2.800E+12 0.000 13599.90 

nC4H9CO+H2O2=>nC4H9CHO+HO2 1.000E+12 0.000 10000.00 

nC4H9CHO+CH3=>nC4H9CO+CH4 1.700E+12 0.000 8440.01 

nC4H9CO+CH4=>nC4H9CHO+CH3 1.500E+13 0.000 28000.00 

nC4H9CHO+CH3O=>nC4H9CO+CH3OH 1.150E+11 0.000 1280.11 

nC4H9CO+CH3OH=>nC4H9CHO+CH3O 3.000E+11 0.000 18000.00 

nC4H9CHO+CH3O2=>nC4H9CO+CH3O2H 1.000E+12 0.000 9500.00 

nC4H9CO+CH3O2H=>nC4H9CHO+CH3O2 2.500E+10 0.000 10000.00 

nC4H9CO=>pC4H9+CO 1.000E+11 0.000 9599.90 

pC4H9+CO=>nC4H9CO 1.000E+11 0.000 0.00 

HOCH2O=>CH2O+OH 8.545E+13 -0.100 17530.11 

CH2O+OH=>HOCH2O 2.600E+12 0.000 -614.01 

HOCH2O=>HOCHO+H 1.000E+14 0.000 14900.10 

HOCHO+H=>HOCH2O 5.917E+11 0.640 12299.95 

HOCHO+M=>CO+H2O+M 2.300E+13 0.000 50000.00 
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CO+H2O+M=>HOCHO+M 1.422E+10 0.460 46840.11 

HOCHO+M=>CO2+H2+M 1.500E+16 0.000 57000.00 

CO2+H2+M=>HOCHO+M 2.399E+14 0.460 61020.08 

HOCHO=>HCO+OH 4.593E+18 -0.460 108299.95 

HCO+OH=>HOCHO 1.000E+14 0.000 0.00 

HOCHO+OH=>H2O+CO2+H 2.620E+06 2.060 916.11 

H2O+CO2+H=>HOCHO+OH 0.000E+00 0.000 0.00 

HOCHO+OH=>H2O+CO+OH 1.850E+07 1.510 -962.00 

H2O+CO+OH=>HOCHO+OH 0.000E+00 0.000 0.00 

HOCHO+H=>H2+CO2+H 4.240E+06 2.100 4868.07 

H2+CO2+H=>HOCHO+H 0.000E+00 0.000 0.00 

HOCHO+H=>H2+CO+OH 6.030E+13 -0.350 2988.05 

H2+CO+OH=>HOCHO+H 0.000E+00 0.000 0.00 

HOCHO+CH3=>CH4+CO+OH 3.900E-07 5.800 2200.05 

CH4+CO+OH=>HOCHO+CH3 0.000E+00 0.000 0.00 

HOCHO+HO2=>H2O2+CO+OH 1.000E+12 0.000 11919.93 

H2O2+CO+OH=>HOCHO+HO2 0.000E+00 0.000 0.00 

HOCHO+O=>CO+2OH 1.770E+18 -1.900 2974.90 

CO+2OH=>HOCHO+O 0.000E+00 0.000 0.00 

CH2(s)+M=>CH2+M 1.000E+13 0.000 0.00 

CH2+M=>CH2(s)+M 7.161E+15 -0.890 11429.97 

CH2(s)+CH4=>2CH3 4.000E+13 0.000 0.00 

2CH3=>CH2(s)+CH4 5.429E+15 -0.890 15650.10 

CH2(s)+C2H6=>CH3+C2H5 1.200E+14 0.000 0.00 

CH3+C2H5=>CH2(s)+C2H6 1.041E+14 -0.330 19820.03 

CH2(s)+O2=>CO+OH+H 7.000E+13 0.000 0.00 

CO+OH+H=>CH2(s)+O2 0.000E+00 0.000 0.00 

CH2(s)+H2=>CH3+H 7.000E+13 0.000 0.00 

CH3+H=>CH2(s)+H2 2.482E+17 -0.890 16130.02 

CH2(s)+H=>CH+H2 3.000E+13 0.000 0.00 

CH+H2=>CH2(s)+H 1.509E+16 -0.890 14419.93 

CH2(s)+O=>CO+2H 3.000E+13 0.000 0.00 
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CO+2H=>CH2(s)+O 0.000E+00 0.000 0.00 

CH2(s)+OH=>CH2O+H 3.000E+13 0.000 0.00 

CH2O+H=>CH2(s)+OH 3.194E+18 -0.890 87859.94 

CH2(s)+CO2=>CH2O+CO 3.000E+12 0.000 0.00 

CH2O+CO=>CH2(s)+CO2 2.852E+15 -0.890 65520.08 

CH2(s)+CH3=>C2H4+H 2.000E+13 0.000 0.00 

C2H4+H=>CH2(s)+CH3 2.671E+15 -0.060 68840.11 

CH2(s)+CH2CO=>C2H4+CO 1.600E+14 0.000 0.00 

C2H4+CO=>CH2(s)+CH2CO 4.596E+15 -0.060 105599.90 

C6H13-1+O2=>C6H12-1+HO2 3.000E-19 0.000 3000.00 

C6H12-1+HO2=>C6H13-1+O2 2.000E-19 0.000 17500.00 

C6H13-1=>C2H4+pC4H9 5.446E+17 -1.290 29580.07 

C2H4+pC4H9=>C6H13-1 3.300E+11 0.000 7200.05 

C6H13-1=>C6H12-1+H 2.091E+16 -0.890 37950.05 

C6H12-1+H=>C6H13-1 1.000E+13 0.000 2900.10 

C6H12-1+OH=>C6H11+H2O 3.000E+13 0.000 1229.92 

C6H11+H2O=>C6H12-1+OH 9.764E+14 -0.130 39260.04 

C6H12-1+H=>C6H11+H2 3.700E+13 0.000 3900.10 

C6H11+H2=>C6H12-1+H 2.781E+14 -0.130 26770.08 

C6H12-1+CH3=>C6H11+CH4 1.000E+12 0.000 7299.95 

C6H11+CH4=>C6H12-1+CH3 1.964E+14 -0.130 30650.10 

C6H12-1+O=>C6H11+OH 2.120E+11 0.130 9125.00 

C6H11+OH=>C6H12-1+O 7.000E+11 0.000 29900.10 

C6H12-1+OH=>C5H11-1+CH2O 1.000E+11 0.000 -4000.00 

C5H11-1+CH2O=>C6H12-1+OH 0.000E+00 0.000 0.00 

C6H12-1+O=>C5H11-1+HCO 1.000E+11 0.000 -1049.95 

C5H11-1+HCO=>C6H12-1+O 0.000E+00 0.000 0.00 

C6H11=>C3H6+C3H5-a 2.500E+13 0.000 45000.00 

C3H6+C3H5-a=>C6H11 1.000E+10 0.000 17000.00 

C6H11=>C4H8-1+C2H3 2.500E-17 0.000 45000.00 

C4H8-1+C2H3=>C6H11 1.500E-20 0.000 7400.10 

C6H11=>C4H7+C2H4 2.500E-17 0.000 45000.00 
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C4H7+C2H4=>C6H11 1.500E-20 0.000 7400.10 

C6H12-1=>nC3H7+C3H5-a 1.000E+16 0.000 71000.00 

nC3H7+C3H5-a=>C6H12-1 1.000E+13 0.000 0.00 

nC7H16=>H+C7H15-1 1.340E+88 -21.170 142799.95 

H+C7H15-1=>nC7H16 3.374E+82 -20.220 39609.94 

nC7H16=>H+C7H15-2 6.500E+87 -21.010 139500.00 

H+C7H15-2=>nC7H16 5.207E+80 -19.670 38890.06 

nC7H16=>H+C7H15-3 6.500E+87 -21.010 139500.00 

H+C7H15-3=>nC7H16 5.207E+80 -19.670 38890.06 

nC7H16=>H+C7H15-4 3.250E+87 -21.010 139500.00 

H+C7H15-4=>nC7H16 5.187E+80 -19.670 38890.06 

nC7H16=>C6H13-1+CH3 2.925E+73 -16.610 118900.10 

C6H13-1+CH3=>nC7H16 8.348E+66 -15.750 31830.07 

nC7H16=>C5H11-1+C2H5 8.100E+77 -17.620 120400.10 

C5H11-1+C2H5=>nC7H16 8.297E+67 -16.050 32349.90 

nC7H16=>pC4H9+nC3H7 1.415E+78 -17.710 120700.05 

pC4H9+nC3H7=>nC7H16 1.363E+68 -16.110 32460.09 

nC7H16+H=>C7H15-1+H2 1.880E+05 2.750 6280.11 

C7H15-1+H2=>nC7H16+H 8.926E+03 2.700 10549.95 

nC7H16+H=>C7H15-2+H2 2.600E+06 2.400 4471.08 

C7H15-2+H2=>nC7H16+H 3.928E+03 2.740 11260.04 

nC7H16+H=>C7H15-3+H2 2.600E+06 2.400 4471.08 

C7H15-3+H2=>nC7H16+H 3.928E+03 2.740 11260.04 

nC7H16+H=>C7H15-4+H2 1.300E+06 2.400 4471.08 

C7H15-4+H2=>nC7H16+H 3.913E+03 2.740 11260.04 

nC7H16+O=>C7H15-1+OH 1.930E+05 2.680 3716.06 

C7H15-1+OH=>nC7H16+O 4.025E+03 2.630 5892.93 

nC7H16+O=>C7H15-2+OH 9.540E+04 2.710 2106.12 

C7H15-2+OH=>nC7H16+O 6.330E+01 3.050 6798.04 

nC7H16+O=>C7H15-3+OH 9.540E+04 2.710 2106.12 

C7H15-3+OH=>nC7H16+O 6.330E+01 3.050 6798.04 

nC7H16+O=>C7H15-4+OH 4.770E+04 2.710 2106.12 
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C7H15-4+OH=>nC7H16+O 6.306E+01 3.050 6798.04 

nC7H16+OH=>C7H15-1+H2O 1.050E+10 0.970 1590.11 

C7H15-1+H2O=>nC7H16+OH 1.500E+10 1.050 23330.07 

nC7H16+OH=>C7H15-2+H2O 9.400E+07 1.610 -34.89 

C7H15-2+H2O=>nC7H16+OH 6.148E+05 1.950 21909.89 

nC7H16+OH=>C7H15-3+H2O 9.400E+07 1.610 -34.89 

C7H15-3+H2O=>nC7H16+OH 6.148E+05 1.950 21909.89 

nC7H16+OH=>C7H15-4+H2O 4.700E+07 1.610 -34.89 

C7H15-4+H2O=>nC7H16+OH 6.125E+05 1.950 21909.89 

nC7H16+HO2=>C7H15-1+H2O2 1.680E+13 0.000 20440.01 

C7H15-1+H2O2=>nC7H16+HO2 2.050E+13 -0.380 8398.90 

nC7H16+HO2=>C7H15-2+H2O2 1.120E+13 0.000 17690.01 

C7H15-2+H2O2=>nC7H16+HO2 4.348E+11 0.010 8164.91 

nC7H16+HO2=>C7H15-3+H2O2 1.120E+13 0.000 17690.01 

C7H15-3+H2O2=>nC7H16+HO2 4.348E+11 0.010 8164.91 

nC7H16+HO2=>C7H15-4+H2O2 5.600E+12 0.000 17690.01 

C7H15-4+H2O2=>nC7H16+HO2 4.332E+11 0.010 8164.91 

nC7H16+CH3=>C7H15-1+CH4 9.040E-01 3.650 7153.92 

C7H15-1+CH4=>nC7H16+CH3 1.121E+00 3.600 11909.89 

nC7H16+CH3=>C7H15-2+CH4 5.410E+04 2.260 7287.05 

C7H15-2+CH4=>nC7H16+CH3 2.135E+03 2.600 14549.95 

nC7H16+CH3=>C7H15-3+CH4 5.410E+04 2.260 7287.05 

C7H15-3+CH4=>nC7H16+CH3 2.135E+03 2.600 14549.95 

nC7H16+CH3=>C7H15-4+CH4 2.705E+04 2.260 7287.05 

C7H15-4+CH4=>nC7H16+CH3 2.127E+03 2.600 14549.95 

nC7H16+O2=>C7H15-1+HO2 6.000E+13 0.000 52799.95 

C7H15-1+HO2=>nC7H16+O2 5.175E+10 0.280 -406.07 

nC7H16+O2=>C7H15-2+HO2 4.000E+13 0.000 50150.10 

C7H15-2+HO2=>nC7H16+O2 1.098E+09 0.670 -541.11 

nC7H16+O2=>C7H15-3+HO2 4.000E+13 0.000 50150.10 

C7H15-3+HO2=>nC7H16+O2 1.098E+09 0.670 -541.11 

nC7H16+O2=>C7H15-4+HO2 2.000E+13 0.000 50150.10 
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C7H15-4+HO2=>nC7H16+O2 1.094E+09 0.670 -541.11 

nC7H16+C2H5=>C7H15-1+C2H6 1.000E+11 0.000 13400.10 

C7H15-1+C2H6=>nC7H16+C2H5 3.200E+11 0.000 12299.95 

nC7H16+C2H5=>C7H15-2+C2H6 1.000E+11 0.000 10400.10 

C7H15-2+C2H6=>nC7H16+C2H5 1.000E+11 0.000 12900.10 

nC7H16+C2H5=>C7H15-3+C2H6 1.000E+11 0.000 10400.10 

C7H15-3+C2H6=>nC7H16+C2H5 1.000E+11 0.000 12900.10 

nC7H16+C2H5=>C7H15-4+C2H6 5.000E+10 0.000 10400.10 

C7H15-4+C2H6=>nC7H16+C2H5 1.000E+11 0.000 12900.10 

nC7H16+CH3O=>C7H15-1+CH3OH 3.160E+11 0.000 7000.00 

C7H15-1+CH3OH=>nC7H16+CH3O 1.200E+10 0.000 9200.05 

nC7H16+CH3O=>C7H15-2+CH3OH 2.190E+11 0.000 5000.00 

C7H15-2+CH3OH=>nC7H16+CH3O 8.900E+09 0.000 7200.05 

nC7H16+CH3O=>C7H15-3+CH3OH 2.190E+11 0.000 5000.00 

C7H15-3+CH3OH=>nC7H16+CH3O 8.900E+09 0.000 7200.05 

nC7H16+CH3O=>C7H15-4+CH3OH 1.095E+11 0.000 5000.00 

C7H15-4+CH3OH=>nC7H16+CH3O 8.900E+09 0.000 7200.05 

nC7H16+C2H3=>C7H15-1+C2H4 1.000E+12 0.000 18000.00 

C7H15-1+C2H4=>nC7H16+C2H3 2.570E+12 0.000 25400.10 

nC7H16+C2H3=>C7H15-2+C2H4 8.000E+11 0.000 16799.95 

C7H15-2+C2H4=>nC7H16+C2H3 2.000E+12 0.000 24200.05 

nC7H16+C2H3=>C7H15-3+C2H4 8.000E+11 0.000 16799.95 

C7H15-3+C2H4=>nC7H16+C2H3 2.000E+12 0.000 24200.05 

nC7H16+C2H3=>C7H15-4+C2H4 4.000E+11 0.000 16799.95 

C7H15-4+C2H4=>nC7H16+C2H3 2.000E+12 0.000 24200.05 

nC7H16+CH3O2=>C7H15-1+CH3O2H 1.210E+13 0.000 20429.97 

C7H15-1+CH3O2H=>nC7H16+CH3O2 3.600E+12 0.000 9799.95 

nC7H16+CH3O2=>C7H15-2+CH3O2H 8.064E+12 0.000 17700.05 

C7H15-2+CH3O2H=>nC7H16+CH3O2 2.376E+11 0.000 3700.05 

nC7H16+CH3O2=>C7H15-3+CH3O2H 8.064E+12 0.000 17700.05 

C7H15-3+CH3O2H=>nC7H16+CH3O2 2.376E+11 0.000 3700.05 

nC7H16+CH3O2=>C7H15-4+CH3O2H 4.032E+12 0.000 17700.05 
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C7H15-4+CH3O2H=>nC7H16+CH3O2 2.376E+11 0.000 3700.05 

nC7H16+C7H15O2-1=>C7H15-1+C7H15O2H-1 1.210E+13 0.000 20429.97 

C7H15-1+C7H15O2H-1=>nC7H16+C7H15O2-1 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-2=>C7H15-1+C7H15O2H-2 1.210E+13 0.000 20429.97 

C7H15-1+C7H15O2H-2=>nC7H16+C7H15O2-2 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-3=>C7H15-1+C7H15O2H-3 1.210E+13 0.000 20429.97 

C7H15-1+C7H15O2H-3=>nC7H16+C7H15O2-3 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-1=>C7H15-2+C7H15O2H-1 8.064E+12 0.000 17700.05 

C7H15-2+C7H15O2H-1=>nC7H16+C7H15O2-1 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-2=>C7H15-2+C7H15O2H-2 8.064E+12 0.000 17700.05 

C7H15-2+C7H15O2H-2=>nC7H16+C7H15O2-2 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-3=>C7H15-2+C7H15O2H-3 8.064E+12 0.000 17700.05 

C7H15-2+C7H15O2H-3=>nC7H16+C7H15O2-3 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-1=>C7H15-3+C7H15O2H-1 8.064E+12 0.000 17700.05 

C7H15-3+C7H15O2H-1=>nC7H16+C7H15O2-1 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-2=>C7H15-3+C7H15O2H-2 8.064E+12 0.000 17700.05 

C7H15-3+C7H15O2H-2=>nC7H16+C7H15O2-2 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-3=>C7H15-3+C7H15O2H-3 8.064E+12 0.000 17700.05 

C7H15-3+C7H15O2H-3=>nC7H16+C7H15O2-3 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-1=>C7H15-4+C7H15O2H-1 4.032E+12 0.000 17700.05 

C7H15-4+C7H15O2H-1=>nC7H16+C7H15O2-1 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-2=>C7H15-4+C7H15O2H-2 4.032E+12 0.000 17700.05 

C7H15-4+C7H15O2H-2=>nC7H16+C7H15O2-2 1.440E+10 0.000 15000.00 

nC7H16+C7H15O2-3=>C7H15-4+C7H15O2H-3 4.032E+12 0.000 17700.05 

C7H15-4+C7H15O2H-3=>nC7H16+C7H15O2-3 1.440E+10 0.000 15000.00 

nC7H16+C7H15-1=>C7H15-2+nC7H16 1.000E+11 0.000 10400.10 

C7H15-2+nC7H16=>nC7H16+C7H15-1 1.500E+11 0.000 12299.95 

nC7H16+C7H15-1=>C7H15-3+nC7H16 1.000E+11 0.000 10400.10 

C7H15-3+nC7H16=>nC7H16+C7H15-1 1.500E+11 0.000 12299.95 

nC7H16+C7H15-1=>C7H15-4+nC7H16 5.000E+10 0.000 10400.10 

C7H15-4+nC7H16=>nC7H16+C7H15-1 1.500E+11 0.000 12299.95 

nC7H16+C7H15-2=>C7H15-3+nC7H16 1.000E+11 0.000 10400.10 
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C7H15-3+nC7H16=>nC7H16+C7H15-2 1.000E+11 0.000 10400.10 

nC7H16+C7H15-2=>C7H15-4+nC7H16 5.000E+10 0.000 10400.10 

C7H15-4+nC7H16=>nC7H16+C7H15-2 1.000E+11 0.000 10400.10 

nC7H16+C7H15-3=>C7H15-4+nC7H16 5.000E+10 0.000 10400.10 

C7H15-4+nC7H16=>nC7H16+C7H15-3 1.000E+11 0.000 10400.10 

C7H15-1=>C5H11-1+C2H4 8.157E+17 -1.420 30840.11 

C5H11-1+C2H4=>C7H15-1 1.000E+11 0.000 8200.05 

C7H15-1=>C7H14-1+H 4.204E+16 -0.940 37940.01 

C7H14-1+H=>C7H15-1 1.000E+13 0.000 2900.10 

C7H15-2=>pC4H9+C3H6 2.218E+16 -0.890 30130.02 

pC4H9+C3H6=>C7H15-2 1.000E+11 0.000 8200.05 

C7H15-2=>C7H14-1+H 1.338E+15 -0.550 38760.04 

C7H14-1+H=>C7H15-2 1.000E+13 0.000 1200.05 

C7H15-2=>C7H14-2+H 2.710E+15 -0.720 37590.11 

C7H14-2+H=>C7H15-2 1.000E+13 0.000 2900.10 

C7H15-3=>C4H8-1+nC3H7 3.288E+11 0.190 22909.89 

C4H8-1+nC3H7=>C7H15-3 1.000E+11 0.000 7700.05 

C7H15-3=>C6H12-1+CH3 1.027E+14 -0.420 28690.01 

C6H12-1+CH3=>C7H15-3 1.750E+11 0.000 7200.05 

C7H15-3=>C7H14-2+H 2.710E+15 -0.720 37590.11 

C7H14-2+H=>C7H15-3 1.000E+13 0.000 2900.10 

C7H15-3=>C7H14-3+H 2.018E+15 -0.660 37679.97 

C7H14-3+H=>C7H15-3 1.000E+13 0.000 2900.10 

C7H15-4=>C2H5+C5H10-1 5.426E+16 -0.890 30590.11 

C2H5+C5H10-1=>C7H15-4 1.000E+11 0.000 8200.05 

C7H15-4=>C7H14-3+H 4.020E+15 -0.660 37679.97 

C7H14-3+H=>C7H15-4 1.000E+13 0.000 2900.10 

C7H15-1+O2=>C7H14-1+HO2 3.000E-09 0.000 3000.00 

C7H14-1+HO2=>C7H15-1+O2 2.445E-10 0.270 17919.93 

C7H15-2+O2=>C7H14-1+HO2 4.500E-09 0.000 5020.08 

C7H14-1+HO2=>C7H15-2+O2 1.153E-08 -0.130 17419.93 

C7H15-2+O2=>C7H14-2+HO2 3.000E-09 0.000 3000.00 



 

     226 

C7H14-2+HO2=>C7H15-2+O2 3.793E-09 0.050 18270.08 

C7H15-3+O2=>C7H14-2+HO2 3.000E-09 0.000 3000.00 

C7H14-2+HO2=>C7H15-3+O2 3.793E-09 0.050 18270.08 

C7H15-3+O2=>C7H14-3+HO2 3.000E-09 0.000 3000.00 

C7H14-3+HO2=>C7H15-3+O2 5.094E-09 -0.010 18179.97 

C7H15-4+O2=>C7H14-3+HO2 6.000E-09 0.000 3000.00 

C7H14-3+HO2=>C7H15-4+O2 5.113E-09 -0.010 18179.97 

C7H15-1=>C7H15-3 1.386E+09 0.980 33760.04 

C7H15-3=>C7H15-1 4.410E+07 1.380 36280.11 

C7H15-1=>C7H15-4 2.541E+09 0.350 19760.04 

C7H15-4=>C7H15-1 1.611E+08 0.740 22280.11 

C7H15-2=>C7H15-3 9.587E+08 1.390 39700.05 

C7H15-3=>C7H15-2 9.587E+08 1.390 39700.05 

C7H15-1=>C7H15-2 5.478E+08 1.620 38760.04 

C7H15-2=>C7H15-1 1.743E+07 2.010 41280.11 

C7H14-1+OH=>C7H13+H2O 3.000E+13 0.000 1229.92 

C7H13+H2O=>C7H14-1+OH 7.917E+14 -0.460 36479.92 

C7H14-2+OH=>C7H13+H2O 3.000E+13 0.000 1229.92 

C7H13+H2O=>C7H14-2+OH 1.604E+15 -0.630 33609.94 

C7H14-3+OH=>C7H13+H2O 3.000E+13 0.000 1229.92 

C7H13+H2O=>C7H14-3+OH 1.194E+15 -0.570 33700.05 

C7H14-1+H=>C7H13+H2 3.700E+13 0.000 3900.10 

C7H13+H2=>C7H14-1+H 2.255E+14 -0.460 23989.96 

C7H14-2+H=>C7H13+H2 3.700E+13 0.000 3900.10 

C7H13+H2=>C7H14-2+H 4.569E+14 -0.630 21119.98 

C7H14-3+H=>C7H13+H2 3.700E+13 0.000 3900.10 

C7H13+H2=>C7H14-3+H 3.402E+14 -0.570 21210.09 

C7H14-1+CH3=>C7H13+CH4 1.000E+12 0.000 7299.95 

C7H13+CH4=>C7H14-1+CH3 1.592E+14 -0.460 27869.98 

C7H14-2+CH3=>C7H13+CH4 1.000E+12 0.000 7299.95 

C7H13+CH4=>C7H14-2+CH3 3.226E+14 -0.630 25000.00 

C7H14-3+CH3=>C7H13+CH4 1.000E+12 0.000 7299.95 
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C7H13+CH4=>C7H14-3+CH3 2.402E+14 -0.570 25090.11 

C7H14-1+O=>C7H13+OH 2.615E+11 0.460 11909.89 

C7H13+OH=>C7H14-1+O 7.000E+11 0.000 29900.10 

C7H14-2+O=>C7H13+OH 1.291E+11 0.630 14780.11 

C7H13+OH=>C7H14-2+O 7.000E+11 0.000 29900.10 

C7H14-3+O=>C7H13+OH 1.734E+11 0.570 14690.01 

C7H13+OH=>C7H14-3+O 7.000E+11 0.000 29900.10 

C7H14-1+OH=>CH2O+C6H13-1 1.000E+11 0.000 -4000.00 

CH2O+C6H13-1=>C7H14-1+OH 0.000E+00 0.000 0.00 

C7H14-1+OH=>CH3CHO+C5H11-1 1.000E+11 0.000 -4000.00 

CH3CHO+C5H11-1=>C7H14-1+OH 0.000E+00 0.000 0.00 

C7H14-2+OH=>CH3CHO+C5H11-1 1.000E+11 0.000 -4000.00 

CH3CHO+C5H11-1=>C7H14-2+OH 0.000E+00 0.000 0.00 

C7H14-2+OH=>C2H5CHO+pC4H9 1.000E+11 0.000 -4000.00 

C2H5CHO+pC4H9=>C7H14-2+OH 0.000E+00 0.000 0.00 

C7H14-3+OH=>C2H5CHO+pC4H9 1.000E+11 0.000 -4000.00 

C2H5CHO+pC4H9=>C7H14-3+OH 0.000E+00 0.000 0.00 

C7H14-1+O=>CH2CHO+C5H11-1 1.000E+11 0.000 -1049.95 

CH2CHO+C5H11-1=>C7H14-1+O 0.000E+00 0.000 0.00 

C7H14-2+O=>CH3CHO+C5H10-1 1.000E+11 0.000 -1049.95 

CH3CHO+C5H10-1=>C7H14-2+O 0.000E+00 0.000 0.00 

C7H14-3+O=>CH3CHO+C5H10-1 1.000E+11 0.000 -1049.95 

CH3CHO+C5H10-1=>C7H14-3+O 0.000E+00 0.000 0.00 

C7H13=>C3H5-a+C4H8-1 2.500E+13 0.000 45000.00 

C3H5-a+C4H8-1=>C7H13 1.000E+13 0.000 9599.90 

C7H13=>C4H7+C3H6 2.500E+13 0.000 45000.00 

C4H7+C3H6=>C7H13 1.000E+13 0.000 9599.90 

C7H14-1=>pC4H9+C3H5-a 1.000E+16 0.000 71000.00 

pC4H9+C3H5-a=>C7H14-1 1.000E+13 0.000 0.00 

C7H14-2=>C4H7+nC3H7 1.000E+16 0.000 71000.00 

C4H7+nC3H7=>C7H14-2 1.000E+13 0.000 0.00 

C7H14-3=>C4H7+nC3H7 1.000E+16 0.000 71000.00 
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C4H7+nC3H7=>C7H14-3 1.000E+13 0.000 0.00 

C7H15O2-1=>C7H15-1+O2 2.223E+19 -1.450 36090.11 

C7H15-1+O2=>C7H15O2-1 4.520E+12 0.000 0.00 

C7H15O2-2=>C7H15-2+O2 9.879E+21 -1.970 37859.94 

C7H15-2+O2=>C7H15O2-2 7.540E+12 0.000 0.00 

C7H15O2-3=>C7H15-3+O2 9.879E+21 -1.970 37859.94 

C7H15-3+O2=>C7H15O2-3 7.540E+12 0.000 0.00 

C7H15O2-4=>C7H15-4+O2 9.879E+21 -1.970 37859.94 

C7H15-4+O2=>C7H15O2-4 7.540E+12 0.000 0.00 

C7H15-1+C7H15O2-1=>2C7H15O-1 7.000E+12 0.000 -1000.00 

2C7H15O-1=>C7H15-1+C7H15O2-1 6.650E+14 -0.400 29570.03 

C7H15-1+C7H15O2-2=>C7H15O-1+C7H15O-2 7.000E+12 0.000 -1000.00 

C7H15O-1+C7H15O-2=>C7H15-1+C7H15O2-2 4.347E+14 -0.500 29700.05 

C7H15-1+C7H15O2-3=>C7H15O-1+C7H15O-3 7.000E+12 0.000 -1000.00 

C7H15O-1+C7H15O-3=>C7H15-1+C7H15O2-3 4.347E+14 -0.500 29700.05 

C7H15-2+C7H15O2-1=>C7H15O-2+C7H15O-1 7.000E+12 0.000 -1000.00 

C7H15O-2+C7H15O-1=>C7H15-2+C7H15O2-1 1.158E+17 -1.020 31469.89 

C7H15-2+C7H15O2-2=>2C7H15O-2 7.000E+12 0.000 -1000.00 

2C7H15O-2=>C7H15-2+C7H15O2-2 7.570E+16 -1.120 31599.90 

C7H15-2+C7H15O2-3=>C7H15O-2+C7H15O-3 7.000E+12 0.000 -1000.00 

C7H15O-2+C7H15O-3=>C7H15-2+C7H15O2-3 7.570E+16 -1.120 31599.90 

C7H15-3+C7H15O2-1=>C7H15O-3+C7H15O-1 7.000E+12 0.000 -1000.00 

C7H15O-3+C7H15O-1=>C7H15-3+C7H15O2-1 1.158E+17 -1.020 31469.89 

C7H15-3+C7H15O2-2=>C7H15O-3+C7H15O-2 7.000E+12 0.000 -1000.00 

C7H15O-3+C7H15O-2=>C7H15-3+C7H15O2-2 7.570E+16 -1.120 31599.90 

C7H15-3+C7H15O2-3=>2C7H15O-3 7.000E+12 0.000 -1000.00 

2C7H15O-3=>C7H15-3+C7H15O2-3 7.570E+16 -1.120 31599.90 

C7H15O2-1=>C7H14OOH1-2 2.000E+11 0.000 26849.90 

C7H14OOH1-2=>C7H15O2-1 1.784E+10 -0.090 14210.09 

C7H15O2-1=>C7H14OOH1-3 2.500E+10 0.000 20849.90 

C7H14OOH1-3=>C7H15O2-1 2.230E+09 -0.090 8210.09 

C7H15O2-1=>C7H14OOH1-4 3.125E+09 0.000 19049.95 
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C7H14OOH1-4=>C7H15O2-1 2.787E+08 -0.090 6409.89 

C7H15O2-2=>C7H14OOH2-3 2.000E+11 0.000 26849.90 

C7H14OOH2-3=>C7H15O2-2 1.715E+10 -0.080 14210.09 

C7H15O2-2=>C7H14OOH2-4 2.500E+10 0.000 20849.90 

C7H14OOH2-4=>C7H15O2-2 2.143E+09 -0.080 8210.09 

C7H15O2-2=>C7H14OOH2-5 3.125E+09 0.000 19049.95 

C7H14OOH2-5=>C7H15O2-2 2.679E+08 -0.080 6409.89 

C7H15O2-3=>C7H14OOH3-1 3.750E+10 0.000 24400.10 

C7H14OOH3-1=>C7H15O2-3 8.884E+10 -0.500 9340.11 

C7H15O2-3=>C7H14OOH3-2 2.000E+11 0.000 26849.90 

C7H14OOH3-2=>C7H15O2-3 1.715E+10 -0.080 14210.09 

C7H15O2-3=>C7H14OOH3-4 2.000E+11 0.000 26849.90 

C7H14OOH3-4=>C7H15O2-3 1.715E+10 -0.080 14210.09 

C7H15O2-3=>C7H14OOH3-5 2.500E+10 0.000 20849.90 

C7H14OOH3-5=>C7H15O2-3 2.143E+09 -0.080 8210.09 

C7H15O2-3=>C7H14OOH3-6 3.125E+09 0.000 19049.95 

C7H14OOH3-6=>C7H15O2-3 2.679E+08 -0.080 6409.89 

C7H15O2-4=>C7H14OOH4-2 5.000E+10 0.000 20849.90 

C7H14OOH4-2=>C7H15O2-4 4.287E+09 -0.080 8210.09 

C7H15O2-4=>C7H14OOH4-3 4.000E+11 0.000 26849.90 

C7H14OOH4-3=>C7H15O2-4 3.430E+10 -0.080 14210.09 

C7H15O2-1+HO2=>C7H15O2H-1+O2 1.750E+10 0.000 -3275.10 

C7H15O2H-1+O2=>C7H15O2-1+HO2 4.923E+13 -0.830 34869.98 

C7H15O2-2+HO2=>C7H15O2H-2+O2 1.750E+10 0.000 -3275.10 

C7H15O2H-2+O2=>C7H15O2-2+HO2 4.934E+13 -0.830 34880.02 

C7H15O2-3+HO2=>C7H15O2H-3+O2 1.750E+10 0.000 -3275.10 

C7H15O2H-3+O2=>C7H15O2-3+HO2 4.934E+13 -0.830 34880.02 

H2O2+C7H15O2-1=>HO2+C7H15O2H-1 2.400E+12 0.000 10000.00 

HO2+C7H15O2H-1=>H2O2+C7H15O2-1 2.400E+12 0.000 10000.00 

H2O2+C7H15O2-2=>HO2+C7H15O2H-2 2.400E+12 0.000 10000.00 

HO2+C7H15O2H-2=>H2O2+C7H15O2-2 2.400E+12 0.000 10000.00 

H2O2+C7H15O2-3=>HO2+C7H15O2H-3 2.400E+12 0.000 10000.00 
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HO2+C7H15O2H-3=>H2O2+C7H15O2-3 2.400E+12 0.000 10000.00 

C7H15O2-1+CH3O2=>C7H15O-1+CH3O+O2 1.400E+16 -1.610 1859.94 

C7H15O-1+CH3O+O2=>C7H15O2-1+CH3O2 0.000E+00 0.000 0.00 

C7H15O2-2+CH3O2=>C7H15O-2+CH3O+O2 1.400E+16 -1.610 1859.94 

C7H15O-2+CH3O+O2=>C7H15O2-2+CH3O2 0.000E+00 0.000 0.00 

C7H15O2-3+CH3O2=>C7H15O-3+CH3O+O2 1.400E+16 -1.610 1859.94 

C7H15O-3+CH3O+O2=>C7H15O2-3+CH3O2 0.000E+00 0.000 0.00 

2C7H15O2-1=>O2+2C7H15O-1 1.400E+16 -1.610 1859.94 

O2+2C7H15O-1=>2C7H15O2-1 0.000E+00 0.000 0.00 

C7H15O2-1+C7H15O2-2=>C7H15O-1+C7H15O-

2+O2 
1.400E+16 -1.610 1859.94 

C7H15O-1+C7H15O-2+O2=>C7H15O2-

1+C7H15O2-2 
0.000E+00 0.000 0.00 

C7H15O2-1+C7H15O2-3=>C7H15O-1+C7H15O-

3+O2 
1.400E+16 -1.610 1859.94 

C7H15O-1+C7H15O-3+O2=>C7H15O2-

1+C7H15O2-3 
0.000E+00 0.000 0.00 

2C7H15O2-2=>O2+2C7H15O-2 1.400E+16 -1.610 1859.94 

O2+2C7H15O-2=>2C7H15O2-2 0.000E+00 0.000 0.00 

C7H15O2-2+C7H15O2-3=>C7H15O-2+C7H15O-

3+O2 
1.400E+16 -1.610 1859.94 

C7H15O-2+C7H15O-3+O2=>C7H15O2-

2+C7H15O2-3 
0.000E+00 0.000 0.00 

2C7H15O2-3=>O2+2C7H15O-3 1.400E+16 -1.610 1859.94 

O2+2 C7H15O-3=>2C7H15O2-3 0.000E+00 0.000 0.00 

C7H15O2H-1=>C7H15O-1+OH 1.500E+16 0.000 42500.00 

C7H15O-1+OH=>C7H15O2H-1 1.749E+09 1.530 -3744.98 

C7H15O2H-2=>C7H15O-2+OH 1.250E+16 0.000 41599.90 

C7H15O-2+OH=>C7H15O2H-2 9.507E+08 1.420 -4525.10 

C7H15O2H-3=>C7H15O-3+OH 1.250E+16 0.000 41599.90 

C7H15O-3+OH=>C7H15O2H-3 9.507E+08 1.420 -4525.10 

C7H15O-1=>CH2O+C6H13-1 4.683E+17 -1.340 20260.04 
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CH2O+C6H13-1=>C7H15O-1 1.000E+11 0.000 11900.10 

C7H15O-2=>CH3CHO+C5H11-1 8.660E+21 -2.390 21880.02 

CH3CHO+C5H11-1=>C7H15O-2 1.000E+11 0.000 12900.10 

C7H15O-3=>C2H5CHO+pC4H9 5.600E+21 -2.330 21359.94 

C2H5CHO+pC4H9=>C7H15O-3 1.000E+11 0.000 12900.10 

C7H14OOH1-2=>C7H14-1+HO2 5.384E+17 -1.810 19059.99 

C7H14-1+HO2=>C7H14OOH1-2 1.000E+11 0.000 10530.11 

C7H14OOH2-3=>C7H14-2+HO2 8.885E+18 -2.100 21479.92 

C7H14-2+HO2=>C7H14OOH2-3 1.000E+11 0.000 11530.11 

C7H14OOH3-2=>C7H14-2+HO2 8.885E+18 -2.100 21479.92 

C7H14-2+HO2=>C7H14OOH3-2 1.000E+11 0.000 11530.11 

C7H14OOH3-4=>C7H14-3+HO2 6.615E+18 -2.030 20570.03 

C7H14-3+HO2=>C7H14OOH3-4 1.000E+11 0.000 10530.11 

C7H14OOH4-3=>C7H14-3+HO2 1.318E+19 -2.030 20570.03 

C7H14-3+HO2=>C7H14OOH4-3 1.000E+11 0.000 10530.11 

C7H14OOH1-3=>C7H14O1-3+OH 7.500E+10 0.000 15250.00 

C7H14O1-3+OH=>C7H14OOH1-3 0.000E+00 0.000 0.00 

C7H14OOH1-4=>C7H14O1-4+OH 9.375E+09 0.000 7000.00 

C7H14O1-4+OH=>C7H14OOH1-4 0.000E+00 0.000 0.00 

C7H14OOH2-4=>C7H14O2-4+OH 7.500E+10 0.000 15250.00 

C7H14O2-4+OH=>C7H14OOH2-4 0.000E+00 0.000 0.00 

C7H14OOH2-5=>C7H14O2-5+OH 9.375E+09 0.000 7000.00 

C7H14O2-5+OH=>C7H14OOH2-5 0.000E+00 0.000 0.00 

C7H14OOH3-1=>C7H14O1-3+OH 7.500E+10 0.000 15250.00 

C7H14O1-3+OH=>C7H14OOH3-1 0.000E+00 0.000 0.00 

C7H14OOH3-5=>C7H14O3-5+OH 7.500E+10 0.000 15250.00 

C7H14O3-5+OH=>C7H14OOH3-5 0.000E+00 0.000 0.00 

C7H14OOH3-6=>C7H14O2-5+OH 9.375E+09 0.000 7000.00 

C7H14O2-5+OH=>C7H14OOH3-6 0.000E+00 0.000 0.00 

C7H14OOH4-2=>C7H14O2-4+OH 7.500E+10 0.000 15250.00 

C7H14O2-4+OH=>C7H14OOH4-2 0.000E+00 0.000 0.00 

C7H14OOH1-3=>OH+CH2O+C6H12-1 8.120E+13 -0.140 31090.11 
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OH+CH2O+C6H12-1=>C7H14OOH1-3 0.000E+00 0.000 0.00 

C7H14OOH2-4=>OH+CH3CHO+C5H10-1 5.364E+17 -1.400 26750.00 

OH+CH3CHO+C5H10-1=>C7H14OOH2-4 0.000E+00 0.000 0.00 

C7H14OOH3-1=>OH+nC4H9CHO+C2H4 2.212E+19 -1.670 26979.92 

OH+nC4H9CHO+C2H4=>C7H14OOH3-1 0.000E+00 0.000 0.00 

C7H14OOH3-5=>OH+C2H5CHO+C4H8-1 2.470E+18 -1.550 27020.08 

OH+C2H5CHO+C4H8-1=>C7H14OOH3-5 0.000E+00 0.000 0.00 

C7H14OOH4-2=>OH+nC3H7CHO+C3H6 1.300E+18 -1.490 26799.95 

OH+nC3H7CHO+C3H6=>C7H14OOH4-2 0.000E+00 0.000 0.00 

C7H14OOH1-3O2=>C7H14OOH1-3+O2 5.997E+23 -2.540 38390.06 

C7H14OOH1-3+O2=>C7H14OOH1-3O2 7.540E+12 0.000 0.00 

C7H14OOH2-3O2=>C7H14OOH2-3+O2 6.349E+23 -2.550 38400.10 

C7H14OOH2-3+O2=>C7H14OOH2-3O2 7.540E+12 0.000 0.00 

C7H14OOH2-4O2=>C7H14OOH2-4+O2 6.349E+23 -2.550 38400.10 

C7H14OOH2-4+O2=>C7H14OOH2-4O2 7.540E+12 0.000 0.00 

C7H14OOH2-5O2=>C7H14OOH2-5+O2 6.349E+23 -2.550 38400.10 

C7H14OOH2-5+O2=>C7H14OOH2-5O2 7.540E+12 0.000 0.00 

C7H14OOH3-1O2=>C7H14OOH3-1+O2 1.597E+21 -2.000 36520.08 

C7H14OOH3-1+O2=>C7H14OOH3-1O2 4.520E+12 0.000 0.00 

C7H14OOH3-2O2=>C7H14OOH3-2+O2 6.349E+23 -2.550 38400.10 

C7H14OOH3-2+O2=>C7H14OOH3-2O2 7.540E+12 0.000 0.00 

C7H14OOH3-4O2=>C7H14OOH3-4+O2 6.349E+23 -2.550 38400.10 

C7H14OOH3-4+O2=>C7H14OOH3-4O2 7.540E+12 0.000 0.00 

C7H14OOH3-5O2=>C7H14OOH3-5+O2 6.349E+23 -2.550 38400.10 

C7H14OOH3-5+O2=>C7H14OOH3-5O2 7.540E+12 0.000 0.00 

C7H14OOH3-6O2=>C7H14OOH3-6+O2 6.349E+23 -2.550 38400.10 

C7H14OOH3-6+O2=>C7H14OOH3-6O2 7.540E+12 0.000 0.00 

C7H14OOH4-2O2=>C7H14OOH4-2+O2 3.186E+23 -2.550 38400.10 

C7H14OOH4-2+O2=>C7H14OOH4-2O2 7.540E+12 0.000 0.00 

C7H14OOH4-3O2=>C7H14OOH4-3+O2 3.186E+23 -2.550 38400.10 

C7H14OOH4-3+O2=>C7H14OOH4-3O2 7.540E+12 0.000 0.00 

C7H14OOH1-3O2=>nC7KET13+OH 2.500E+10 0.000 21400.10 
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nC7KET13+OH=>C7H14OOH1-3O2 9.108E+02 1.710 43840.11 

C7H14OOH2-3O2=>nC7KET23+OH 1.000E+11 0.000 23849.90 

nC7KET23+OH=>C7H14OOH2-3O2 1.314E+04 1.530 45869.98 

C7H14OOH2-4O2=>nC7KET24+OH 1.250E+10 0.000 17849.90 

nC7KET24+OH=>C7H14OOH2-4O2 5.561E+01 1.940 43479.92 

C7H14OOH2-5O2=>nC7KET25+OH 1.563E+09 0.000 16049.95 

nC7KET25+OH=>C7H14OOH2-5O2 6.954E+00 1.940 41679.97 

C7H14OOH3-1O2=>nC7KET31+OH 1.250E+10 0.000 17849.90 

nC7KET31+OH=>C7H14OOH3-1O2 4.292E+01 1.930 43750.00 

C7H14OOH3-2O2=>nC7KET32+OH 1.000E+11 0.000 23849.90 

nC7KET32+OH=>C7H14OOH3-2O2 1.172E+04 1.510 46150.10 

C7H14OOH3-4O2=>nC7KET34+OH 1.000E+11 0.000 23849.90 

nC7KET34+OH=>C7H14OOH3-4O2 1.172E+04 1.510 46150.10 

C7H14OOH3-5O2=>nC7KET35+OH 1.250E+10 0.000 17849.90 

nC7KET35+OH=>C7H14OOH3-5O2 5.561E+01 1.940 43479.92 

C7H14OOH3-6O2=>nC7KET36+OH 1.563E+09 0.000 16049.95 

nC7KET36+OH=>C7H14OOH3-6O2 6.954E+00 1.940 41679.97 

C7H14OOH4-2O2=>nC7KET42+OH 1.250E+10 0.000 17849.90 

nC7KET42+OH=>C7H14OOH4-2O2 4.154E+01 1.940 43750.00 

C7H14OOH4-3O2=>nC7KET43+OH 1.000E+11 0.000 23849.90 

nC7KET43+OH=>C7H14OOH4-3O2 1.172E+04 1.510 46150.10 

nC7KET13=>nC4H9CHO+CH2CHO+OH 1.050E+16 0.000 41599.90 

nC4H9CHO+CH2CHO+OH=>nC7KET13 0.000E+00 0.000 0.00 

nC7KET23=>nC4H9CHO+CH3CO+OH 1.050E+16 0.000 41599.90 

nC4H9CHO+CH3CO+OH=>nC7KET23 0.000E+00 0.000 0.00 

nC7KET24=>nC3H7CHO+CH3COCH2+OH 1.050E+16 0.000 41599.90 

nC3H7CHO+CH3COCH2+OH=>nC7KET24 0.000E+00 0.000 0.00 

nC7KET25=>C2H5CHO+CH2CH2COCH3+OH 1.050E+16 0.000 41599.90 

C2H5CHO+CH2CH2COCH3+OH=>nC7KET25 0.000E+00 0.000 0.00 

nC7KET31=>CH2O+nC4H9COCH2+OH 1.500E+16 0.000 42000.00 

CH2O+nC4H9COCH2+OH=>nC7KET31 0.000E+00 0.000 0.00 

nC7KET32=>CH3CHO+nC4H9CO+OH 1.050E+16 0.000 41599.90 
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CH3CHO+nC4H9CO+OH=>nC7KET32 0.000E+00 0.000 0.00 

nC7KET34=>nC3H7CHO+C2H5CO+OH 1.050E+16 0.000 41599.90 

nC3H7CHO+C2H5CO+OH=>nC7KET34 0.000E+00 0.000 0.00 

nC7KET35=>C2H5CHO+C2H5COCH2+OH 1.050E+16 0.000 41599.90 

C2H5CHO+C2H5COCH2+OH=>nC7KET35 0.000E+00 0.000 0.00 

nC7KET36=>CH3CHO+C2H5COC2H4p+OH 1.050E+16 0.000 41599.90 

CH3CHO+C2H5COC2H4p+OH=>nC7KET36 0.000E+00 0.000 0.00 

nC7KET42=>CH3CHO+nC3H7COCH2+OH 1.050E+16 0.000 41599.90 

CH3CHO+nC3H7COCH2+OH=>nC7KET42 0.000E+00 0.000 0.00 

nC7KET43=>C2H5CHO+nC3H7CO+OH 1.050E+16 0.000 41599.90 

C2H5CHO+nC3H7CO+OH=>nC7KET43 0.000E+00 0.000 0.00 

C7H14O1-3+OH=>C6H12-1+HCO+H2O 2.500E+12 0.000 0.00 

C6H12-1+HCO+H2O=>C7H14O1-3+OH 0.000E+00 0.000 0.00 

C7H14O1-4+OH=>C5H10-1+CH2CHO+H2O 2.500E+12 0.000 0.00 

C5H10-1+CH2CHO+H2O=>C7H14O1-4+OH 0.000E+00 0.000 0.00 

C7H14O2-4+OH=>CH3CO+C5H10-1+H2O 2.500E+12 0.000 0.00 

CH3CO+C5H10-1+H2O=>C7H14O2-4+OH 0.000E+00 0.000 0.00 

C7H14O2-5+OH=>CH3COCH2+C4H8-1+H2O 2.500E+12 0.000 0.00 

CH3COCH2+C4H8-1+H2O=>C7H14O2-5+OH 0.000E+00 0.000 0.00 

C7H14O3-5+OH=>C2H5CO+C4H8-1+H2O 2.500E+12 0.000 0.00 

C2H5CO+C4H8-1+H2O=>C7H14O3-5+OH 0.000E+00 0.000 0.00 

C7H14O1-3+OH=>C2H4+nC4H9CO+H2O 2.500E+12 0.000 0.00 

C2H4+nC4H9CO+H2O=>C7H14O1-3+OH 0.000E+00 0.000 0.00 

C7H14O1-4+OH=>C2H4+nC3H7COCH2+H2O 2.500E+12 0.000 0.00 

C2H4+nC3H7COCH2+H2O=>C7H14O1-4+OH 0.000E+00 0.000 0.00 

C7H14O2-4+OH=>C3H6+nC3H7CO+H2O 2.500E+12 0.000 0.00 

C3H6+nC3H7CO+H2O=>C7H14O2-4+OH 0.000E+00 0.000 0.00 

C7H14O2-5+OH=>C3H6+C2H5COCH2+H2O 2.500E+12 0.000 0.00 

C3H6+C2H5COCH2+H2O=>C7H14O2-5+OH 0.000E+00 0.000 0.00 

C7H14O3-5+OH=>C2H5CHO+C4H7+H2O 2.500E+12 0.000 0.00 

C2H5CHO+C4H7+H2O=>C7H14O3-5+OH 0.000E+00 0.000 0.00 

C7H14O1-3+HO2=>C6H12-1+HCO+H2O2 5.000E+12 0.000 17700.05 
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C6H12-1+HCO+H2O2=>C7H14O1-3+HO2 0.000E+00 0.000 0.00 

C7H14O1-4+HO2=>C5H10-1+CH2CHO+H2O2 5.000E+12 0.000 17700.05 

C5H10-1+CH2CHO+H2O2=>C7H14O1-4+HO2 0.000E+00 0.000 0.00 

C7H14O2-4+HO2=>CH3CO+C5H10-1+H2O2 5.000E+12 0.000 17700.05 

CH3CO+C5H10-1+H2O2=>C7H14O2-4+HO2 0.000E+00 0.000 0.00 

C7H14O2-5+HO2=>CH3COCH2+C4H8-1+H2O2 5.000E+12 0.000 17700.05 

CH3COCH2+C4H8-1+H2O2=>C7H14O2-5+HO2 0.000E+00 0.000 0.00 

C7H14O3-5+HO2=>C2H5CO+C4H8-1+H2O2 5.000E+12 0.000 17700.05 

C2H5CO+C4H8-1+H2O2=>C7H14O3-5+HO2 0.000E+00 0.000 0.00 

C7H14O1-3+HO2=>C2H4+nC4H9CO+H2O2 5.000E+12 0.000 17700.05 

C2H4+nC4H9CO+H2O2=>C7H14O1-3+HO2 0.000E+00 0.000 0.00 

C7H14O1-4+HO2=>C2H4+nC3H7COCH2+H2O2 5.000E+12 0.000 17700.05 

C2H4+nC3H7COCH2+H2O2=>C7H14O1-4+HO2 0.000E+00 0.000 0.00 

C7H14O2-4+HO2=>C3H6+nC3H7CO+H2O2 5.000E+12 0.000 17700.05 

C3H6+nC3H7CO+H2O2=>C7H14O2-4+HO2 0.000E+00 0.000 0.00 

C7H14O2-5+HO2=>C3H6+C2H5COCH2+H2O2 5.000E+12 0.000 17700.05 

C3H6+C2H5COCH2+H2O2=>C7H14O2-5+HO2 0.000E+00 0.000 0.00 

C7H14O3-5+HO2=>C2H5CHO+C4H7+H2O2 5.000E+12 0.000 17700.05 

C2H5CHO+C4H7+H2O2=>C7H14O3-5+HO2 0.000E+00 0.000 0.00 

nC4H9COCH2=>pC4H9+CH2CO 1.554E+18 -1.410 43140.06 

pC4H9+CH2CO=>nC4H9COCH2 1.000E+11 0.000 11599.90 

C7H14OOH1-3=>C4H7OOH1-4+nC3H7 3.816E+14 -0.740 27469.89 

C4H7OOH1-4+nC3H7=>C7H14OOH1-3 8.500E+10 0.000 7799.95 

C7H14OOH1-4=>C5H10-1+C2H4+HO2 2.435E+16 -1.080 29450.05 

C5H10-1+C2H4+HO2=>C7H14OOH1-4 0.000E+00 0.000 0.00 

C7H14OOH2-4=>C5H9OOH1-4+C2H5 1.667E+18 -1.750 27669.93 

C5H9OOH1-4+C2H5=>C7H14OOH2-4 9.250E+10 0.000 7799.95 

C7H14OOH2-5=>C4H8-1+C3H6OOH2-1 2.134E+16 -0.960 28799.95 

C4H8-1+C3H6OOH2-1=>C7H14OOH2-5 8.500E+10 0.000 7799.95 

C7H15-1+HO2=>C7H15O-1+OH 7.000E+12 0.000 -1000.00 

C7H15O-1+OH=>C7H15-1+HO2 1.129E+16 -0.750 26989.96 

C7H15-2+HO2=>C7H15O-2+OH 7.000E+12 0.000 -1000.00 



 

     236 

C7H15O-2+OH=>C7H15-2+HO2 1.967E+18 -1.370 28890.06 

C7H15-3+HO2=>C7H15O-3+OH 7.000E+12 0.000 -1000.00 

C7H15O-3+OH=>C7H15-3+HO2 1.967E+18 -1.370 28890.06 

C7H15-1+CH3O2=>C7H15O-1+CH3O 7.000E+12 0.000 -1000.00 

C7H15O-1+CH3O=>C7H15-1+CH3O2 1.103E+18 -1.330 31750.00 

C7H15-2+CH3O2=>C7H15O-2+CH3O 7.000E+12 0.000 -1000.00 

C7H15O-2+CH3O=>C7H15-2+CH3O2 1.921E+20 -1.950 33659.89 

C7H15-3+CH3O2=>C7H15O-3+CH3O 7.000E+12 0.000 -1000.00 

C7H15O-3+CH3O=>C7H15-3+CH3O2 1.921E+20 -1.950 33659.89 

C4H7OOH1-4=>C4H7O1-4+OH 2.021E+20 -1.530 47039.91 

C4H7O1-4+OH=>C4H7OOH1-4 2.000E+13 0.000 0.00 

C5H9OOH1-4=>C5H9O1-4+OH 1.178E+20 -1.380 46049.95 

C5H9O1-4+OH=>C5H9OOH1-4 2.000E+13 0.000 0.00 

C4H7O1-4=>CH2O+C3H5-A 2.412E+16 -1.140 7549.95 

CH2O+C3H5-a=>C4H7O1-4 1.000E+11 0.000 11900.10 

C5H9O1-4=>CH3CHO+C3H5-a 7.715E+20 -2.430 5890.06 

CH3CHO+C3H5-a=>C5H9O1-4 5.000E+10 0.000 9599.90 

Fe+O+M=>FeO+M 1.000E+17 0.000 0 

Fe+OH+M=>FeOH+M 1.000E+17 0.000 0 

Fe+O2=>FeO+O 1.200E+14 0.000 15009.6 

Fe+O2(+M)=>FeO2(+M) 2.000E+13 0.000 0 

FeO+O+M=>FeO2+M 1.000E+16 0.000 0 

FeO+H+M=>FeOH+M 1.000E+17 0.000 0 

FeO+OH+M=>FeOOH+M 5.000E+17 0.000 0 

FeO+H2O=>FeO2H2 1.620E+13 0.000 0 

FeO+H=>Fe+OH 1.000E+14 0.000 5873.827 

FeO+CH3=>Fe+CH3O 1.000E+14 0.000 12005.52 

FeO+H2=>Fe+H2O 1.000E+13 0.000 5001.904 

FeO2+H+M=>FeOOH+M 1.000E+17 0.000 0 

FeO2+H=>FeO+OH 1.000E+14 0.000 15007.70 

FeO2+OH=>FeOH+O2 1.000E+13 0.000 12005.52 

FeO2+O=>FeO+O2 1.500E+14 0.000 1500.968 
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FeOH+O+M=>FeOOH+M 1.000E+18 0.000 0 

FeOH+OH=>FeO2H2 6.000E+11 0.000 0 

FeOH+OH=>FeO+H2O 3.000E+12 0.000 2001.913 

FeOH+O=>Fe+HO2 3.000E+13 0.000 20747.40 

FeOH+O=>FeO+OH 5.000E+13 0.000 1500.96 

FeOH+CH3=>FeO+CH4 5.000E+13 0.000 1500.96 

FeOH+H=>Fe+H2O 1.200E+12 0.000 1200.77 

FeOH+H=>FeO+H2 1.500E+14 0.000 1456.74 

FeOOH+H+M=>FeO2H2+M 1.000E+16 0.000 0.000 

FeOOH+CH3=>FeO+CH3OH 2.000E+13 0.000 3915.23 

FeOOH+H=>FeO+H2O 2.000E+13 0.000 0.000 

FeOOH+H=>FeO2+H2 5.000E+13 0.000 999.832 

FeOOH+H=>FeOH+OH 4.000E+13 0.000 2001.95 

FeOOH+OH=>FeOH+HO2 3.000E+13 0.000 20009.6 

FeOOH+OH=>FeO2+H2O 5.000E+13 0.000 0.000 

FeOOH+O=>FeOH+O2 5.000E+13 0.000 0.000 

FeOOH+O=>FeO+HO2 1.000E+13 0.000 14007.71 

FeOOH+O=>FeO2+OH 5.000E+13 0.000 0.000 

FeO2H2+H=>FeOH+H2O 1.980E+14 0.000 492.732 

FeO2H2+OH=>FeOOH+H2O 1.000E+13 0.000 17758.44 

FeO2H2+CH3=>FeOH+CH3OH 1.000E+13 0.000 23011.54 
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