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Summary

Diesel engines are the most efficient energy conversion devices. However they have

one serious drawback: the amount of exhaust emissions like NOx and particulate

matter (PM) is comparatively larger than that of gasoline engines. The complete

combustion of fuel leads to major reductions in the formation of exhaust emissions.

The combustion process in diesel engine is significantly affected by the fuel-air

mixing and accuracy in the injection processes. Therefore, by instituting a better

fuel-air mixing, the particulate emissions can be reduced; however, nitrogen oxides

tend to increase and vice-versa. Therefore the current goal of this thesis is to better

understand the fuel-air mixing process and implement strategies to obtain NOx-

soot trade-off. Therefore, this research is classified into three phases as follows:

In the first phase, a constant volume spray chamber was specially built to

simulate the engine combustion chamber condition during injection process. The

spray characteristics and fuel-air mixing of different fuels like diesel, pure biodiesel

(B100) and blend fuel (B20) were investigated. The spray momentum was also

measured to understand the cavitation phenomenon that takes place inside the

injector nozzle holes. From this fundamental study, it was found that, in gen-

eral, the momentum flux, spray tip penetration and fuel-air mixing increases with

increasing pressure difference. It was also found that, B100 suffered from poor

atomization which was ascertained from fuel volume and air entrainment analysis.

From momentum flux data, it was found that cavitation inside the injector nozzle

holes contributed significantly to the primary atomization of fuel.

In the second phase, a generalized hybrid spray model was developed and val-
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idated with knowledge obtained from experiments. This new hybrid spray model

was developed by coupling the cavitation induced spray sub model to classical KH-

RT spray model and implemented in KIVA4 CFD code. In order to understand

the cavitation phenomenon inside the injector nozzle holes, a detailed parametric

study has been done using Fluent CFD package. From this study, the factors that

affect cavitation are well understood and documented. Then the new hybrid spray

model was extensively validated against experimental results from literature and

in-house experiments. Then this new model was used to predict spray charac-

teristics and fuel-air mixing of different fuels like diesel, pure biodiesel and blend

fuels.

In the final phase, experiments were carried out by varying injection timing

and injection pressure in a single cylinder diesel engine powered by biodiesel blend

fuel. It was found that by either changing the fuel injection pressure or injection

timing, the emission norms of genset can be achieved without compromising fuel

consumption or engine modifications. Then 3D simulation was carried out using

KIVA4 CFD code to investigate the effect of injection rate shaping by changing

boot length and boot pressure on biodiesel fueled CI engine. It was found that

NOx-soot trade-off could be obtained by either using long boot length or high

boot pressure injection rate profiles.
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1
Introduction

1.1 Background and motivation

The diesel engine was first patented in 1892 by Rudolf Diesel and, since then it has

revolutionized the entire road transportation system. Fig.1.1 shows the market

share of diesel fuel in existing vehicles in European Union and among new vehicles

produced all over the world in the year 2012. Diesel vehicles dominate the passen-

ger car market in the European Union e.g., in 2012; 55% of all newly registered

cars were powered by diesel engines [1]. Diesel engines are the preferred source

of power not only among passenger cars but almost everything from generating

electricity in industries to power trucks, boats and large ships.

The main disadvantage of compression ignited combustion compared to spark

1
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Figure 1.1: Market share of diesel engines in existing passenger cars in EU (left
pie chart) and new passenger cars produced across the world in 2012 [1]

ignited combustion is that the fuel-air mixture is not homogenous throughout the

combustion chamber. The combustion in compression ignition engines is therefore

predominantly governed by proper fuel-air mixing which is eventually defined by

the spray characteristics of the fuel. Therefore, parts of combustion take place in

environments short of oxygen, which are often called rich mixture or high equiv-

alence ratio zones. This high equivalence ratio zones leads to soot formation.

Fig.1.2 [2] shows the regions where emissions such as soot and thermal NO are

formed. Most of the NO is formed in the flame front (green region) where the fuel-

air mixture is approximately stoichiometric and the flame is the hottest. The gray

region shows the initial soot formation area in the fuel spray and the orange/blue

interface region shows the area where the soot oxidation takes place. This shows

that spray characteristics and fuel-air mixing governs the emission formation and

combustion efficiency in compression ignition engines.

NOx (Nitrogen oxides) and particulate emissions are regulated in each country

through various emission norms and regulations as these emissions are found to

be detrimental for ecosystem. PM emissions are found to increase the respiratory

symptoms, decrease lung functions, and induce asthma in human beings. NOx

emissions have shown to cause sensitivity to respiratory passage and also cause

smog along with HC emissions under the influence of sunlight [3, 4, 5].

As explained earlier, combustion process in diesel engine is significantly affected

by the fuel-air mixing process. Therefore, by instituting a better fuel-air mixing,
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Figure 1.2: Summary of diesel combustion process [2]

the quantities of particulate emissions can be decreased; nonetheless, at the same

time, nitrogen oxides tend to increase. Similarly, strategies to reduce NOx tend to

increase particulates as well as to reduce power output. The NOx-soot trade-off

can be explained from Fig.1.3. The NOx and soot emissions are on either side of a

seesaw which is pivoted on fuel consumption. Therefore, as shown in the figure, the

engine manufacturers are posed with a great challenge of meeting both legislative

emission norms imposed by various government bodies and fuel consumption rate

expected by general public on buying their vehicles.

1.2 Scope of the thesis

1.2.1 Objectives

As mentioned earlier, the great concern in compression ignition engines is to reduce

emissions without compromising the efficiency and fuel consumption. Therefore,

the objective of this thesis is in line with the quote as follows

"Our ultimate goal is to create an engine that functions in harmony

with nature while still meeting the demands of an ever-advancing civ-

ilization."

- Takashi Suzuki, "The Romance of Engines" [6]
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Figure 1.3: NOx-soot trade-off

The primary focus of this thesis is to establish a better understanding on

fundamental fuel-air mixing process and its impact on combustion process and

emission formations and to achieve better NOx-soot trade-off. Therefore, the

objectives of this thesis is classified into fundamental experimental and simulation

research on spray development and fuel-air mixing process followed by application

on engine experiments and simulations. The main objectives of this thesis are

summarized in the Fig.1.4:

• To discern the spray characteristics and its effect on combustion and emis-

sion formation, for which an experimental setup has to be designed and

commissioned.

• To understand the detailed physics underlying the spray development process

and establish the impact of cavitation on primary atomization.

• To develop a universal spray model to predict the spray characteristics of

different fuels.

• To apply the knowledge obtained through this fundamental study to obtain
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Figure 1.4: Objective of this thesis

better NOx-soot trade-off.

1.2.2 Organization of the thesis

The thesis is organized into seven chapters. The organization is as follows

Chapter 1 This chapter introduces the motivation and objectives of this thesis.

Chapter 2 This chapter provides an extensive literature review on various in-

jection strategies available to reduce emissions at source and its pros and

cons. From the outcome of this literature review, it was found that fuel-air

mixing defined by spray characteristics inside the combustion chamber is

a significant factor which governs the combustion and emission formations.

This paved the path for further investigations of spray and fuel air mixing

process in subsequent chapters.

Chapter 3 This chapter elaborates design, fabrication and testing of high pres-

sure constant volume spray chamber to simulate the environment inside the
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combustion chamber during injection process. Then spray characteristics

and fuel-air mixing process of different fuels were investigated using the set-

up. The results were then used to develop a new hybrid spray model to

predict the spray characteristics and atomization process.

Chapter 4 This chapter introduces fundamentals of cavitation phenomenon in-

side the diesel injector nozzle holes and its effect on primary atomization.

A detailed parametric study has been provided in this chapter to better

appreciate the factors that affect cavitation inception.

Chapter 5 This chapter details the development and validation of the new hybrid

spray model to predict the spray characteristics and fuel-air mixing process

in engine simulations. The new model was extensively validated against

experimental results from literature and in-house experiments. This chapter

also shows the capability of this new model in predicting spray characteristics

of different fuels.

Chapter 6 This chapter presents both experimental and numerical investigation

of different injection strategies on engine performance and emission forma-

tions. The effect of injection pressure and injection timing were experimen-

tally studied in a single cylinder diesel engine and optimum pressure and

timing were obtained. The effect of injection rate shaping was investigated

using 3D CFD simulations. The results of both experimental and simulation

findings were discussed in detail.

Chapter 7 This chapter summarizes the key findings and accomplishments of

this thesis. Recommendations for future possible extension of this work

have been discussed.



2
Fuel injection strategies - A review1

2.1 Introduction

Diesel engines are the most efficient energy conversion devices. However they have

one serious drawback: the amount of exhaust emissions like NOx and particulate

matter (PM) is comparatively larger than that of gasoline engines. According

to various reports [7, 8, 9, 10, 11, 12], the exhaust emissions from engines have

undesirable effects on human health. The reduction of environmental pollutions

from diesel engines is regulated by federal government regulations. In order to im-

prove the air quality standards, regulations on emissions from mobile sources have

1Excerpts of this chapter, in part, is a reprint of previous publication titled “Fuel injection
strategies for performance improvement and emissions reduction in compression ignition en-
gines—A review ”, Renewable and Sustainable Energy Reviews 28, 664-676, 2013. DOI: 10.1016/
j.rser.2013.08.051.

7
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become stringent drastically in USA, Japan, Europe and other Asian countries

over the decade. The European emission standards implement progressive and

increasing stringent emission norms on passenger diesel cars [13] shown in Fig.2.1.

These regulations have pressed the automobile industries to explore substitutes to

conventional fuel injection systems and have enthused attention in development

of various fuel injection strategies. The European Union emission standards [14]

for passenger cars (Category M1) are summarized in the Table2.1.

Figure 2.1: European emission standards for passenger diesel cars

The emissions formed are dependent upon the engine design, power output

and working load. The complete combustion of fuel leads to major reductions in

the formation of exhaust emissions. Complete combustion is a result of careful

matching of air-fuel mixture and accuracy in the injection process. In order to

reduce NOx and PM formation it is necessary to understand the mechanisms of

its formation.

2.1.1 NOx and PM formation

Generally, the combustion process in a typical CI engine can be classified into four

major phases [15] as shown in Fig.2.2, the heat release rate curve of a CI engine.
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Table 2.1: European union emission standards for passenger cars

Tier Date
CO HC+NOx NOx PM PN

(g/km) (#/km)

Euro 1* Jul, 1992 2.72 (3.16) 0.97 (1.13) - 0.14 (0.18) -

Euro 2, IDI Jan, 1996 1.0 0.7 - 0.08 -

Euro 2, DI Jan, 1996 a 1.0 0.9 - 0.1 -

Euro 3 Jan, 2000 0.64 0.56 0.5 0.05 -

Euro 4 Jan, 2005 0.5 0.3 0.25 0.025 -

Euro 5a Sep, 2009 b 0.5 0.23 0.18 0.005 d -

Euro 5b Sep, 2011 c 0.5 0.23 0.18 0.005 d 6x1011

Euro 6 Sep, 2014 0.5 0.1 0.08 0.005 d 6x1011

* All values outside bracket are for homologation limits and values within bracket are for

conformity of production (COP) limits
a Until 3rd September, 1999, after that date DI must meet the IDI limits
b Jan, 2011for all models
c Jan, 2013 for all models
d 0.0045 g/km using the PMP measurement technique

Figure 2.2: Typical heat release rate curve of a CI engine (redrawn from [15])

The four phases are ignition delay, premixed burning, mixing controlled com-

bustion and late burning phase. The period from the start of fuel injection to

the start of combustion is the ignition delay. During the premixed combustion

phase, a rapid heat release from the combustion of fuel which premixes and ac-



10 Chapter 2. Fuel injection strategies - A review

cumulates during the ignition delay period takes place. A relatively slower and

controlled mixing combustion takes place after the initial rapid premix burning,

which is primarily governed by the fuel atomization, mixing of fuel vapor with air

and chemical reactions. In the late combustion phase, the heat release rate slows

down to a lower rate extending itself into the expansion stroke.

During the premixed combustion phase, poly aromatic hydrocarbons are

formed which are the precursors of soot, due to the lack of air and fuel rich

environment. The controlled mixing combustion phase takes place in two spa-

tially separated stages. In the first stage, the fuel passes through a high fuel-rich

premixed reaction zone and then in the second stage the fuel burns out in the

turbulent diffusion flame at the jet periphery. Thus, for both combustion phases -

initial premixed and controlled mixing; the fuel mixes with air, and gets vaporized

and heated to ignition temperature. Then the fuel gets partially oxidized in a

rich premixed reaction, and then completes combustion in a near-stoichiometric

diffusion flame. The fuel rich premixed combustion produces partially burned

products which lead to formation of soot. Though most of the soot burns out

with the remaining fuel at the late combustion phase, a small part is not oxidized

and converts to exhaust emission. Oxides of nitrogen (NOx) are formed in the

high-temperature regions in the hot product gases, and the rate of production in-

creases exponentially with temperature. The NOx and particulates are traded off

against each other in several characteristics of engine design. High temperatures

inside the combustion chamber help in reduction of particulates at the expense of

high NOx formation. At the same time low temperature inside the combustion

chamber leads to less NOx formation but increases the likelihood of high par-

ticulates formation. Thus a trade-off between NOx and PM formation is more

important to minimize both emissions[16].



2.1. Introduction 11

2.1.2 Injection strategies

There are several ways to reduce NOx and PM emissions. In some cases exhaust

gas recirculation (EGR) is used to reduce NOx emissions [17, 18, 19, 20], but it

increases the PM emissions and also increases the soot deposits on engine com-

ponents and decreases the durability of the engines. In EGR, the exhaust gas

displaces the fresh air entering the combustion chamber; as a consequence lower

amount of oxygen in the intake mixture is available for combustion. Reduced

oxygen available for combustion lowers the effective air-fuel ratio. The specific

heat of intake mixture also increases by addition of exhaust gas, which results in

reduction of flame temperature. Thus the combination of lower oxygen content

and reduced flame temperature reduces the rate of NOx formation while increases

the PM emissions accompanied by power loss [21]. The other ways to reduce

emissions are by implementing various exhaust gas after treatment devices such

as diesel particulate filter (DPF) and selective catalytic reduction (SCR). DPF

is able to capture and remove diesel particulate matters and soot, while SCR

can convert NOx emissions to nitrogen and water by catalytic reactions. Though

after treatment devices promise to reduce NOx and PM emissions to a greater

extent [22, 23, 24, 25, 26, 27, 28, 29], they result in high capital and maintenance

cost. Though there are many emission reduction techniques available, reducing

the pollutants at source is the most beneficial method. The modern electronic

fuel injection system is known to keep the emission levels within limits without

compromising the performance of the engine and will continue to play a vital role

in the development of improved diesel engines for the foreseeable future. The fol-

lowing principles and strategies improves fuel-air mixing and diffusion combustion

process that leads to reduction of both NOx and particulates formation [30, 31].

• Injection pressure level controlling spray penetration and improving atom-

ization.

• Fuel should be distributed mainly within the air inside the combustion cham-
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ber with minimum possible wall wetting.

• Nozzle configuration, such as, number of spray holes, diameter, orientation,

nozzle tip protrusion inside the combustion chamber, all affecting fuel dis-

tribution and atomization within the combustion chamber.

• Use of variable injection timing and variable injection rate technology.

In the past, mechanical fuel injection systems with an average injection pressure

of 200–300 bar were used, and only one injection per cycle was allowed. Due to

poor mixing with air, the resulting cloud of fuel had wide range of temperature

in the combustion chamber. The combustion in the fuel rich region of the flame

produced soot, and the leaner regions produced NOx. To overcome this, electronic

fuel injection systems today operate at high pressure and have more number of

holes per injector. For multiple injection holes, the fuel clouds are smaller than

those from a single injector hole. The temperature difference across the spray

clouds is far narrower; this offers better air utilization within the combustion

chamber and leads to reduction in emissions. The electronic fuel injection systems

are replacing the conventional mechanical systems in the high speed DI diesel

engines. The benefits of electronic fuel injection systems [32] are

• Very high fuel injection pressures up to 2000 bar to atomize fuel into very

fine droplets for fast vaporization.

• High velocity of fuel spray that penetrates the combustion chamber within

a short time to fully utilize the air charge.

• Precisely controlled injection.

• High accuracy of fuel metering to control power output and limit smoke.

• Variations in the quantity of fuel injected among different cylinders are dras-

tically minimized.

• Controlled initial rate of injection to reduce noise and emissions.
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• Sharp end of injection to eliminate nozzle dribble, prevent nozzle fouling and

reduce smoke and hydrocarbon emissions.

• Injection rate shaping for controlling heat release rates during premixed and

diffusion combustion phases for reducing noise and formation of smoke and

NOx.

• Split injection to avoid rapid heat release rate at the start of combustion

and prevent NOx formation.

Most of these injection strategies employed, directly or indirectly influence the

fuel spray formation inside the combustion chamber. Thus the fuel spray plays a

vital role in the combustion phenomena inside the compression ignition engines.

Though many researchers adopt various injection strategies as a tool to reduce

emissions and improve engine performance, but there is no comprehensive review

on this topic found in literature. From this point of view, the purpose of this

chapter is to review the various fuel injection strategies viz injection pressure,

injection timing, injection rate shaping and split/ multiple injections in CI engines

to simultaneously improve performance and reduce the exhaust emissions.

2.2 Injection pressure

The search for better combustion in the field of diesel engines, regardless the en-

gine size and use has a strong link to the capability of the fuel injection equipment

to generate high injection pressures. Spray properties are improved by higher

injection pressures. Usually the spray penetration length increases with higher

injection pressures and low ambient density, while the spray angle increases with

increase in ambient density. Fig.2.3 shows the trend in diesel fuel injection pres-

sure over the last three decades [33]. Fuel injection pressures range from 200 -

2500 bar based on the fuel injection systems used. Research has shown that by

further increasing the injection pressure more benefits in terms of performance

and reduction in emissions are to be realized [34, 35].
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Figure 2.3: Trends in diesel injection pressure[33]

Spray penetration is improved at higher injection pressures [36, 37, 38]. The

speed and extent to which fuel penetration occurs inside the combustion cham-

ber decides the air utilization and the fuel-air mixing rates. In some combustion

chamber design, where high swirl ratio and hot walls are achieved requires high

penetration for proper combustion of fuel however in case of multi hole injection,

the probability of spray hitting the cold regions may produce more unburned or

partially burned emissions. Less spray penetration may lead to improper mixing

rate and poor air utilization, which lead to high emissions. Thus the spray pen-

etration is an important factor in deciding the engine emissions, which requires

careful optimization of injection pressure for varying speed and load conditions.

Thus the spray penetration length prediction becomes more important and inter-

esting for more researchers. Dent [39] predicted the spray penetration length S,

based on a gas jet mixing model for the spray as shown in Eq.2.1

S = 3.07(
4P
ρamb

)
1
4 (tDn)

1
2 (

294

Tamb
)
1
4 (2.1)

where,∆P is the pressure drop across the nozzle, t is the time after of start
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of injection, and Dn is the diameter of the nozzle hole, ρg is the ambient density,

Tamb is the ambient temperature. This model predicts the spray penetration length

at best for nozzles where 2 ≤ Ln
Dn
≤ 4 and for t > 0.5 ms but at high ambient

densities i.e. p > 100 atm, the model over predicts the penetration. Hiroyasu et al.

[40] based on diesel injection in high pressure chambers, predicted the penetration

length as a function of time, ambient conditions and injection pressure. According

to their model the penetration increases as a function of time t until jet break up,

immediately after break up, the penetration increases as function of
√
t. The

Hiroyasu model is given by the Eqns.2.2 and 2.3

t < tbreak : S = 0.39(
24P
ρl

)
1
2 t (2.2)

t > tbreak : S = 2.95(
4P
ρamb

)
1
4 (tDn)

1
2 (2.3)

where,tbreak = 29ρlDn

(ρamb4P )
1
2
, ∆P is the pressure drop across the nozzle, t is the

time after of start of injection, and Dn is the diameter of the nozzle hole, ρl, ρamb

are the liquid fuel and ambient density.

2.2.1 Effect of injection pressure on different fuel

The injection pressure has a significant effect on performance and emissions for-

mations. In general, increasing the injection pressure causes an earlier start of

combustion relative to the TDC because of improved atomization which results in

better air fuel mixing. As a result of this, the cylinder charge gets compressed as

the piston moves towards TDC resulting in relatively higher temperatures during

combustion which facilitates increased NOx formation due to high premixed heat

release rate and lowers the HC formation. Similarly due to lower ignition delay

period at high injection pressure, engine power output gets improved, resulting in

better BSFC and on contrary lower injection pressure results in poor BSFC due

to longer ignition delay due to improper atomization and mixing process. Much



16 Chapter 2. Fuel injection strategies - A review

literature are found in support of the above theory. İçıngür and Altiparmak [41]

studied the effects of fuel injection pressures on diesel engine performance and

emissions. They studied the effect of lower injection pressures of 100, 150, 200,

250 bar. They found that at the higher pressure of 250 bar, NOx was increased and

smoke was decreased. Also there was considerable increase in the engine torque

and power output from the engine. Çelıkten [42] investigated the effect of injection

pressure on engine performance and exhaust emissions in indirect injection (IDI)

engine. He also varied the injection pressure from 100 to 250 bar in steps of 50

bar. Interestingly, he found that 150 bar injection pressure resulted in maximum

performance, after which the performance deteriorated. This may due to the fact

that for IDI engine, a too high fuel injection pressure may lead to more fuel burnt

in the swirl chamber/prechamber, resulting in a slightly reduced output power.

They also found that higher injection pressure reduced SO2, CO2 and O2 while

lower injection pressure resulted in decreased NOx and smoke emissions.

Recently, bio-diesel fuels promise to be a clean, alternative and renewable

source of energy. Bio-diesels have a number of properties that make it an excellent

alternative fuel for diesel engines [43, 44, 45, 46, 47]. Fuel injection pressure also

has a significant role in improving the performance and emission characteristics

of other alternate fuels like biodiesel and its blends with diesel. Gumus et al. [48]

reported the effect of fuel injection pressure on diesel engine fueled with biodiesel-

diesel fuel blends. They examined the effect of four different injection pressures

180, 200, 220, 240 bar on performance and exhaust emissions. The BSFC of higher

percentage biodiesel-diesel blends decreased with increased injection pressure while

increased injection pressure caused decreased smoke, HC and CO but increased

CO2, O2 and NOx. However increased or decreased injection pressure increased

BSFC values compared to original injection pressure of 200 bar for both diesel and

lower percentage of biodiesel-diesel blends. Sayin and Gumus [49] investigated the

impact of injection pressure on performance and emission of biodiesel-diesel blends.

The increased injection pressure gave better results for BSFC, BTE and BSEC
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compared to original and reduced injection pressures because of finer breakup of

fuel droplets which provided surface area and better mixing with air leading to

better combustion. Smoke, HC and CO decreased while NOx emissions increased

with increase in injection for all fuel blends. Canacki et al. [50] examined the

effect of injection pressure on the performance and emission characteristics of

diesel engine fueled with methanol blended diesel fuel. They used three different

injection pressures 180, 200, 220 bar to study its effect on four different loads 5,

10, 15 and 20 Nm at constant engine speed of 2200 rpm. The results showed

that with increase in injection pressure NOx and CO2 increased while smoke, CO

and HC were decreased. In contrast, performance parameters like BSFC, BSEC

and BTE were best at original injection pressure of 200 bar and gets poor on

either increasing or decreasing the injection pressure. It was also notable that

peak in-cylinder pressure and heat release rates increased on increasing injection

pressure due to decrease in ignition delay. Purushothaman and Nagarajan [51, 52]

examined the effect of injection pressure on heat release rate and emissions on

diesel engine fueled with orange skin powder diesel solution. They used three

different injection pressures 215, 235 and 255 bar. For injection pressure of 235

bar, they obtained increased peak cylinder pressure, BTE and peak heat release

rate, also NOx increased by 26%, whereas CO, HC and smoke decreased by 39, 66

and 27% respectively for 30% orange skin powder solution compared with the diesel

fuel. Puhan et al [53] investigated the effect injection pressure on high linolenic

linseed oil methyl ester fueled diesel engine. At higher injection pressure of 240

bar, thermal efficiency and BSFC improved with decreased CO, smoke, HC and

slight increase in NOx. The effect of injection pressure on jatropha methyl ester

fueled engine was investigated by Jindal et al. [54]. They chose three injection

pressures 150, 200, 250 bar for their study. It was found that at injection pressure

of 250 bar, the BSFC increased by 10% and BTE improved by 8.9% with reduction

of HC, NOx, and smoke at lower level while CO increased from base injection

pressure. However the performance and emissions were still lower than those of
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diesel. Pandian et al. [55] studied the effect of injection pressure on pongamia

biodiesel blends. The injection pressure was varied from 150-250 bar in steps of

25 bar. The significant result was that when injection pressure was increased from

150 to 225 bar, the BTE improved with lower BSEC. CO, HC and smoke emissions

were also reduced with increase in NOx. However with further increase in injection

pressure, the results were negated. Belagur and Chitimini [56] evaluated the effect

of injection pressure on the performance, emission and combustion characteristics

of diesel engine fueled with hone oil and its blends. They also reported that by

increasing the injection pressure, the BTE and NOx emissions were increased and

CO, HC and smoke emissions were reduced. It was also found that upon increasing

injection pressure, the ignition delay gets reduced. A recent study by Kannan and

Anand [57] on the effect of injection pressure on engine performance and emission

with biodiesel derived from waste cooking oil revealed that increasing injection

pressure at 25.5° bTDC resulted in significant improvement of BTE, in-cylinder

pressure and heat release rate with reduction in NOx and smoke emissions.

2.2.2 Effect of ultra-high injection pressure

Since the introduction of electronic fuel injection equipment, higher injection pres-

sure has become practical solution to improve performance and reduce emissions.

Up to mid-eighties, 1000 bar injection pressure with an inline or a rotary pump

system was an achievement. Since then, this figure has been raised up to 1600-

1800 and even beyond 2000 bar. The high pressure makes the spray droplets

near the nozzle susceptible to breakup processes, however with rapid declines in

droplet diameters, droplets further away from nozzle becomes less susceptible to

aerodynamic breakup even though they still possessed velocities of up to 200m/s

[58]. Pierpont and Reitz [59] studied the effect of high injection pressures on the

engine performance and emissions. When injection pressure was increased from

720 to 960 bar, there was decrease in particulates when further increased from 960

to 1220 bar, there was a substantial improvement, however when further increased
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from 1220 to 1600 bar, there was only a small gain because the driving torque re-

quired by the fuel pressure to decrease particulate was not worth compensating the

deterioration in BSFC. Also higher injection pressure leads to higher premix burn

fraction which contributed to an increase in NOx. It was also noted that when

injection pressure was increased from 720 to 1600 bar, there was an increase of 3%

in BSFC to maintain NOx level constant. So this study concludes that on higher

injection pressure, increase in NOx emission is substantially high which overrules

the reduction in particulates and BSFC. Su et al. [60] examined increased injec-

tion pressure up to 1600 bar in diesel engine as well as some spray tests were also

carried out. The results showed that increased injection pressure led to lower PM

and higher NOx and the lower PM was attributed to smaller average drop sizes,

as measured by the sauter mean diameter (SMD). Dodge et al. [61] reported that

the use of high injection pressures significantly reduced soot formation and PM

emissions with slight increase in NOx emissions. However, a significant penalty of

using very high injection pressure was increased BSFC, which is expected due to

higher friction on the injector cam and to irreversible energy losses in compressing

the fuel in the plunger barrel. Also another potential penalty in using high injec-

tion pressures was increased injection cam wear in the fuel injection pump. Pickett

and Siebers [62] studied the effect of injection pressure on soot in diesel fuel jets

injected into high temperature high pressure constant volume combustion vessel.

An increase in injection pressure caused a decrease in soot levels due to coupled

effects of decrease in the amount of air entrainment and fuel air premixing that

occurred upstream of the lift off length and a decrease in the residence time in the

fuel jet sooting regions due to higher injection velocities. The peak soot in the

fuel jet decreased linearly with the increasing injection velocity. Wang et al. [63]

studied the effect of ultra-high injection pressure on flame structure and soot for-

mation in constant volume combustion vessel. Fig.2.4 shows the effect of injection

pressure on soot luminosity and flame size. It was reported that soot luminosities

and flame size at injection pressure of 1000 bar were appreciably stronger and



20 Chapter 2. Fuel injection strategies - A review

smaller respectively than those of 2000 and 3000 bar. However, when integrated

soot luminosity is calculated by summing up the gray scale intensities of all the

pixels, interestingly, reduction in soot luminosities was achieved when injection

pressure increased from 1000 to 2000 bar when further increased to 3000 bar there

was no significant change (Fig.2.5). The soot reduction with increase in injection

pressure was mainly attributed to the better spray atomization and improved air

entrainment.

Figure 2.4: Effect of ultra-high injection pressure on soot luminosity and flame
size at end of injection [63]

The regulation of diesel engine exhaust particle emission is focused on soot

particles. The diesel soot particles are mainly composed of highly agglomerated

solid carbonaceous material, ash, volatile organic and sulfur compounds. Fig.2.6

[64] shows the typical particle size distribution of diesel soot. The nucleation

mode is generally smaller in modal diameter than the soot mode. The formation

of nucleation particles is considered to take place in the cooling dilution, outside

the tailpipe, but in some cases they contain non-volatile fractions called core. The

other mode is accumulation mode which is mainly associated with carbonaceous

agglomerates and the volatile matter adsorbed on their surface. The third mode
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Figure 2.5: Effect of ultra-high injection pressure on temporal integrated soot
luminosity [63]

consists of particles deposited on the engine cylinder and exhaust system walls

and later re-entrained [65].

Figure 2.6: Typical diesel soot particle size distribution

Pagan [66] studied the effect of fuel injection pressure on particle size distri-
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butions emitted by diesel engines. The number size distribution shifted towards

more nuclei mode particles as the injection pressure was increased. The general

conclusion obtained from their study is that decrease in the total number concen-

tration at higher injection pressure and in some cases, an increase in the number of

nuclei mode particles was observed. Desantes et al. [64] investigated the influence

of injection pressure on the aerosol exhaust particle size distribution. Increasing

injection pressure was generally found to reduce the accumulation mode particle

number and a sharp increase in the nucleation mode particle number was resulted

when the injection pressure was highest for some engine conditions. Lähde et al.

[67] investigated the fuel injection pressure on non-volatile particle emission. Their

study revealed that increase in fuel injection pressure changed the dry particle size

in all loads and number emissions of the core particles was dependent on injection

pressure, i.e. the number of the core particles increased with increase in injection

pressure however at low load, the mode was unstable or not detected. The size of

core particles was around 5nm at high loads for all injection pressure whereas it

was below 5nm and dependent on injection pressure at medium loads.

From the literature, it is clear that significant reduction of soot emissions is

obtained by increasing injection pressures, with injection pressures ranging from

1000 bar to 2000 bar and above in some cases. However increasing injection

pressure generally leads to increased NOx emissions, but this can be offset by

using rate shaping and more retarded injection timing with the help of same

advancement in fuel injection equipment.

2.3 Injection rate shaping

Fuel injection rate shaping is a phenomenon to vary the injection rate over the

course of a single fuel injection. As NOx is produced at high temperature zones,

which are highly dependent on the initial heat release rate, less quantity of fuel

should be injected at the beginning of the injection phase, in order to limit initial
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heat release and NOx formation. Fig.2.7 [68] shows the optimum injection rate

with various engine speed and load. From figure, it is evident that within the

ignition delay period, the injection rate has to be small, with increasing load, the

injection rate or the main injection should be increased and to control the injection

rate, the parameters like injection pressure, spray hole diameter, number of spray

holes and injection duration must be optimized.

Figure 2.7: Optimum injection rate with various engine speed and load [68]

In mechanical fuel injection systems, this was achieved by changing the cam

profile [69], but it suffered a big disadvantage that it cannot be modified for dif-

ferent speed and loading conditions of the engine. With advance in fuel injection

technology and improvement in common rail electronic fuel injection systems, the

fuel injection rate shaping has become true when Jose of Chrysler corporation filed

their first patent on method of fuel injection rate control in 1993 [70]. In 1998,

Ganser [71] published his results on design and testing of injection rate control

(IRC) in a common rail injector. Some of the vital findings of his research are

that the IRC works in the operating pressure range of 500-1500bar, the amount of

fuel injected with IRC during ignition delay period can be reduced by a maximum

factor 4 and IRC is also possible with pilot injections which can be followed by

main injection without IRC and the separation time between them is selectable.
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Though it was a pioneering effort in injection rate control, but it fails to account

for the change in engine performances with and without IRC. In the same year,

Nishimura et al. [72] studied the effects of fuel injection rate on combustion and

emission in a DI diesel engine. They studied the effect of pilot injection, grad-

ual shaped injection profile using needle lift control and boot shaped injection

profile using pressure control. They evaluated the effect of different fuel injec-

tion rates in terms of combustion, emission and combustion noise. They found

that pilot injection helped in simultaneous reduction in NOx and noise with min-

imum deterioration in smoke, with slow needle lift, they found both NOx and

smoke reduced but no substantial improvement in noise, with boot shaped injec-

tion control, it was found that smoke and combustion noise is greatly reduced with

compensation of deterioration in fuel economy. These results were very promising

to use injection rate control as a significant strategy in reducing emissions. As in

electronic fuel injection system, the design of fuel injectors governs the fuel injec-

tion rate, which made many fuel injection equipment manufacturers to come up

with an improved design of fuel injector nozzle assembly for effective rate shap-

ing [73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84]. As injection rate shape also

depends on the injection pressure, which is maintained constant using a common

rail, results nearly in rectangular rate shapes. In order to overcome this difficulty,

researchers [85, 86] came up with a solution of using two common rails one with

low pressure and other with high pressure. With this type of next generation

common rail system, they have achieved boot shaped fuel injection rate and when

tested with single cylinder research engine, the results were very promising in

improvement of NOx–fuel consumption and NOx–PM trade-offs.

Hwang et al. [87] studied the effect of fuel injection rate on pollutant for differ-

ent engine speeds, loading conditions and swirl ratios. They optimized injection

rate patterns for various engine conditions based on exhaust emissions. However,

they failed to address the effect of rate shaping on engine performance such as

fuel consumption and thermal efficiency. The comparison between square, ramp
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and boot injection rate profiles were done by Benajes et al [88]. Fig.2.8 shows the

ideal and actual square, ramp and boot type injection rates. The comparison re-

vealed that square pattern leads to higher spray tip penetration due to the higher

pressure at the start of injection, even if the injection duration are adjusted to

match the same fuel quantity to be injected, while ramp always has medium pen-

etration and boot has the lowest penetration. Interestingly the spray cone angles

showed no change with different injection patterns. Beck and Chen [89] done a

high speed combustion analysis on injection rate shaping and concluded that fuel

quantity should be less than 10% of total fuel injected during pre-injection. In

general with injection rate shaping NOx was reduced with slight increase in the

smoke and BSFC. Desantes et al. [90] studied the effects of fuel rate shaping on

engine performance and emissions. The boot type injection profile was generated

using modified pump line nozzle systems. They varied different characteristic pa-

rameters of the boot type of injection like boot pressure, length and durations

(see Fig.2.8). Their interesting findings were, in general boot type injections re-

duce NOx emission in expense of increased soot and fuel consumption, which even

results ineffective at medium engine loads, since the increase in soot was higher

than the relative decrease in NOx emissions. However some specific boot shapes

proved better emissions and performance trade-offs.

Figure 2.8: Ideal square, ramp, and boot type injections [88]

Desantes et al. [91] also studied the effect of fuel rate shaping on engine

combustion phenomenon. They found that, in general, any changes to the boot

type injections produced evident changes in the diffusion combustion phase and

boot type injections are useful in reducing NOx only at high speed, high load
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Figure 2.9: Characteristics of fuel injection rate shape (redrawn from [90])

conditions than in medium speed, low load conditions. Ghaffarpour et al. [92,

93] also reported very similar results through numerical analysis using KIVA II

CFD package. Their results also showed that injection rate shaping was effective

in reducing NOx emissions at high speeds and medium loads but ineffective for

medium speeds and low loads.

Literature shows that injection rate shaping is a very effective strategy for

reducing NOx emissions at certain loading conditions. However, the reduction of

NOx accompanies increase in fuel consumption and soot formation in most cases.

2.4 Injection timing

Injection timing plays a vital role in combustion phenomena and pollutant forma-

tion. The injection timing affects the ignition delay because the air temperature

and pressure change significantly close to TDC. As advancing the injection timing,

the initial air temperature and pressure are lower so ignition delay will increase

while retarding the injection timing i.e closer to TDC, when air temperature and

pressure are slightly higher results in shorter ignition delay. However, retard-

ing or advancing injection timing beyond certain limits which varies from engine

to engine may result in poor combustion. Injection timing variations also have

strong effect on NOx formation. Retarded injection timing, may help to control

NOx emissions with substantial penalty in fuel consumption, and also increases
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unburned hydrocarbons, smoke and particulate emissions [15]. Therefore, finding

an optimum injection timing for best performance and lower emissions is required.

2.4.1 Effect of injection timing on different fuels

In general, biodiesel results in more NOx emissions when used in a diesel en-

gine than with same engine conditions due to various factors. One of the factors

for higher NOx emissions from biodiesel was because of its distinct properties

like higher viscosity, isentropic bulk modulus and lower compressibility factor

[94, 95, 96, 97, 98]. By varying injection timing from its default has proved to

improve performance and emissions. Suryawanshi and Deshpande [99] studied

the effects of fuel injection timing on pongamia methyl ester fuelled diesel engine.

With reduced injection timing, it was possible to achieve reduced NOx, HC and

CO emissions with negligible effect on fuel consumption rate. Similar trends were

observed with BTE and exhaust gas temperature with retarded injection timing;

however in-cylinder gas pressure and ignition delay was reduced. Nwafor et al.

[100] reported that longer ignition delays by using rapeseed oil in diesel engine

can be compensated by advanced injection timing with a penalty of increase in

fuel consumption. Reddy and Ramesh [101] studied the effect of injection timing

on jatropha oil and concluded that by advancing the injection timing by 3° from

original injection timing of diesel, increased the BTE and also reduction in HC

and smoke were observed. Ganapathy et al. [102] studied the influence injection

timing on jatropha methyl ester. It has been observed that advance in injection

timing from default value caused considerable reduction in BSFC, CO, HC and

smoke levels and increase in BTE, maximum in-cylinder pressure, maximum heat

release rate and NOx emission. However retarded injection timing caused effects

in the other way, hence an optimum injection timing was found for optimum bal-

ance between the performance an emission of jatropha methyl ester compared to

diesel. Sayin and Gumus [49] studied the impact of injection timing on biodiesel-

blended diesel fuel. Three different injection timings were selected for the study
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15°, 20° and 25° bTDC. The original injection timing of 20° bTDC gave best results

of BSFC, BSEC and BTE compared to advancing or retarding injection timing.

Since advance injection timing gives more time for carbon oxidation, led to lesser

smoke, HC and CO whereas NOx emissions were reduced by retarding the injec-

tion timing because of lower combustion temperature in the cylinder. Pandian et

al. [55] investigated the influence of injection timing on performance and emission

of pongamia biodiesel-diesel blends. When injection timing was advanced from

18° to 30° bTDC, CO, HC, and smoke emissions were reduced with increase in

NOx emissions and the best performance parameters were obtained at 21° bTDC.

Advanced injection timing gives increased in-cylinder peak pressure and increase

in the oxides of nitrogen were within acceptable limits for methyl tallow ester and

methyl soy oil ester [103]. The engine also showed low carbon monoxide and un-

burned hydrocarbon emissions and also there were no perceptible changes in BSFC

and smoke levels at advanced engine timing. The impact of injection timing on the

performance of mahua methyl ester was studied by Raheman and Ghadge [104].

The results showed that there was significant decrease in BSFC and EGT and in-

crease in BTE to meet the performance in par with the diesel fuel when injection

timing was advanced. Monyem et al. [105] studied the influence of injection timing

on biodiesel and found that there was significant decrease in CO and HC emissions

in a range of injection timing and NOx emissions were increased by 3° advance

and reduced considerably by 3° retardation from the default injection timing. Gu-

mus et al. [106] reported that original timing gave the best results for BSFC,

BSEC and BTE compared to advanced and retarded injection timing for canola

oil methyl ester. Though they have not reported any effect of injection timing on

emissions, but shows that varying injection timing may not help obtaining best

results, but optimum results may be achieved with this strategy when compared

with balance between performance and emissions. Retarded injection timing was

also beneficial in reducing the NOx, CO, and HC, while increasing BTE, CO2 and

smoke under all loading conditions when fueled with waste plastic oil [107]. Hari-
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ram and Kumar [108] investigated the effect of injection timing on combustion,

performance and emission parameters of diesel engine fueled with algal oil methyl

ester (AOME). They found that advancing injection timing, improved BSFC and

reduced HC, CO and smoke with increase in heat release rate, BMEP and NOx,

while retardation results in marginal improvement in heat release rate, BMEP and

NOx emissions with increase in BSFC, HC, CO and smoke. Finally they found

optimum injection timing to be 340 CAD which evident better combustion and

performance with minimal emissions.

Varying fuel injection timing also benefits the dual fuel engines in terms of

improving thermal efficiency and reducing emissions. Abd Alla et al. [109] studied

the effect of injection timing on dual fuel in order to reduce the emissions and

improve the thermal efficiency at lower loads. Interestingly, when the injection

timing of the pilot fuel was advanced thermal efficiency was improved with some

compensational increase in the NOx emissions and reduction in CO and HC were

observed. However at medium and high loads advancing injection timing led to

early knocking. Therefore the advance timing of pilot fuel in dual fueled engines

was not beneficial for medium and high loads. Noguchi et al. [110] also reported

that retardation of injection timing of pilot fuel in diesel-alcohol dual fuel helps in

reducing the knocking in engines. Sayin et al. [111, 112] investigated the impact

of injection timing on diesel alcohol dual fuel. It was observed that on retarding

injection timing from original timing resulted in increase in CO and HC and

decrease in NOx and CO2 while results were reversed when the injection timing was

advanced from original default value. Kegl [113] found the optimal injection timing

for biodiesel fueled engine for reduced harmful emissions and better performance.

The optimized injection timing was found to be 19° bTDC, for 25% reduction of

CO and NOx and 30% for HC reduction and smoke reduced by 50% also with

5% reduction in engine power output and 10% increase in BSFC. Injection timing

was also proved to find optimum between performance and emissions of engine

powered by natural gas [114, 115]. Mohammed et al. [116] conducted experiments
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to investigate the effects of injection timing on engine characteristics and emissions

of a DI engine fueled with NG – hydrogen blends (0; 3; 5; 8%). Three injection

timings (120°; 180°; 300° bTDC) were chosen for their study. It was found that

the performance and NOx emission were higher for 180° bTDC followed by 300°

bTDC and 120° bTDC injection timing. The total HC and CO were found to

decrease while CO2 was found to increase with advancing the injection timing.

2.4.2 Effect of injection timing on low heat rejection (LHR)

engines

The engines with thermal barrier coating to reduce heat transfer between in-

cylinder gas and coolant is low heat rejection engines (LHR). Some important ad-

vantages of LHR engines are improved fuel economy, reduced engine noise; higher

energy in exhaust gases and multi-fuel capability of operating low cetane fuels,

but the main disadvantage is high level of NOx emissions. Injection timing also

proved to reduce NOx emissions from low heat rejection engines [117]. Kamo et

al. [118] suggested retarded injection timing results in fuel economy improvement

apparently at all speeds due to higher premix combustion, lower diffused com-

bustion and reduced heat transfer losses. Parlak et al. [119] studied the effect

of injection timing on low heat rejection indirect injection engines in the aim of

reducing NOx. When NOx-BSFC trade off was considered then by retarding the

fuel injection timing by 4° CA results in optimum reduction in NOx, by neglecting

NOx-BSFC trade-off maximum 40% reduction in NOx was achieved by retarding

injection timing. Buyukkaya and Cerit [120, 121] also studied the effect of injec-

tion timing on LHR engine. By retarding 2° from the original timing of 18° bTDC,

there was a reduction of 2% and 11% in BSFC and NOx respectively.

In general, advancing the injection timing will benefit in better performance

with increase in NOx and smoke whereas retarded fuel injection timing results

in better NOx and smoke emissions with no or little deterioration to the engine

performance in terms of fuel consumption and thermal efficiency.
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2.5 Split/ multiple injections

Nowadays, high pressure common rail fuel injection systems allow a very high de-

gree of flexibility in the timing and quantity control of multiple injections, which

can be used to obtain significant reductions in engine noise and emissions with-

out compromising its performance and fuel consumption. Fig.2.10 shows typical

multiple injections and its benefits on engine performance and emission reduc-

tions. One or two pilot injections at low pressure help in reducing engine noise

as well as NOx emissions. Either rectangular shape i.e. fully opened needle or

boot type rate shaped main injection will aid in NOx reduction in support to close

pilot injections. Coupled post injection with high pressure will help in reducing

soot emissions while late post injection at moderate pressure helps to manage ex-

haust gas temperature for regeneration of diesel particulate filter and to provide

hydrocarbons for NOx adsorber catalyst [33].

Figure 2.10: Typical multiple injection used [33]

The nomenclature of injection profile can be interpreted from the Fig.2.11

which consists of two pilot injections and one after/ post injection. The main

parameters of the injection profile are start of injection (SOI), energizing time of

an injection or injection duration (ET) and dwell time, time interval between the

end of an injection and the start of the following one (DT) [122].

Multiple injection or split injections have been proposed as a means to decrease

particulate emissions significantly without a significant penalty in NOx emissions

[123]. However considerable retardation of injection timing is possible by using
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Figure 2.11: Injection profile nomenclature [122]

pilot injection and combination of pilot injection and higher injection pressure

controls simultaneous reduction in NOx by 35% and smoke by 60-80% without

worsening the fuel economy compared with single injection [124]. In spite of injec-

tion timing, dwell time between two consecutive injections also plays a major role

in performance and emissions. When dwell time is reduced, the fuel of the second

injection was burned closer to TDC, resulting in lower fuel consumption, however

combustion noise will increase with shorter dwell time and smoke emission gets

increased, which is related to the characteristics of low temperature combustion,

where an increase in local burning temperature leads to higher soot formation

[125]. Durnholz et al. [126] studied the effect of pilot injection on combustion

noise, performance and emissions and they found on using a pilot injection, noise

level decreased by 10dBA when it is used at optimum condition and NOx emissions

was reduced by 30% and HC can be cut down to half while black smoke levels can

be kept constant. Later Pierpont et al. [127] used multiple injection strategy to

reduce both NOx and particulate emissions. Interestingly they found optimized

multiple injection by varying fuel distribution in each pulse and the dwell between

pulses for each operating condition reduces particulates at all NOx levels, however

it comes with penalty of increase in BSFC by 3-4%. Tow et al. [128] reported

that by implementing triple injections gave better results compared to single and

double injections, however double injection with long delay between successive

injections reduced particulates by a factor of three with no increase in NOx. An
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increasing separation between pilot and main injection also reduces NOx but long

delay may lead to high smoke, similarly closer post injection may lead to reduce

particulate emissions while increasing delay beyond certain point may result in

steep increase in BSFC and HC emission [129]. Dividing the pilot injection into

a series of smaller injections serves to further decrease the noise while suppress-

ing the increase of HC emission and fuel consumption. These effects result from

the enhanced heat release rate of pilot injection fuel, which is due to the reduced

amount of adhered fuel on the cylinder wall. However at light loads, fuel quan-

tity of pilot injection should be decreased and the injection must be prior to the

main injection for suppressing the possible increase in smoke and HC. Post/ after

injection should be immediately injected after main injection in order to reduce

smoke, HC and fuel consumption. Fig.2.12 [130] shows the cylinder pressure and

heat release rate for typical pilot injection. Combustion of early pilot injection

generates mild heat release in two stages consisting of cool flame and hot flame

combustion. The premixed combustion due to early pilot injection causes mild

increase in cylinder pressure and shortens the main ignition delay leading to de-

crease in combustion noise and also reduces smoke by enhanced mixing of air in

the cylinder.

Figure 2.12: Combustion process of early pilot injection [130]
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Choi and Reitz [131] studied the effect of split injection on oxygenated fuel

blends at low and high low load conditions. At high loads, split injection had a

favourable effect on soot emissions compared to single injection results, similarly

at low loads, split injection helped in reducing particulate emissions compared

to single injections. Later, Fang and Lee [132] showed that split injection are

beneficial in reducing NOx in biodiesel fuel. They also visualized the combustion

phenomena of split injection inside the combustion chamber (Fig. 2.13). From

the combustion chamber luminosity images, it is clear that NOx formation in

biodiesel is lesser than diesel by changing pilot injection timing and retarding the

main injection.

Figure 2.13: Combustion images of biodiesel and diesel with pilot injections [131]

Split injections helps in reducing diesel engine exhaust emissions and when

optimized will result in better NOx-PM trade off with comparatively better per-

formance when compared with single injection and using other injection strategies.
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Table 2.2: Summary of injection strategies in literature

Author Strategy
used

Fuel BSFC NOx HC CO Smoke

İçıngür and
Altiparmak [41]

Injection
pressure

Diesel ↓ ↑ na na ↓

Çelıkten et al. [42] Injection
pressure

Diesel ↓ ↓ na na ↓

Gumus et al. [48] Injection
pressure

Biodiesel
blends

↓ ↑ ↓ ↓ ↓

Sayin and Gumus
[49]

Injection
pressure

Biodiesel
blends

↓ ↑ ↓ ↓ ↓

Canacki et al. [50] Injection
pressure

Methanol
blends

↑↓ ↑ ↓ ↓ ↓

Purushothaman et
al. [51, 52]

Injection
pressure

Orange skin
powder
solution in
diesel

↓ ↑ ↓ ↓ ↓

Puhan et al. [53] Injection
pressure

Linolenic
methyl
ester

↓ ↑ ↓ ↓ ↓

Jindal et al. [54] Injection
pressure

Jatropha
methyl
ester

↓ ↓ ↓ ↑ ↓

Pandian et al. [55] Injection
pressure

Pongamia
methyl
ester

↓ ↑ ↓ ↓ ↓

Belagur and
Chitimini [56]

Injection
pressure

Hone oil
and blends

↓ ↑ ↓ ↓ ↓

Kannan and
Anand [57]

Injection
pressure

Waste
plastic oil

↓ ↓ na na ↓

Pierpont and
Reitz [59]

High
Injection
pressure

Diesel ↑↓ ↑ na na ↓

Su et al. [60] High
Injection
pressure

Diesel na ↑ na na ↓
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Dodge et al. [61] High
Injection
pressure

Diesel ↑ ↑ na na ↓

Pickett and
Siebers [62]

High
Injection
pressure

Diesel na na na na ↓

Nishimura et al.
[72]

Injection
rate shaping

Diesel ↑ ↓ na na ↓

Beck and Chen
[89]

Injection
rate shaping

Diesel ↑ ↓ na na ↑

Benajes et al. [88] Injection
rate shaping

Diesel ↑ ↓ na na ↑

Desnates et al.
[90, 91]

Injection
rate shaping

Diesel ↑ ↓ na na ↑

Suryavanshi and
Deshpande [99]

Injection
timing

Pongamia
methyl
ester

↑↓ ↓ ↓ ↓ na

Nwafor et al. [100] Injection
timing

Rapeseed
oil

↑ na na na na

Reddy and
Ramesh [101]

Injection
timing

Jatropha
Oil

↓ na ↓ na ↓

Ganapathy et al.
[102]

Injection
timing

Jatropha
methyl
ester

↓ ↑ ↓ ↓ ↓

Sayin and Gumus
[49]

Injection
timing

BIodiesel
blends

↑↓ ↑ ↓ ↓ ↓

Pandian et al. [55] Injection
timing

Pongamia
methyl
ester

↓ ↑ ↓ ↓ ↓

Yahya and Marley
[103]

Injection
timing

Methyl
tallow ester
and methyl
soy oil ester

↑↓ ↑ ↓ ↓ ↑↓

Raheman and
Ghadje [104]

Injection
timing

Mahua
methyl
ester

↓ na na na na

Monyem et al.
[105]

Injection
timing

Biodiesel na ↑ ↓ ↓ na
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Gumus et al. [106] Injection
timing

Canola
methyl
ester

↓ na na na na

Mani and
Nagarajan [107]

Injection
timing

Waste
plastic oil

↓ ↓ ↓ ↓ na

Hariram and
Kumar [108]

Injection
timing

Algal oil
methyl
ester

↓ ↑ ↓ ↓ ↓

Abd Alla et al.
[109]

Injection
timing

Dual fuel ↓ ↑ ↓ ↓ na

Sayin et al.
[111, 112]

Injection
timing

Diesel
Alcohol
dual fuel

na ↑ ↓ ↓ na

Kegl [113] Injection
timing

Biodiesel ↑ ↓ ↓ ↓ ↓

Mohanmmed et
al. [116]

Injection
timing

Natural gas
and
hydrogen

na ↑ ↓ ↓ na

Shundoh et al.
[124]

Split/
multiple
injections

Diesel ↑↓ ↓ na na ↓

Durnholz et al.
[126]

Split/
multiple
injections

Diesel na ↓ na na ↓

Pierpont et al.
[127]

Split/
multiple
injections

Diesel ↑ ↓ na na ↓

Chen [129] Split/
multiple
injections

Diesel ↑ ↓ ↑ na ↓

Choi and Reitz
[131]

Split/
multiple
injections

Oxygenated
fuel

na na na na ↓

Fang and Lee
[132]

Split/
multiple
injections

Biodiesel na ↓ na na na

↑ - Increase, ↓ - Descrease, ↑↓ - no significant effect, na - Data not available
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2.6 Summary

A review was conducted of the literature concerning emission control in diesel en-

gine by different fuel injection strategies. The strategies covered in this review are

varying injection pressure, injection timing, injection rate shape and split/ mul-

tiple injections. Researchers have carried out many experimental works to study

the effect of injection strategies on engine performance and emission formation.

Table 2.2 shows the summary of the extensive review done on the injection strate-

gies. The table gives an insight on the effect of various strategies on performance

and emissions achieved experimentally. Some of the prominent points showing the

effect of above listed strategies on engine performance and emissions for diesel and

other biofuels are listed below

• Increasing injection pressure, in general results in an increase of thermal

efficiency and better fuel consumption and less CO, HC and smoke emissions.

However, it results in higher NOx emissions.

• Ultra high injection pressures results in reduction of soot emissions mainly

attributed by better spray atomization and air entrainment, however leads

to increased NOx and BSFC. Very high injection pressures also have a sig-

nificant effect on soot particle size distribution.

• Injection rate shaping is a good strategy in reducing NOx at certain loading

conditions, but using ramp or boot shaped injection rates always accompa-

nies increased soot formation and fuel consumption.

• Advanced injection timing results in increased NOx while reduces fuel con-

sumption, and emissions like CO, HC and smoke, although advancing beyond

certain limit may result in high smoke and poor performance.

• Similarly retarding injection timing results in reduced NOx, while increas-

ing other emissions such as CO, HC and smoke and also deteriorates fuel

consumption.
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• In general, an optimized timing has to be found for any engine and fuel to

strike a balance between performance and emissions.

• Pilot injection help in reducing combustion noise and NOx emissions and

immediate post injection may help in soot oxidation and late post injection

helps in regeneration of diesel particulate filter.

• Multiple injections are known for reducing both NOx and PM emissions

simultaneously, but immense trials have to be carried out in prior to fix

various parameters to balance emissions and performance of the engine.

Many studies have shown comprehensively that there is a very large, still unex-

ploited potential for improvements in fuel injection parameters. Overall, based

on engine operating and design parameters, the type of fuel injection strategy or

combination has to be chosen accordingly to govern the fuel-air mixing process. In

overall, based on engine operating and design parameters, the type of fuel injec-

tion strategy or combination has to be chosen accordingly. Generally combination

of one or more strategies may help to strike a balance between reducing emissions

and improve the performance of the engine. These also provide major reductions

in pollutions particularly with respect to NOx and PM reduction and hence pro-

vide the flexibility in controlling the PM-NOx trade-off for future vehicles to meet

more and more stringent emission norms. As the injection strategies govern the

spray characteristics and fuel-air mixing process, it is necessary to understand

it in detail. Thus, the following chapters deal with understanding the physical

process involved in spray development and fuel-air mixing process through fun-

damental experiments and simulation of spray atomization and its application on

combustion and emission formation using various injection strategies.



3
Experimental analysis of spray

development1

3.1 Introduction

A key motivating force in the development of modern diesel technology is the in-

creasingly stringent emission norms. The range of techniques being probed include

increased injection pressure, injection rate shaping, multiple injections and fine

tuning the nozzle geometry. As diesel engine combustion and emissions mainly

1Excerpts of this chapter, in part, is a reprint of previous publications titled “Macroscopic
spray characterization under high ambient density conditions”, Experimental Thermal and Fluid
Science 59, 109-117, 2014. DOI: 10.1016/j.expthermflusci.2014.08.003. and “Experimental study
of spray characteristics of biodiesel derived from Waste cooking oil ”, Energy Conversion and
Management 88, 622-632, 2014. DOI: 10.1016/j.enconman.2014.09.013.

40
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rely on spray characteristics, the study of spray dynamics gains significance in

meeting stringent emission regulations. The fuel spray in the diesel engine helps

in preparation of fuel-air mixture for efficient combustion with less pollutants for-

mation [15]. The spray break up process is highly complex involving multiphase

flow and various physical phenomena like cavitation and turbulence inside injec-

tor nozzle holes, primary and secondary break-up, evaporation and coalescence.

Nevertheless, Spray characteristics like spray tip penetration, spray angle, spray

momentum and spray volume are essential factors to understand the process of

spray atomization and air-fuel mixing. Thus quantifying these macroscopic spray

characteristics will benefit in improved modeling of the spray development process

and hence the combustion process accurately.

In order to study the spray development process in detail, optical accessible

test rigs such as the optical research engine [133, 134, 135, 136], rapid compres-

sion machines [137, 138] and constant volume chambers [37, 139, 140, 141, 142]

were used in literature. The main requirement of any optical test rig is that it

should simulate the ambient gas conditions that are representative of those in en-

gines during the injection process. Rapid compression machines are being used

to study diesel combustion, however they are difficult to build, operate and con-

trol. Apart from these drawbacks, they also suffer from producing high noise

and strong vibrations due to compression strokes which make it difficult to imple-

ment visualization systems. As an alternative, constant volume chambers are used

extensively by researchers to study spray characteristics. Also there are several

designs of constant volume chambers available [143]. These possess certain advan-

tages such as ease to build and control due to the lack of moving parts but they

also strive from disadvantages such as the inability to simulate very high temper-

atures due to the limitation of material thermal properties. However, the results

are really useful in simulating non-evaporating sprays under different ambient gas

densities [140, 141, 144, 145]. The macroscopic spray characteristics can be very

well captured by using direct photographic imaging techniques [144, 146].
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The combustion characteristics are greatly influenced by the fuel-air mixing

process and the local distribution of the fuel in the combustion chamber, which

is eventually controlled by the fluid dynamics. Hence, information on the spray

characteristics is necessary to model the spray breakup process accurately. The

combustion process may then be modelled in detail with a high level of confi-

dence. Therefore in this study, a constant volume spray chamber was equipped

with optical visualization system to measure the in-cylinder pressure conditions

prevailing during injection process. Also spray momentum measurement facility

was incorporated to study spray momentum flux under various injection pressure.

With the developed experimental setup, non-evaporative spray characterization of

different fuels was done at higher injection pressure and ambient density.

3.2 Experimental setup

The experimental set up is shown in Fig.3.1. The macroscopic spray characteriza-

tion has been performed in constant volume high pressure chamber to reproduce

the high gas density inside the diesel combustion chamber during the compression

stroke. This high pressure chamber, image acquisition system, injection system,

and image processing technique used for the investigation are described briefly in

the following paragraphs.

3.2.1 Constant volume spray chamber

The constant volume spray chamber is shown in Fig.3.2. The spray chamber has

been developed to allow optical access to the whole length of long, free sprays of

fuel oil, at ambient pressures up to 6 MPa, for measurement of spray dynamics

using various instrumentation. The design pressure was chosen to represent typical

diesel engine compression pressures. The internal volume is about 6 liters. A

high degree of optical access is required for measurements of the spray and its

surroundings. Optically polished quartz glass windows are fitted to allow capturing
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Figure 3.1: Experimental setup

spray images. The viewing area of window is φ150mm. The inner faces of the

window were recessed in the inner chamber surface to avoid contamination by

the spray liquid. To seal the windows, an O-ring is employed around the window

periphery. This allows a pressure tight seal without the need to apply clamping

forces, reducing the risk of window cracking.

3.2.1.1 Design of high pressure chamber

The chamber body, end lids and window retaining flanges are made of S30408

(0Cr18Ni9) stainless steel with a design tensile strength of 130MPa at 50°C. The

design of high pressure chamber was done in accordance to GB150.3-2011 [147].

The thickness of the pressure chamber (δ) is calculated by the formula

δ =
PcDi

2 [σ]t φ− Pc
(3.1)

where, Pc is the design pressure (taken as 7.2 MPa, 120% of the maximum

operating pressure, 6MPa), Di is the inner diameter of the chamber (taken as 121
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Figure 3.2: Constant volume spray chamber

mm), [σ]t is the allowable design stress (obtained from material design data as 137

MPa [147]), φ is the welding head coupling coefficient (taken as 1.0).

The calculated thickness of the chamber is 3.27 mm. Hence the effective thick-

ness δe is assumed to be 5.25 mm. The nominal thickness Is calculated from the

effective thickness from the relation given as

δn = δe + C1 + C2 (3.2)

Thus the nominal thickness of the chamber is calculated as 6mm. For the

calculations to be correct, the following condition should be satisfied

[σ]t φ ≥ σt (3.3)

where,

σt =
Pc (Di + δe)

2δe
(3.4)

The calculated σt is 86.57 MPa which is less than [σt]φ = 137 MPa. Hence

the calculated nominal thickness is sufficient to withstand the design pressure of

the chamber. For detailed drawing of high pressure chamber refer Appendix A.
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Figure 3.3: Unclamped and clamped pressure window

3.2.1.2 Design of optical pressure window

The windows are made of high quality fused quartz glass. The windows have

highly polished surfaces for good optical properties such that surface flaws are

minimized. Initially, the minimum thickness for pressure window glass was found

by using stress analysis.

The maximum stress σmax on a uniformly loaded window is given by

σmax =
KD2P

4T 2
(3.5)

and,

σmax =
σ

Fs
(3.6)

where, K is a constant whose value depends on the method of support, upon

the force introduced in clamping and upon the brittle / ductile character of the

window material involved. Empirically, a K value of 0.75 is suitable for most

optical crystals when the perimeter is clamped, and a value 50% greater when

unclamped, i.e. Kc = 0.75 and Ku = 1.125 (Fig.3.3 shows difference between

clamped and unclamped windows), D is the unsupported diameter of the window

glass, P is the differential pressure the window is subjected to, T is the minimum

thickness of the window glass, σ is the maximum tensile strength of the material

used for pressure window, and Fs is the safety factor and it was taken as 7 for this

calculation.
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From Eqns.2.1 and 2.2, the minimum thickness of the pressure window glass

is given by

T = D.

√
FsKP

4σ
(3.7)

The pressure window glass is clamped in our application to provide additional

strength. The design tensile strength for quartz with good surface quality is

48 MPa. However, a recommended maximum tensile strength, which takes into

account surface flaws and fatigue, is 6.8 MPa [148] (which also incorporates a

safety factor of 7). The design differential pressure was considered to be 7.2 MPa.

For this condition, the minimum thickness of the quartz glass to be used was

calculated to be 56.5mm and we chose 60mm thick glass for the optical pressure

window.

Then the calculated glass thickness was subjected to finite element analysis

(FEA) to ensure the deflection was within limits. ANSYS release 13.0 commercial

FEA software was used for this purpose. The mesh used for the simulation is

shown in Fig.3.4.The mesh size used was around 250000 cells with element size

of 3mm. The ANSYS linear element SOLID95 was used for the analysis of the

glass window. SOLID95 is a linear element and is well suited to model curved

boundaries. These elements can also be tetrahedral and can automatically transit

between hexahedral and tetrahedral using pyramids. It can tolerate irregular

shapes without much loss of accuracy [149].

The quartz windows were analyzed using the maximum principal stress crite-

rion as well as a cracking analysis for brittle materials incorporated in ANSYS.

This analysis uses supplied values of material tensile and compressive strength to

check for possible onset of cracking. For these analyses, tensile strength of 6.8MPa

and compressive strength of 1100MPa were used. The simulations were performed

for different chamber pressure from 10-60 bar. It was found that no crack was

observed even at maximum pressure of 60 bar (see Fig.3.5). Fig.3.6 shows the to-

tal deflection observed for various chamber pressure obtained from the simulation.
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Figure 3.4: Mesh used for FEA analysis of quartz glass

The maximum deflection of 5.3 ∗ 10−5m was observed at chamber pressure of 60

bar. The maximum deflection was well within the minimum deflection required

for crack initiation in the quartz glass. Hence the thickness of 60mm and quartz

glass as material was fixed for the optical pressure window.

3.2.1.3 Hydrostatic test

A standard hydrostatic test to 90 bar, 125% of the design pressure, was conducted.

The pressure for the hydrostatic test was calculated as follows

Pt = 1.25Pc
σ

[σ]t
(3.8)

where, the test pressure for hydrostatic test is calculated as 9 MPa.

The hydrostatic test was done based on the cycle as shown in Fig.3.7. The

chamber passed the hydrostatic test without any deformation or problem and the

same was certified by the profession engineer (PE). The PE certificate is attached

in the Appendix A.
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Figure 3.5: Total deflection at chamber pressure of 60 bar

Figure 3.6: Total deflection vs chamber pressure calculated from FEA simulation

Figure 3.7: Cycle followed for hydrostatic test
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3.2.2 Fuel injection system

The fuel injection system consists of common rail fuel injectors, common rail,

Denso common rail pump, electronic control unit, electric motor to run the high

pressure CR pump and high pressure fuel lines connecting pump, common rail

and fuel injectors.

The motor for running common rail pump to obtain the required injection

pressure is a critical component of the system.The motor was carefully chosen to

obtain injection pressure of maximum 1600bar. The calculation used in selecting

the motor is as follows

Power =
4P ∗Q

η
kW (3.9)

where, 4P is the pressure difference in bar, Q is the volume flow rate in m3/s

and η is the mechanical efficient chosen to be 85% based on available data. The

volume flow rate of the pump is calculated by the formula as shown below

Q =
n ∗ πd2h ∗N

4 ∗ 60
(3.10)

where, n is the number of plungers in the fuel pump, d is the diameter of the

plunger in m, h is the stroke of the plunger in m and N is the maximum speed at

which the pump operates in rpm, in this case the maximum operating speed was

restricted to 1000rpm for safety considerations and keep the power requirement

minimum. Thus from the calculation, the power requirement for the motor was

2.08kW . Thus we chose a 2.23kW motor with maximum drive torque of 21.3Nm

at 1000rpm for this application.

The common rail injector (Fig.3.8) used to investigate the spray characteristics

of diesel fuel is a 7-hole injector. The dimensions of the nozzle hole were determined

by using a silicone mold of Polydimethylsiloxane (PDMS) material by approach

similar to Macian et al [150]. The scanning electron microscope (SEM) image and

dimensions of the nozzle hole is shown in Fig.3.9. The measured dimensions shows
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Figure 3.8: Commercial Denso common rail injector

that the orifice diameter is 175±3µm and length of orifice is 1000±50µm, radius

of curvature at the inlet is 15µm and the angle of the spray is 150±2°. The exit

diameter of the nozzle hole was also measured in terms of pixels using an optical

microscope. The scale used for the measurement is 1 : 1, so one pixel measured is

equal to 1 µm. The exit diameter measured using this method was also around 175

± 3 µm. The injector nozzle hole under optical microscope is shown in Fig.3.10.

3.2.3 Image acquisition and image processing

The spray visualization was carried out with Photron Fastcam SA5 high speed

camera. The camera sensor is 12 bit monochrome with a spatial resolution of

20mm pixel with a minimum exposure time of 1ms. The images were captured at

20000 frames per second with a maximum spatial resolution of 832x448 pixels and

temporal resolution of 50ms. The high speed camera was equipped with a Nikon

lens (Nikkor AF 28-85mm f/1 : 3.5 ∼ 4.5) with C-mount adapter. Illumination

was provided by 400W Hydrargyrum medium-arc iodide (HMI) lamp with high

speed electronic ballast to limit current and voltage.

The image processing was done in two stages, (i) processing of spray images

using custom code written in Matlab and (ii) quantifying spray characteristics
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Figure 3.9: SEM image of nozzle hole dimensions of the injector used

Figure 3.10: Nozzle hole measurement under optical microscope
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Figure 3.11: Image processing a) original image b) background separated c) colored
based on light intensity d) binary converted e) complement of d f) edge detected
of spray at 800 bar injection pressure

using ImageJ code. The sequence of steps involved in image processing is shown

in Fig.3.11 and 3.12. The raw spray image is background subtracted to eliminate

non-uniform illumination and isolate the spray. Then the isolated spray images

are subjected to threshold using Otsu method [151]. Then the edge detection is

performed using the Canny edge detection method [152]. Finally the spray tip

penetration and the spray angle are quantified from the processed image using

ImageJ code.

3.2.4 Spray momentum measurement

The spray momentum measurement was done similar to Payri et al [153] at atmo-

spheric condition. The schematic of spray momentum measurement is shown in

Fig.3.13. By principle of conservation of momentum, the force (F ) measured by

the force sensor gives the momentum flux
(
Ṁ
)
from the fuel injector nozzle. The

spray momentum is measured using calibrated Kistler force sensor (type 9207).

The Kistler force sensor is piezo-electric type capable of measuring force between

±50N with transverse force sensitivity of ≤±0.05N. A circular target was directly

screwed to the sensor head to prevent the sensor from direct impact from spray

and also provide sufficient target area for spray impingement. The force sensor
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Figure 3.12: Flowchart showing steps involved in image processing
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Figure 3.13: Schematic of spray momentum measurement

was fixed to a nozzle using a custom designed fixture (See Appendix B for detailed

drawings) which can also be used to position the sensor axially. The travel of the

sensor can range from 0 mm to 12 mm along the spray axial direction from the noz-

zle exit. The output of the sensor is connected to a charge amplifier which is then

connected to monitoring computer through a data acquisition system (NI-6210)

capable of acquiring data at 250kS/s.

3.3 Definition of spray characteristics

The actual spray tip penetration was calculated similar to the method used by

Delacourt et al. [140] as shown in Eq. 3.11

S = S
′
csc
(α

2

)
(3.11)

where, S is the actual spray tip penetration in mm, S ′ is the spray tip pen-

etration measured from spray images from tip of the nozzle to the farthest axial

location of the spray boundary in mm as shown in Fig.3.14 and α is the cone angle

of the spray in radians.

The spray angle is calculated as shown in Eq.3.12 [140]
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Figure 3.14: Definition of spray characteristics

θ = 2 arcsin

(
sin

(
θ
′

2

)
sin
(α

2

))
(3.12)

where, θ is the actual spray angle in radians and θ
′ is the spray angle in

radians measured from the spray images between the tangent lines fitted through

the upstream half of the spray contour as shown in Fig.3.14.

The spray velocity is the spray tip velocity calculated from the spray tip pen-

etration and time difference between two consecutive spray images.

The fuel spray volume is calculated by assuming it to be a cone with hemisphere

as given in Eq.2.3 [140]

V (t) =
1

3
πS (t)3 tan2

(
θ

2

) (
1 + 2 tan

(
θ
2

))(
1 + tan

(
θ
2

))3 (3.13)

where, V (t) is the spray volume at time in mm3 and S (t) is the spray tip

penetration at time in mm.

The mass of air entrained within the fuel spray was calculated using the model

proposed by Rakapoulos et al. [154] as given in Eq.3.14

ma (t) =
(π

3

)(
tan

(
θ

2

))2

S (t)3 ρamb (3.14)

where, ma (t) is the mass of air entrained within the fuel spray at time in kg
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and ρamb is the ambient air density in kg/m3.

The equivalence ratio along the axial direction of the spray can be calculated

based on the correlation suggested by Naber et al. [37] by assuming that the

fuel sprays behave similar to that of gaseous turbulent jets. The equation for

equivalence ratio at any axial location in the spray is given in Eq.3.15

φ (x) =
2
(
A
F

)
st√

1 + 16
(
x
x∗

)2 − 1
(3.15)

where, φ (x) is the equivalence ratio at any axial location x,
(
A
F

)
st
is the stoi-

chiometric air-fuel ratio, x is the axial location in the spray in mm and x∗ is the

characteristic length scale in mm given as follows in Eq.3.16

x∗ =

√
ρf
ρamb

√
CaDn

a tan
(
θ
2

) (3.16)

where, ρf is the fuel density in kg/m3, Ca is the area contraction coefficient

calculated from the numerical simulation of cavitating injector nozzle holes, Dn

is the injector nozzle hole diameter in mm and a is an arbitrary constant whose

value can be between 0.84 to 0.7 and in this study it is assumed to be 0.73 as

suggested by Naber et al. [37].

3.4 Results and discussion

3.4.1 Diesel fuel

3.4.1.1 Spray momentum flux

The instantaneous spray momentum flux has been measured at two different axial

distances from the nozzle exit i.e. at 5 and 10 mm for different injection pressures

at atmospheric conditions. Fig.3.15 shows the momentum flux for injection pres-

sure of 125 MPa measured at 5 and 10mm from the nozzle exit. By the principle

of conservation of momentum, the axial momentum flux along the axial direction
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Figure 3.15: Spray momentum flux measured at 5 and 10mm axially from nozzle
exit

should be constant and equal to the momentum flux at the nozzle exit. This

means, the reduction in axial velocity farther from the nozzle exit is compensated

by the bigger spray cross sectional area due to air entrainment. Interestingly, it

was found that measurement made at 10mm from the nozzle exit is slightly lower

than that measured at 5mm. This may be due to the air entrainment into the

spray which increases the spray cross sectional area and hence exceeds the frontal

area of the force sensor. Therefore, the sensor measures partial momentum flux

at 10mm from the nozzle exit. This phenomena was also observed by Payri et

al. [155]. Thus for further measurements, the sensor front area where the spray

impinges is made sure that it is bigger than the spray cross sectional area and

therefore the position of sensor is fixed at 5mm axially from the nozzle exit.

Fig.3.16 shows injection rate and spray momentum flux from one of the holes

for different injection pressures. As can be seen from the figure, the momentum

flux increases when the injection pressure increases. This shows that as injection

pressure increases the spray is more penetrative with higher injection velocity.

Fig.3.17 shows the average momentum flux calculated over the time at which the

needle is fully opened and momentum coefficient calculated as follows
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Figure 3.16: Injection rate and spray momentum flux at different injection pres-
sures

Cm =
Mact

Mth

(3.17)

Cm =
F

m
√

2(Pinj−Pamb)
ρl

(3.18)

where, Mact is the actual momentum flux in N , Mth is the theoretical momen-

tum flux in N , F is the force measured from force sensor in N , ṁ is the mass flow

rate of fuel from one hole in kg
s
, Pinj is the injection pressure in Pa, Pamb is the

ambient pressure in Pa and ρl is the fuel density in kg
m3 .

Fig.3.17 shows the average momentum flux and momentum coefficient for dif-

ferent injection pressures measured under atmospheric conditions. From figure,

it is clear that the average momentum flux is directly proportional to the injec-

tion pressure. However, the momentum coefficient remains constant from 40MPa

to 125 MPa. This interesting behavior may be due to effect of cavitation in-

side the injector nozzle hole. Similar results were obtained by Payri et al. [153]

and they have confirmed that the increase in momentum coefficient is interrupted

as the cavitation starts inside the nozzle hole and also they have reported that

the momentum coefficient is independent of cavitation number under cavitating

conditions. This means the momentum coefficient remains constant for particu-
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Figure 3.17: Average momentum flux and momentum coefficient

lar geometry under different injection and ambient pressure conditions as far as

cavitation takes place inside the nozzle hole.

3.4.1.2 Spray characteristics

Fig.3.18 shows the spray tip penetration for different injection pressures and ambi-

ent densities. The results obtained shows that the spray tip penetration increases

with increasing injection pressure. This is mainly due to increased spray momen-

tum possessed by the fuel at higher injection pressures which is evident from the

spray momentum results obtained. As the ambient density increases, the spray

tip penetration decreases, which is mainly due to fact that the spray loses mo-

mentum under higher ambient density conditions. The results obtained are very

well in line with those of other researchers [37, 139, 140]. The spray evolution

with time is shown in Fig.3.19. The reduction in spray momentum can also be

supported by the spray velocity as shown in Fig.3.20. The spray velocity increases

with increasing injection pressure which is due to increase in spray momentum

and as the ambient density increases, the spray velocity is reduced showing that

the momentum decreases quickly with the increase in ambient density.

As the spray angle is quite stable with time, Fig.3.21 shows the average value
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Figure 3.18: Spray tip penetration at different injection pressure and ambient
density

Figure 3.19: Spray evolution at different injection pressure under ambient density
of 66 kg/m3
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Figure 3.20: Spray velocity at different injection pressure and ambient density

Figure 3.21: Averaged spray angle at different injection pressure and ambient
density

of spray angle observed during the quasi-steady stage. It is very clear from the

figure that as the ambient density increases the spray angle increases. This is

because; as the ambient density increases the resistance to spray development in

axial direction is restricted resulting in wider spray angles. It is also interesting

to note that there is no significant effect of injection pressure on spray angle,

which conveys that spray angle is more affected by ambient density than injection

pressure.

Fig.3.22 shows the spray volume at different injection pressure and ambient
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Figure 3.22: Spray volume at different injection pressure and ambient density

density. Spray volume gives an insightful detail on the air fuel mixing based on air

entrainment. Higher spray volume results in greater air entrainment and air fuel

mixing is better. Conversely, reduced spray volume results in lower air entrainment

and the air fuel mixing is poor. From the same figure, it can be noted that, the

spray volume increases with injection pressure which obviously shows that as the

injection pressure increases the droplet size decreases and the probability of air

entrainment between the droplets increases. As the injection pressure is lower,

the droplet sizes would be large for any air entrainment which makes the spray

volume smaller. At higher ambient density, the spray volume with time seems to

be lower than at lower density; however when we take spray penetration distance

into account, the spray volume at higher density is found to be higher for same

penetration distance. This may be due to higher spray angle at higher density.

This shows that the air fuel mixing is better at higher ambient density than at

lower density for same penetration.

3.4.2 Biodiesel fuel and its blend

The experiments were carried out with biodiesel produced from waste cooking

oil (B100) and its blend (B20) with diesel. B20 was prepared by mixing 20%

by volume of biodiesel with diesel. B20 blend was chosen in this study as B20

exhibited comparable performance and emission characteristics to that of diesel
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Table 3.1: Fuel properties
Properties Measurement method ULSD B100

Density at 20°C (kg/m3) EN 12185 840 883.5

Viscosity at 20°C (mm2/s) EN ISO 3104 2.8 4.36

Cetane number EN 1ISO 5165 52 58

Flash point (◦C) prEN 3679 42 170

Calorific value (MJ/kg) ASTM D240 45 38.6

Copper corrosion strip test (50°C/3 hrs) EN ISO 2160 Class 1 Class 1

Sulphur content (mg/kg) prEN 20846 <15 3.1

fuel as reported earlier by our group [45]. The composition of biodiesel mainly

depends on its feedstock, however in the case of waste cooking oil biodiesel, it

is challenging to identify the feedstock as there are wide variety of cooking oils

available. The only way to get some insights about its composition is to perform

gas-chromatography analysis. Therefore in order to identify the composition of

biodiesel used in this study, GC-MS (Gas Chromatography-Mass Spectrometer)

analysis was done. The HP5-ms column (25 m x 0.32 mm ID x 0.45 mm OD) was

used in this study. 1mL of analyte was injected at 260˚C in splitless mode. The

oven temperature was programmed from 150˚C with a hold time of 5 min and then

first ramp was initiated at temperature gradient of 12˚C/min up to 200˚C with

a hold time of 17 min and then second ramp was programmed at temperature

gradient of 3˚C/min up to 252˚C with a hold time of 6.5 min. Helium with

99.99% of purity was used as a carrier gas. Constant flow of carrier gas was set

as 0.6 mL/min on the column. Based on the retention time, the constituents at

9.998 min, 12.661 min, 12.842 min and 13.321 min were identified as Hexadecanoic

acid, methyl ester (Methyl Palmitate), 9,12-Octadecadienoic acid(Z,Z)-, methyl

ester (Methyl Linoleate), 9-Octadecenoic acid, methyl ester (Methyl Oleate), and

Octadecanoic acid, methyl ester (Methyl Stearate) respectively from the standard

database. The GC-MS spectrum for biodiesel used in this study along with its

composition in mass percentage is shown in Fig.3.23. The typical fuel properties

were summarized in the Table 3.1.
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Figure 3.23: GC-MS result of waste cooking oil biodiesel

3.4.2.1 Spray morphology

The spray evolution of different fuels under fuel injection pressure of 100MPa and

different ambient pressures are shown in Fig.3.24. B100 shows narrower and longer

spray compared to diesel and B20 sprays. Also B100 sprays shows darker images

compared to B20 and diesel spray images due to weak light scattering from B100

spray. This is due to poor atomization of B100 sprays due to high viscosity and

surface tension. The bright spray images of diesel suggest that the diesel undergoes

better atomization leading to smaller droplets which highly scatter the light back

to the camera [142]. From these images, it can be noted that the atomization

of diesel is superior followed by B20 and B100 sprays. Also the spray images of

diesel and B20 has some small vortex like structures on its spray boundary which

indicates that ambient gas entrainment is better in those sprays compared to B100

which has no such structures on its surface.

Fig.3.25 shows a comparison of the spray boundaries of different fuels superim-

posed on one another at ambient pressures of 3 and 6MPa. It could be seen from

the figure that the spray shape is tilted axially for different fuels. This may be due

to two factors (i) high resistance offered by the ambient gas density or (ii) by the

effect of cavitation inside the nozzle holes. The level of cavitation inception inside
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Figure 3.24: Spray evolution for injection pressure of 100MPa under different
ambient pressures

the nozzle holes creates an asymmetry in the spray [156] and also leads to much

greater spray angles [156, 157]. Thus considering the asymmetry spray shape, the

diesel fuel should have undergone stronger cavitation than B20 and B100 fuels.

In order to support this claim, a numerical simulation on cavitation inside nozzle

holes was done using Fluent 12.0. The numerical model is explained in detail in

Chapter 4. The cavitation contours for different fuels is shown in Fig.3.26. The

red color in the contours denotes complete fuel vapor and blue color denotes com-

plete liquid fuel. Thus, from the figure it is clear that cavitation is greater with

diesel fuel due to its lower viscosity [158] then with B20 and then B100 fuels. It

should also be noted that for the same injection pressure, as the ambient pressure

increases, the cavitation is inhibited. The discharge coefficient also decreased with

increasing cavitation which means that the discharge coefficient is higher for B100

followed by those for B20 and diesel fuels. Thus from this simulation results, it

can be suggested that the change in orientation of spray shapes may be due to

effect of higher cavitation inside nozzle holes for diesel and B20 fuels compared to

B100.
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Figure 3.25: Spray boundary comparison for different fuels

Figure 3.26: Cavitation contours for different fuels
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Figure 3.27: Spray tip penetration for different fuels

3.4.2.2 Macroscopic spray characteristics

Spray tip penetrations for diesel and biodiesel fuels are shown in Fig.3.27. Un-

der ambient pressure of 3MPa, there is a significant difference in the spray tip

penetrations between diesel, B20 and B100 fuels, and as the injection pressure in-

creases the difference gets reduced slightly. The difference in spray tip penetration

also decreases with increasing ambient pressure. At ambient pressure of 6MPa,

the difference between diesel and B20 spray penetrations is small for both 60 and

100MPa injection pressures. However with B100 there is a slightly higher spray

tip penetration. The longer spray penetration of B100 at all conditions can be

because of higher momentum possessed due to two reasons (a) high discharge coef-

ficient from the nozzle exit [159] as discussed earlier (b) poor atomization leading

to larger droplets due to its high viscosity. However, the spray tip penetration

of diesel and B20 are comparable under all conditions of injection and ambient

pressures.
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Figure 3.28: Spray velocity for different fuels

The spray velocity for different fuels is shown in Fig.3.28. The spray velocity

was calculated as the rate of spray tip penetration between two successive spray

images. It can be observed that the spray velocity decreases quickly over time

for all the injection pressures. The peak spray velocity is higher with 100MPa

injection pressure than that at 60MPa due to the high kinetic energy involved.

It should also be noted that the spray velocity is comparatively lower under high

ambient conditions regardless of injection pressure. This is because of the high

resistance to the spray evolution from the high gas density environment. Also it

was observed that the spray velocity of B100 is higher compared to those of B20

and diesel fuels, which indicates that B100 is a more penetrative fuel.

The spray angle comparison between diesel, B20 and B100 fuels are shown in

Fig.3.29. It can be noted that the spray angle of B20 and diesel are almost the

same and B100 has smaller spray angle at all conditions. The smaller spray angle

of B100 may be due to its viscosity and higher momentum as explained earlier. It
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Figure 3.29: Spray angle for different fuels

is also interesting to note that the spray angle is almost insensitive to the injection

pressure, while the ambient pressure has a substantial effect on the spray angle.

At high ambient pressure, the fuel spray is subjected to high resistance which

impedes its axial development leading to wide spray angle.

3.4.2.3 Air entrainment analysis

Fig.3.30 shows the spray volume comparison between diesel, B20 and B100 fuels.

The spray volume gives some insight into the quality of fuel air mixing. The

spray volume was plotted against spray tip penetration to avoid the influence of

injection timing on volume. The spray volumes of diesel and B20 are almost the

same under all conditions of injection pressure and ambient pressures. However,

with B100 spray volume is smaller, which may be because of the smaller spray

angle with the B100 fuel as a result of its higher viscosity. This shows that the

fuel air mixing of B20 is in par with that of diesel fuel and it is poor for B100 fuel.
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Figure 3.30: Spray volume for different fuels

The mass of air entrained for different fuel sprays is shown in Fig.3.31. The

mass of air entrained within the fuel spray also shows the same trend as that of the

spray volume. The mass of air entrained within B100 fuel spray is low compared

to those for diesel and B20 sprays. This is also because of the narrow spray angle

produced by the B100 sprays. It is also interesting to find that this correlation also

shows that both diesel and B20 fuel sprays have almost same mass of air entrained

within their sprays under all injection pressure and ambient conditions. This can

be interpreted that the B20 and diesel shows same level of air entrainment within

their sprays.

The equivalence ratio at the leading edge of the spray is shown in Fig.3.32.

The equivalence ratio irrespective of injection and ambient pressure shows a de-

creasing trend with spray tip penetration. This means downstream of the spray,

the air-fuel mixture becomes lean indicating an oxidizer-rich environment. It is

also very interesting to note that unlike fuel volume and amount of air entrain-
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Figure 3.31: Mass of air entrained within different fuel sprays

ment results, equivalence ratio shows that B100 and B20 have almost the same

equivalence ratio that is slightly lower than that of diesel fuel. This is because of

that fact that biodiesel fuels have oxygen inherent in its chemical structure which

has lower stoichiometric air-fuel ratio compared to diesel fuel. Because equivalence

ratio as shown in its equation depends on the stoichiometric air-fuel ratio, B100

has low equivalence ratio. In case of B20 though compared to B100, has lesser

oxygen content within it, also shows equivalence ratio on par with B100. This may

be because of wider spray angle due to enhanced air-fuel mixing. However, diesel

fuel with wider spray angle under all conditions compared to B20 and B100 shows

high equivalence ratio due to its high stoichiometric air-fuel ratio. It should also

be noted that the equivalence ratio is reduced with an increase in ambient pres-

sure, which may be also due to wider spray angle observed on increasing ambient

pressures.

The air entrainment analysis gives some insightful explanation on the combus-
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Figure 3.32: Equivalence ratio along axial direction

tion of biodiesel and its blend fuels. Though, from the results, diesel and B20

sprays show almost same level of air-fuel mixing under different injection pressure

and ambient pressure conditions, but due to the slightly lower calorific value of

B20 compared to diesel fuel gives marginally lower performance as reported by

many researchers [45, 87, 160]. B100 fuel shows comparatively poor atomization

compared to B20 and diesel fuels. However the presence of inherent oxygen in

its chemical structure improves its equivalence ratio downstream the fuel spray at

par with B20 and diesel. This may result in lower PM emissions as reported by

researchers through quantifying its performance and emission characteristics on

engines [161, 87, 160, 162].
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3.5 Summary

This chapter focused at development of constant volume spray chamber to visualize

the spray development process and study macroscopic characteristics of diesel,

biodiesel and blend fuels at higher ambient density and injection pressure. The

following observations can be drawn from the results obtained

• Spray momentum flux increases as injection pressure increases and decreases

as ambient density increases. However, the momentum coefficient remains

almost constant irrespective of injection pressure and ambient density vari-

ations as far as cavitation occurs inside the nozzle holes. The results shows

that cavitation is also a significant factor in spray atomization which should

be eventually taken into account during modeling the atomization process.

• Spray tip penetration and spray velocity of diesel fuel increases with increase

in injection pressure and decreases with ambient density, but spray cone an-

gle is constant with injection pressure and increases with increasing ambient

density.

• In general, fuel air mixing is better at higher injection pressure. For same

spray tip penetration, fuel air mixing is better at higher ambient density due

to bigger spray angle.

• Spray shapes of different fuels show change in orientation. This phenomenon

is due to the different levels of cavitation inside the injector nozzle holes for

B20, B100 and diesel fuels and resistance offered to the spray development

by high ambient pressures.

• B100 gives longer spray tip penetration and higher spray velocity compared

to B20 and diesel fuels. B20 and diesel fuel showed smaller difference in

penetration and velocity under high ambient pressure.

• B100 showed narrow spray angles than B20 and diesel. The spray angles are
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unaffected by injection pressure, but increasing ambient pressure showed

significant increase in spray angles of all fuels.

• Spray volume and mass of air entrained within the spray showed that B100

has poor air-fuel mixing compared to B20 and diesel fuels. This was due to

narrow spray angles and high penetration possessed by B100 fuel.

• The equivalence ratio of B100 was comparatively lower indicating a leaner

mixture followed by those of B20 and diesel fuel. This indicates the reason

for lower PM and smoke emissions when using B100 and B20 fuels, viz the

inherent oxygen content present in biodiesel structure. Diesel fuel showed a

higher equivalence ratio due to its high stoichiometric air-fuel ratio.

In this chapter, the spray characteristics of different fuels have been studied in

detail and it was found that cavitation inception inside the injector nozzle holes

plays a significant role in the primary atomization of fuel spray. Therefore, the

phenomenon of cavitation and its effect on primary atomization should be well

understood to better perceive the underlying physics of the spray development

process and use the undertanding in developing a better spray model for compres-

sion engine applications.



4
Cavitation Modeling1

4.1 Introduction

One of the important methods in reducing the exhaust emissions from compression

ignition engines at source is by improving the spray break up and introducing

smaller droplets inside the combustion chamber. According to Arcoumanis et al.

[163] , the primary break up of liquid jets at the nozzle exit can be caused by a

combination of three mechanisms : turbulence within the liquid phase, implosion of

cavitation bubbles and aerodynamic forces acting on the liquid jet. The flow inside

1Excerpts of this chapter, in part, is a reprint of previous publication titled “Cavitation
in Injector Nozzle Holes - A Parametric Study”, Engineering Applications of Computational
Fluid Mechanics 8 (1), 70-81, 2014. DOI: 10.1080/19942060.2014.11015498. and “Macroscopic
spray characterization under high ambient density conditions”, Experimental Thermal and Fluid
Science 59, 109-117, 2014. DOI: 10.1016/j.expthermflusci.2014.08.003.
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the fuel injector nozzle has significant effects on the spray formation. Cavitation

occurs if the local pressure drops below the vapor pressure of the liquid at local

temperature. With the high pressure drop across the injection nozzle, the liquid

tends to accelerate within the small nozzle holes. This acceleration of liquid inside

the nozzle generates a high level of turbulence, which has an instability effect

on the jet leaving the nozzle exit. At the sharp edges inside the nozzle holes,

for example at the inlet of the nozzle hole, the streamlines converge with the

effective cross section of the flow, leading to accelerated velocity of the liquid.

According to the Bernoulli principle, this causes a reduction in the local static

pressure, which it can reach a value as low as the vapor pressure of the liquid.

This phenomenon is schematically shown in Fig.4.1 (redrawn from [164]), where

the theoretical (linear) pressure distribution inside the nozzle hole is compared to

a more realistic distribution along a streamline. Cavitation bubbles are formed

inside the nozzle hole because of the cavitation phenomena. These cavitation

bubbles are swept out of the nozzle into the combustion chamber. As the bubbles

are introduced into combustion chamber pressure, they implode and contribute to

further break up of the spray [164]. This leads to finer droplets of fuel which aids

in faster evaporation of fuel. Thus, understanding the phenomenon of cavitation

inside the nozzle holes is very important for the study of spray behavior and its

break up theory.

Takenaka et al. [165] studied experimentally the nucleation process of the cav-

itation using neutron radiography and reported the formation of vapor bubbles in

the nozzle hole. Inamura et al. [166] reported that as the back pressure increases,

the cavitation is not observed for the same injection pressure. Many previous

research works have also shown that cavitation inside the nozzle hole affects the

spray characteristics [167, 168, 169, 170]. The very first experimental attempt to

understand the effect of cavitation in fuel injector nozzles on spray breakup was

done by Bergwerk [171]. He found that cavitation inside the real sized nozzles

influence the fuel jet. Then these findings were further supported by an extensive
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Figure 4.1: Schematic illustration of cavitation formation inside the nozzle hole
(Redrawn from [164])

study of nozzle flows done by Reitz and Bracco (1982). One of the pioneering

works on the effect of cavitation on spray evolution was done by Chaves et al.

[172], and they reported that the spray angle increases with cavitation inception.

Arcoumanis et al. [173, 174] studied the cavitation and observed that it did not

scale up, and therefore real size experiments were needed to study actual cavitating

flow behavior. Subsequent studies employed real size nozzle orifices. Badock et al.

[175] showed experimentally that increasing the conicity and radius of curvature

at the nozzle inlet could reduce cavitation. Desantes et al. [176] also reported that

the cone angle of the fuel spray was found to be increased due to the formation of

vapor inside the nozzle. Payri et al. [177, 153] also reported that the spray cone

angle and outlet speed increases with the cavitation, and then investigated the

spray momentum measurements in order to explain the effects of nozzle geometry.

Suh et al. [178] also studied experimentally and reported that cavitation enhanced

the fuel spray characteristics and the primary fuel breakup due to the turbulence

created inside the nozzle. Many experimental studies have been conducted to
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show that the occurrence of cavitation inside the nozzle makes substantial contri-

bution to the break-up of the exiting liquid jet [179, 180, 181, 182, 183, 178, 184].

Thus, understanding the phenomenon of cavitation inside the nozzle holes is very

important for the study of spray behavior and its break up theory.

Recently, bio-diesel fuels promise clean, alternative and renewable source of en-

ergy. Bio-diesels have a number of properties that make it an excellent alternative

fuel for diesel engines, particularly because of its low emissions compared with the

diesel fuel [44, 43]. Moreover, the distinct properties of biodiesel may influence

the cavitation phenomenon in the nozzle hole. Thus analysis of flow cavitation for

bio-diesel is of great interest.

In this chapter, the numerical simulation results of cavitation phenomena in

nozzle spray holes are reported. The computations involve the use of the Schnerr

and Sauer two phase and k-ε turbulence models. The commercial computational

fluid dynamics (CFD) software Fluent 12.1 is used for the computations. The nu-

merical results were validated against the experimental results of Winklhofer et al.

[185] for U throttle geometry and a good qualitative and quantitative agreement

was observed. Then parametric study which includes the effect of injection pres-

sure (15-125 MPa) under constant back pressure of 10 MPa, transient behavior

under high injection pressure of 100 MPa, and different geometries on cavitation

phenomenon was carried out for diesel and SME bio-diesel. Finally, conclusions

were drawn based on the results presented.

4.2 Numerical Method

The finite volume based CFD software Fluent 12.1 was used to perform the numer-

ical simulation of the flow inside the nozzle hole. The nozzle flow is considered to

be isothermal. Cavitation model proposed by Schnerr and Sauer was used in this

simulation. This two-phase model considers a mixture comprising liquid fuel and

vapor. The mixture is modeled as incompressible. In addition, a no-slip condition
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between the liquid and vapor phase is assumed. Then the mixture properties are

computed using the Reynolds-averaged continuity and momentum equations

∂uj
∂xj

= 0 (4.1)

ρ
∂uiuj
∂xj

= −∂P
∂xi

+
∂τij
∂xi

(4.2)

where

τij = (µ+ µt)

{
∂ui
∂xj

+
∂uj
∂xi

}
(4.3)

and

µt = Cµρ

(
k2

ε

)
(4.4)

where µ is viscosity and µt is the turbulent viscosity.

According to Margot et al. [186] and Andriotis et al. [187], there is no maxi-

mum difference with different turbulence models in predicting cavitation inception

and Andriotis et al. [187] suggested the use of the standard turbulence model.

Hence in order to account for the large pressure gradients, the standard turbu-

lence model is incorporated along with the non equilibrium wall functions given

by

ρ
∂ujk

∂xj
= −τij

∂ui
∂xj
− ρε+

∂

∂xj

[(
µ+

µt
σk

)
∂k

∂xj

]
(4.5)

ρ
∂ujε

∂xj
= −Cε1τij

∂ui
∂xj

ε

k
− Cε2ρ

ε2

k
+

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
(4.6)

The following values were used for k − ε turbulence model

Cµ = 0.09 Cε1 = 1.44 Cε2 = 1.92 σk = 1.0 σε = 1.30
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where Cµ, Cε1, Cε2, σk, σε are constants of turbulence model

The turbulent viscosity is modeled for the whole mixture.

According to Schnerr and Sauer [188, 189, 190], the equation for the vapor

volume fraction is given by the general form

∂ (αρv)

∂t
+
∂ujα

∂xj
=
ρvρl
ρ

Dα

Dt
(4.7)

where α is the vapor volume fraction, ρv is the vapor density, ρl is the liquid

density, ρ is the mixture density, and ~V is the mixture velocity. The net mass

source term R is given by

R =
ρvρl
ρ

dα

dt
(4.8)

Schnerr and Sauer used the following expression to connect the vapor volume

fraction (α) to the number of bubbles per volume of liquid

α =
nB

4
3
π<3

B

1 + nB
4
3
π<3

B

(4.9)

where nB is the number of bubbles and <B is the bubble radius.

According to the Rayleigh-Plesset equation, the bubble dynamics equation can

be simplified as

D<B
Dt

=

√
2

3

Pv − P
ρl

(4.10)

where Pv is the vapor pressure and P is the ambient cell pressure.

The expression of the net mass transfer combining Eqns.4.8, 4.9 and 4.10

R =
ρvρl
ρ
α (1− α)

3

<B

√
2

3

(Pv − P )

ρl
(4.11)

where the bubble radius <B from Eq.2.2 is given by
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<B =

(
α

1− α
3

4π

1

nB

) 1
3

(4.12)

The mass transfer rate R in the Schnerr and Sauer model is proportional to

α (1− α). The function f (αv, ρv, ρl) = ρvρl
ρ
α (1− α) approaches zero when α = 0

and α = 1, and reaches the maximum in between. If no bubbles are created or

destroyed, the bubble number density would be constant. The final form of the

model is given as

Re =
ρvρl
ρ
α (1− α)

3

<B

√
2

3

|Pv − P |
ρl

(4.13)

4.2.1 Constitutive relations

Numerical simulations were carried out to study the effect of the cavitation on

mass flow rate ṁ. The mass flow rate ṁ is given by

ṁ = AthCa

√
2ρ (Pinj − Pv) (4.14)

where Ca is the coefficient of contraction given by

Ca = CD

√
Pinj − Pv
4P

(4.15)

where CD is the coefficient of discharge defined as

CD =

√
1
2
ρV̄ 2

4P
(4.16)

A non - dimensional number, cavitation parameter K is defined as

K =
Pinj − Pv
4P

(4.17)

and the pressure difference 4P is given by
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4P = Pinj − Pamb (4.18)

The other non-dimensional numbers used in the discussion are Reynolds num-

ber (Re) and Weber number (We) given as

Re =
ρV̄ DH

µ
(4.19)

We =
ρV̄ 2DH

σ
(4.20)

where V̄ is the average mixture outlet velocity, Ath is the theoretical cross

sectional area, ρ is the mixture density, Pinj is the injection pressure, Pamb is the

ambient pressure or the ambient pressure and Pv is the vapor pressure of the fluid,

µ is the dynamic viscosity, σ is the surface tension of the fuel bubbles and DH is

the hydraulic diameter of the nozzle hole.

The level of turbulence at the nozzle exit is calculated by an initial amplitude

parameter as defined by Li et al. [191] and Som et al. [192] . It is defined as

A0 =
2

5DHω0

√
2

3
Kavg (4.21)

where, Kavg is the average kinetic energy calculated from the simulations and

ω0 is the initial droplet oscillation frequency [193] given by

ω0 =

√
64σ

ρD3
H

−
(

10µ

ρD2
H

)2

(4.22)

4.2.2 Physical model

The physical model used in the simulation was a thin slice model of the U-throttle

geometry used by Winklhofer et al. [185]. As the geometry was axi-symmetric,

only one half of the geometry was considered for the simulations. The dimensions

of the U-throttle nozzle were 300∗301µm at the throat, 300∗284µm at the outlet
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and the length of the nozzle was 1000µm. Because of the computational time

limitations, the current study dealt with a thin slice of 20µm in z axis as shown

in Fig.4.2.

Figure 4.2: Schematic representation of the problem

4.2.3 Boundary conditions

The boundary conditions for the flow inside the injector nozzle were defined as

follows

Inlet The fuel was introduced into the inlet. The boundary condition for

the inlet was set as pressure inlet.

P = Pinj

For fluctuating injection pressure a user defined function was written in C

program.

Outlet The outlet boundary condition was also set as pressure outlet.

P = Pamb

Axis The axis of the nozzle was defined as axis boundary condition.

Wall The no-slip boundary condition was set at the walls of the nozzles.



84 Chapter 4. Cavitation Modeling

V̄ = 0

The same boundary conditions were considered for the transient simulation at

time t = 0s.

4.2.4 Numerical approach

The model geometry was meshed using the pre-processor of Fluent, GAMBIT

2.3.16. The Semi Implicit Pressure Linked Equation-Consistent (SIMPLE-C) al-

gorithm was used for pressure-velocity coupling, and second order upwind differ-

encing scheme was used for the discretization. The under-relaxation factors were

carefully adjusted to ensure convergence of the solution. The residues for conver-

gence criteria were kept below 10−5. The mesh independence study was done for

2D case of the same geometry. The three different mesh sizes of 6285, 15170 and

34085 cells were used in the simulation and the mass flow rate was compared to

ensure grid independent solution. It was found that mesh sizes of 15170 cells and

34085 cells gave results of 3.75% deviation whereas the results from the mesh size

of 6285 cells gave about 6.25% deviation as compared to the experimental result

for a pressure difference of 6 MPa. The comparison of the results is shown in Table

4.1. Therefore, for thin slice of the same geometry, the mesh size of 112380 cells

with an average cell size of 0.03− 0.04µm was used. A fine structured mesh was

used throughout the domain to capture the large pressure and velocity gradients

related to the inception of cavitation (Fig.4.3).

Table 4.1: Grid independence check

No. of cells Mass flow rate (g/s) at 4P = 6MPa
Numerical Experimental [185]

6285 7.66
7.4115170 7.48

34085 7.48
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Figure 4.3: Mesh used for simulation

4.3 Results and Discussion

4.3.1 Validation

The simulation results were compared with the Winklhofer et al experimental

results [185] for model validation. As in the experiments, the injection pressure

Pinj was kept constant at 10 MPa and the back pressure Pamb was varied from 1.5

to 8MPa for the simulations and corresponding mass flow rates ṁ were calculated

for diesel as the working fluid. The properties of diesel fuel [194, 195] used in the

simulation are shown in Table 4.2.

Table 4.2: Fuel properties used

Properties
Diesel SME - Bio-diesel

Liquid Vapor Liquid Vapor
Density (kg/m3) 832 0.1361 870 8.5

Dynamic viscosity (kg/ms) 2.1 ∗ 10−3 5.953 ∗ 10−6 3.9 ∗ 10−3 10−5

Vapor pressure @ 300 C (Pa) 2000 1

Fig.4.4 shows the comparison of the numerical results with the experimental

results. The mass flow rate was calculated using Eq.4.14 from the results ob-

tained through the numerical simulations. The difference between the predicted

and experimental values is less than 5%. The simulation predicts the start of cav-

itation at par with the experiment. The start of cavitation occurs at the pressure

difference of 6 MPa.
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Figure 4.4: Experiment vs Simulation results

Figure 4.5: Pressure distribution along axial direction

Fig.4.5 illustrates the pressure distribution along the symmetry line compared

with the experiment for pressure difference of 7 MPa. The pressure distribution is

in good agreement with that expected from the theory as explained earlier when

discussing Fig.4.1 and we observed a good qualitative agreement between the simu-

lation and the experimental results. The validation was also done with the velocity

profile in the throttle entrance regime which should obviously be affected by the
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flow separation and the presence of gas between the fluid and the channel wall.

The experimental and simulation results were compared for condition without cav-

itation (∆P = 5.5MPa) and with cavitation (∆P = 6.7MPa) at a position 53µm

inside the throttle hole in x-direction (see Fig.4.6). The simulation show a good

agreement with the experimental data.

Figure 4.6: Velocity Profiles at distance 53mm inside throttle hole in x direction

Fig.4.7 shows the liquid fraction and pressure contours at DP = 7MPa. This

pressure difference is chosen because it is the experimental critical pressure differ-

ence above which the mass flow becomes choked. From Fig.4.7, it is clear that the

cavitation appears in the nozzle hole entrance due to abrupt change of the flow

direction associated with large pressure drop (evident from pressure contours) and

very high fuel velocity. With decreasing back pressure or increasing pressure dif-

ference, the cavitation expands up to the exit with major volume fraction of vapor

at the upper and lower part of the nozzle. This observation was also made by

other researchers [186, 188, 192, 189].
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Figure 4.7: Liquid fraction and pressure contours at DP = 7MPa

4.3.2 Effect of injection pressure on cavitation

To study the effect of injection pressure on the cavitation, the back pressure was

kept constant at 10 MPa, a typical compression pressure inside the turbocharged

engines. The injection pressure was varied from 15 − 125 MPa, typical injection

pressure range for common rail fuel injection system. The effect of injection pres-

sure was studied for both diesel and SME bio-diesel. The properties for SME -

bio-diesel [195, 196, 197, 198, 199] used for the simulation are shown in Table 4.2.

The effect of injection pressure on cavitation was measured in terms of cavita-

tion parameter k and coefficient of discharge. The coefficient of discharge increases

with cavitation parameter and then becomes constant as shown in Fig.4.8. The

region up to which the coefficient of discharge increases with the cavitation param-

eter is termed as cavitating region and the region where the coefficient of discharge

reaches steady state is termed as non-cavitating region. In the cavitating region,

the cavitation gets enhanced whereas in the non-cavitating region, the cavitation

phenomenon does not occur. The cavitation occurs inside the nozzle below the

cavitation parameter of 1.7 for this geometry. From Fig.4.8, it is also evident that

the coefficient of discharge for bio-diesel is higher compared with the diesel. Also

from the simulation it was noted that the vapor volume fraction for bio-diesel

was lesser compared to diesel. These two factors shows that the cavitation is less



4.3. Results and Discussion 89

pronounced in bio-diesel.

Figure 4.8: Effect of coefficient of discharge with cavitation parameter for constant
Pback = 10MPa

The mass flow rate for varying injection pressure for both diesel and SME bio-

diesel is shown in Fig.4.9. The mass flow rates of both the diesel and bio-diesel

fuel are almost the same from 15 to 25 MPa as there is no cavitation taking place

with both the fuels under this pressure range. From 25 MPa, the mass flow rate

of bio-diesel is slightly higher than that of the diesel. This is because of the higher

viscosity and lower saturation pressure. The less viscous diesel fuel has higher

Reynolds number which results in stronger cavitation in the nozzle. This shows

that reduction in viscosity causes higher cavitation in the nozzle. These results

confirm that Reynolds number is an important parameter for cavitating flow. The

results obtained are consistent with those of Shi and Arafin [158]. However, the

start of cavitation phenomenon occurs at the same injection pressure for both

diesel and bio-diesel fuels. This is because of the sharp pressure gradient at the

entry of the nozzle for both the fuels which leads to start of cavitation at injection

pressure of 25 MPa or at cavitation parameter of 1.7 for this geometry. This

shows that the bio-diesel inhibits the cavitation phenomenon compared to diesel.

According to Payri et al. [157] the cavitation increases spray cone angle, hence a
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small cone angle is expected for bio-diesel which may result in less effective air –

fuel mixing and a poor combustion process is also expected.

Figure 4.9: Effect of injection pressure on mass flow rate

Fig.4.10 shows the significance of Reynolds number on cavitation phenomenon.

Under constant back pressure, the cavitation parameter decreases gradually with

increase in the Reynolds number. The cavitation starts at Re=19823.9 for diesel

fuel, and at Re=10945.2 for bio-diesel. As the Reynolds number is higher for

diesel fuel compared to bio-diesel for the same pressure difference, the diesel fuel

suffers stronger cavitation than bio-diesel. From Fig.4.11, for an injection pressure

of 25 MPa, the dynamic pressure is higher and absolute pressure is lower than

that of the bio-diesel, which clearly infers that the lower viscosity promotes the

cavitation. Fig.4.12 shows the effect of Weber number on cavitation. The Weber

number shows similar trend as Reynolds number with cavitation parameter. The

difference in Weber number for both diesel and bio-diesel is lower for the same

cavitation parameter, but its numerical value is very high. As Weber number is

a function of surface tension, as shown in Eq.4.20, it can be inferred that surface

tension has little or no effect on the cavitation phenomenon.

Fig.4.13 shows that the initial amplitude parameter increases linearly with the
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Figure 4.10: Reynolds number vs cavitation parameter

Figure 4.11: Absolute and dynamic pressure comparison for both diesel and
biodiesel at injection pressure 25 MPa

injection pressure for both diesel and SME bio-diesel. This interesting result indi-

cates higher turbulence levels at the nozzle exit as the injection pressure increases.

These results also suggest that the primary breakup model should account for the

effects of cavitation and turbulence in addition to the aerodynamic effect. Al-

though the initial amplitude parameter for SME bio-diesel is lower compared to
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Figure 4.12: Weber number vs cavitation parameter

that for diesel, since cavitation is inhibited in bio-diesel due to higher viscosity

and density which implies significantly lower level of turbulence at the nozzle exit

compared to diesel. However the effect of cavitation cannot be neglected for both

fuels.

Figure 4.13: Effect of injection on initial amplitude parameter
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4.3.3 Transient analysis

The simulation was done for transient conditions to find the progress of cavitation

with time. For this simulation, injection pressure of 100 MPa and back pressure of

10 MPa was maintained. The development of cavitation with time for both diesel

and bio-diesel is shown in Fig.4.14. The cavitation starts at 4 ms for diesel and

5 ms for bio-diesel, after the flow starts inside the nozzle hole and the cavitation

attains steady state at 16 ms for diesel and for bio-diesel after about 17 ms. From

Fig.4.14, it is clear that the cavitation in diesel fluid is more pronounced than that

in the bio-diesel because of lower density and viscosity for both liquid and vapor

state and higher vapor pressure for diesel fuel. Fig.4.15, shows the vapor volume

fraction with time, which also confirms that the cavitation in diesel fuel is more

pronounced than that in bio-diesel.

Fig.4.16 shows the variation of mass flow rate ṁ with time. The mass flow rate

of both diesel and bio-diesel follows the same trend. The mass flow rate increases

initially, then decreases and attains steady state. The reason for this trend can

be explained from the variation of coefficient of contraction, Ca with time. It is

evident that the mass flow rate follows the same trend as that of Ca , as the mass

flow rate is directly proportional to the Ca for the same injection pressure as per

Eq.4.14. The coefficient of contraction increases at start because it is the time

taken for the fuel to fill the nozzle hole. Then it decreases up to 16 ms and 17 ms

for diesel and bio-diesel respectively as the phenomenon of cavitation reaches the

outlet of the nozzle and then it becomes steady and hence the mass flow rate also

decreases and becomes steady.

4.3.4 Effect of different geometries on cavitation

The effect of different geometries was studied based on the four geometries chosen

as shown in Table 4.3. The geometries were classified based on the inlet diameter

Din and Kfactor. The Kfactor is the measure of taper and is defined as
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Figure 4.14: Formation of cavitation with time for both diesel and biodiesel

Kfactor =
Din −Dout

10
(4.23)

where Din is inlet diameter and Dout is outlet diameter in µm. Generally, there

are three types of nozzle holes based on Kfactor - as shown in Fig.4.17 viz. zero

Kfactor, positive Kfactor and negative Kfactor. Zero Kfactor is one with same inlet

and exit diameter, positive Kfactor nozzles has a larger inlet diameter compared

to that of exit diameter, a form of convergent nozzle and negative Kfactor has

a smaller inlet diameter than that of exit diameter, a form of divergent nozzle.

Usually the former two types are commonly used in commercial diesel injectors,

whereas negative Kfactor nozzles are not used as they are diffusive nozzles, which
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Figure 4.15: Vapor volume fraction

Figure 4.16: Mass flow rate and coefficient of contraction with time

are characterized by lower velocity at the exit, and possibly poor atomization of

fuel.
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Table 4.3: Different geometries used in simulation

Geometry
Din Dout kfactor r

(µm) (µm) (µm)

1 301 284 1.7 20

2 299 299 0 20

3 316 299 1.7 20
4 175 175 0 20

5 192 175 1.7 20

Figure 4.17: Types of Kfactor

Geometries 1 and 2 were the same as the U and J throttle geometries of Win-

klhofer et al. [185] respectively. The exit diameters of Geometries 4 and 5 were

obtained from 6 holes commercial Denso common rail injector used in Toyota

2KD−FTV engine of capacity 2.5 liters. The exit diameter of the nozzle hole

was measured using optical microscope and was found to be around 175±3 mm.

Geometries 1 and 2 have the same inlet diameter but different Kfactor, whereas

Geometries 2 and 3 are of same exit diameter but with different Kfactor values and

Geometries 4 and 5 are similar to Geometries 2 and 3 but with overall smaller

dimensions.
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The numerical simulation was conducted with diesel as working fluid for injec-

tion pressure between 15 - 125 MPa and maintaining the back pressure constant at

10 MPa. The effect of Kfactor , inlet diameter and exit diameter on mass flow rate

considering the cavitation phenomenon is shown in Fig.4.18. When the Kfactor

increases while keeping the exit diameter the same, the mass flow rate increases

at the exit of the nozzle hole as evident from the results obtained for Geometries

2 and 3. From simulation it was found that vapor volume produced for Geometry

3 is lower than that with Geometry 2. This shows that lower Kfactor tends to

enhance cavitation and hence leads to lesser mass flow rate. However the start of

cavitation is unaffected by the Kfactor. For both Geometries 2 and 3, the cavita-

tion starts at the injection pressure of 25 MPa. For same Kfactor but with different

exit diameter (geometries 1 and 3), the mass flow rate of geometry 3 with higher

exit diameter has higher mass flow rate because of higher exit cross sectional area.

When both the inlet and exit diameters decrease with the same Kfactor, the mass

flow rate decreases as the nozzle hole diameter decreases. Also the start of cavita-

tion occurs at lesser pressure difference for smaller nozzle diameter. The Geometry

4, in which both inlet and exit diameters are smaller than those of Geometry 2

but with the same Kfactor , has lower mass flow rate. The cavitation starts early

at the pressure difference of 20 MPa for Geometry 4. From the results obtained,

it is clear that the mass flow rate increases as Kfactor increases or as the nozzle

contracts. As the diameter decreases, the effective flow area decreases which also

decreases the net mass flow rate through the nozzle hole. From Geometries 4 and

5, it is obvious, that the effect of Kfactor on the mass flow rate is small or negligible

for smaller nozzle diameter.

Fig.4.19 shows the exit velocity for different Kfactor. For higher Kfactor, the

exit velocity is higher because of its convergent nature, which converts the pressure

energy into kinetic energy. The higher velocity of fuel spray will lead to break

up in the atomization regime, and results in droplets whose average diameter is

much smaller than the nozzle diameter [15]. This will have a significant effect on
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Figure 4.18: Effect of different geometries on cavitation

combustion and emission.

Figure 4.19: Exit velocity for different Kfactor

4.3.5 Validation of model with in-house experiment

The cavitation model was then validated with the in-house experimental data ob-

tained from the momentum flux measurements reported in the Chapter 3. For
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validation, the momentum flux was also obtained from the internal nozzle flow

simulations. Fig.4.20a shows the comparison of momentum coefficient between

experiment and simulation and it is found that the model predicts the exper-

imental results with a maximum deviation of 6.8%. The momentum flux and

momentum coefficient at different injection pressures and ambient densities are

shown in Fig.4.20b. It should be noted that the momentum flux decreases with

increase in ambient density but the momentum coefficient remains constant irre-

spective of injection pressure and ambient density supporting the result obtained

by Payri et al. [153] . It was also observed that cavitation inception occurs at all

chosen injection pressures and ambient densities, which also supports the reason

for constant momentum coefficient. Fig.4.21 shows the cavitation contours inside

the injector nozzle holes for different injection pressures under an ambient pressure

of 6 MPa. From the same Fig., it can be observed that as the pressure difference

was increased, the amount of vapor volume fraction was also increased due to

cavitation. This is due to high turbulence generated as a result of the conversion

of pressure energy to kinetic energy.

Figure 4.20: (a) Comparison between experimental and simulation momentum co-
efficient (b) spray momentum flux and momentum coefficient at different injection
pressure and ambient density from simulation.
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Figure 4.21: Cavitation contours at different injection pressure under ambient
pressure of 6 MPa

4.4 Summary

A numerical study was performed to investigate the effect of different fuels, injec-

tion pressure, time and different geometries on the cavitation phenomenon inside

the injector nozzle hole. The following observations were made based on the results

from the numerical simulations performed.

• The cavitation phenomenon is found pronounced with diesel fuel than with

SME bio-diesel because of its fluid properties. Cavitation in diesel occurs at

high Re number compared to bio-diesel because of higher dynamic pressure

due to lower viscosity. Also very high numerical value of Weber number

shows that surface tension has no significant effect on cavitation.

• The cavitation of both the fuels with time were compared with the forma-

tion of vapor phase, which also shows that bio-diesel inhibits the cavitation

phenomenon because of higher viscosity.

• The mass flow rate increases with the increasing Kfactor for bigger inlet and

exit diameter but no significant effect is observed with smaller diameter

nozzles. A significant decrease in mass flow rate is observed for smaller

diameter from bigger diameter with the same Kfactor. The exit velocity for

higher Kfactor is higher, which may help in finer atomization of fuel.
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• The model also predicts the cavitation in good agreement with the in house

experimental results.

The study presented here confirms that the model is good in predicting the cav-

itation in diesel fuel injectors. In subsequent chapters, the model will be used to

introduce the effect of cavitation and turbulence inside the injector nozzle holes

in to the spray break up process.



5
Development and Validation of new

hybrid fuel spray model1

Spray processes play an important role in many technical systems and industrial

applications. Examples are spray cooling, spray painting, crop spraying, humidifi-

cation and spray combustion in furnaces, gas turbines, rockets as well as diesel and

gasoline engines. The role of fuel spray in combustion process is to break up the

liquid fuel into smaller droplets thus increasing the surface area for evaporation

1Excerpts of this chapter, in part, is a reprint of previous publications titled “Development
of an accurate cavitation coupled spray model for diesel engine simulation”, Energy Conversion
and Management 77, 269-277, 2014. DOI: 10.1016/j.enconman.2013.09.035. “Effect of internal
nozzle flow and thermo-physical properties on spray characteristics of methyl esters”, Applied
Energy 129, 123-134, 2014. DOI: 10.1016/j.apenergy.2014.04.109. and “Experimental study
of spray characteristics of biodiesel derived from Waste cooking oil ”, Energy Conversion and
Management 88, 622-632, 2014. DOI: 10.1016/j.enconman.2014.09.013.

102
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to provide gaseous fuel for combustion. The physical development of fuel spray

occurs in three stages as described

• First stage, the liquid jet breaks up to form a cluster of fuel droplets.

• Second stage, the cluster of droplets forms coalescence leading to further

droplet break up.

• Third stage, diffusion of fuel droplet takes place and starts evaporating,

forming a dilute droplet region, where droplet to droplet interactions get

minimized and the motion of droplet is governed predominantly by the local

gas-field.

The general spray properties are shown in Fig.5.1. The important properties of

spray are

• Break up length Lbu, the length of the liquid core.

• Spray tip penetration length S, the total length of the spray tip penetrated

into the combustion chamber.

• Spray angle θ, the angle formed by the spray cloud.

• Droplet diameter DSMD, sauter mean diameter of the droplet.

The factors that affect the fuel spray formation and its properties are

• Injection pressure

• Ambient density

• Cavitation

5.1 Spray regimes

The secondary break-up of liquid fuel droplets into even smaller droplets is pri-

marily driven by aerodynamic forces employed on the drops by the surrounding
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Figure 5.1: Spray Properties

gas phase. These forces cause a distortion of the initially spherical droplet that

will eventually lead to break-up if the surface tension that counteracts the defor-

mation is exceeded. There are generally five different break-up regimes shown in

Fig.5.2 [200].

According to Wierzba [200], for very low Weber numbers near the critical

value of about Wec = 6, the droplet executes an oscillation and may break-up

into two new droplets of approximately equal size. If the Weber number is slightly

increased the original drop will be deformed into a bag shape. After break-up a

bimodal droplet size distribution will result with larger droplets originating from

the rim and smaller ones originating from the trailing edge. For Weber numbers

between approximately 10 and 25 an additional streamer-shaped interior may

develop within the bag, leading to a class of droplets with a similar size to the ones

resulting from the rim of the bag. Stripping break-up occurs for Weber numbers

between 25 and 50. It is characterized by very small secondary droplets that are

stripped or sheared off the surface of the bigger parent droplet. Finally, for large

Weber numbers above about 50 the so-called catastrophic break-up takes place.

It is dominated by surface instabilities that develop on a liquid-gas interface. In
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Figure 5.2: Drop break-up regimes a) vibrational break-up, b) bag break-up, c)
bag/streamer break-up, d) stripping break-up, and e) catastrophic break-up [200]
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high pressure diesel sprays all of the above mechanisms may be present.

5.2 Atomization models

Atomization represents an example of a complex gas-liquid flow: Near the nozzle,

the liquid, initially introduced as a continuous jet, disintegrates into filaments and

drops by interacting with the gas. Atomization is also important in a wide variety

of other applications such as liquid metals, environmental spraying, printing, food

processing as a significant parameter of the subsequent droplet formation and dis-

persion. This has led researchers to focus on theoretical and experimental analysis

of this phenomenon. Spray modeling for diesel engine dates from the late 1970s

as the development of CFD methodology for diesel engine calculations started.

Spray modeling is considered key component in diesel combustion simulations,

because of the controlling role the fuel injection process plays in the combustion

and emissions of the engine. Since then many spray models have been developed to

simulate the actual injection and spray development process inside the combustion

chamber. Some note worthy spray models being used in diesel engine simulations

in various commercial and open source engine CFD codes are explained in detail

in the upcoming sections.

5.2.1 Taylor analogy break-up (TAB) model

The Taylor analogy break-up (TAB) model was first proposed by O’Rourke and

Amsden [193] for simulating the spray process in KIVA CFD code. TAB model

is based on the analogy between an oscillating and distorting drop and a spring

mass system suggested by Taylor [201]. The external force acting on the mass,

the restoring force of the spring, and the damping force are considered analogous

to the gas aerodynamic force, the liquid surface tension force, and the liquid

viscosity force respectively. The parameters and constants in the TAB model

Equations have been determined from the theoretical and experimental results,



5.2. Atomization models 107

and the model has been applied successfully to sprays.

The Equation of a damped, forced harmonic oscillator is given by

mÿ = F − ky − dẏ (5.1)

In accordance to Taylor analogy, the physical dependencies of the coefficient

in Eq.5.1 are

F

m
= CF

ρgu
2

ρlr
,

k

m
= Ck

σ

ρlr3
,

d

m
= Cd

µl
ρlr2

(5.2)

where ρg and ρl are the gas and liquid densities, u is the relative velocity

between gas and droplet, r is the droplet radius, σ is the gas liquid surface tension

coefficient and µl is the liquid viscosity and CF , Ck and Cd are dimensionless

constants. It was assumed that break-up occurs if and only if y > Cbr, where Cbis

another dimensionless number. On substituting Eq.5.2 in Eq.5.1 and solving we

get

y (t) =
CF
CkCb

We+e
− t
td

∣∣∣∣∣
(
y0 −

CF
CkCb

We

)
cosωt+

1

ω

(
ẏ0 +

y0 − CF
CkCb

We

td

)
sinωt

∣∣∣∣∣
(5.3)

where

We =
ρgu

2r

σ
, (5.4)

y0 = y (0) , (5.5)

ẏ0 =
dy

dt
(0) , (5.6)

1

td
=
Cd
2

µl
ρlr2

, (5.7)
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and

ω2 = Ck
σ

ρlr3
− 1

t2d
(5.8)

In TAB model, in addition to arrays specifying the particle position, velocity,

size and temperature, to implement the model, two additional arrays specifying

the values of y and ẏ of each particle were used. For each particle, firstWe, td, and

ω2 were calculated. A value of ω2 ≤ 0 occurs only for very small drops for which

distortions and oscillations are negligible. Thus if ω2 ≤ 0, then yn+1 = ẏn+1 = 0,

where the superscript n+1 denotes advanced time value. If ω2 > 0, then the

amplitude A of the undamped oscillation is calculated

A2 =

(
yn − We

12

)2

+

(
ẏn

ω

)2

(5.9)

If We
12

+A ≤ 1.0, then according to Eq.5.3, the value of y will never exceed unity

and break up will not occur and for these condition y and ẏ are simply updated

as given below

yn+1 =
We

12
+ e

−4t
td

{(
yn − We

12

)
cosω4t+

1

ω

(
ẏn +

yn − We
12

td

)
sinω4t

}
(5.10)

and

ẏn+1 =

(
We
12
− yn+1

)
td

+ωe
−4t
td

{
1

ω

(
yn +

ẏn − We
12

td

)
cosω4t−

(
yn − We

12

)
sinω4t

}
(5.11)

If We
12

+ A ≥ 1.0, the break-up is possible, then breakup time tbu is calculated

assuming that the drop oscillation is undamped for its first period. Again this is

true for all except very small drops. The time tbu is the smallest root greater than

tn of the equation

We

12
+ Acos |ω (t− tn) + φ| = 1 (5.12)



5.2. Atomization models 109

where

cosφ =
yn − We

12

A
(5.13)

and

sinφ = − ẏn

(Aω)
(5.14)

Break-up is calculated only when when tn ≤ tbu ≤ tn+1. To conserve mass,

the number of drops N associated with the computational particle is adjusted

according to

Nn+1 = Nn

(
rn

rn+1

)3

(5.15)

The TAB model is best for low Weber number sprays. However, for extremely

high Weber number sprays which result in shattering of droplets, cannot be de-

scribed by the spring mass analogy.

5.2.2 Enhanced Taylor analogy break-up model (ETAB)

model

The Enhanced Taylor analogy break-up model (ETAB) model was proposed by

Tanner [202] in 1997. This model uses the droplet deformation dynamics from

the standard TAB model, but it provides a new strategy for the description of the

droplet break-up process. The droplet disintegration is modeled via an exponential

law which relates the mean product droplet size size to the break-up time of the

parent drop. The main assumption for this model is that the rate of product

droplet generation is proportional to the number of product droplets given as

dn (t)

dt
= 3Kbrn (t) (5.16)

By the mass conservation principle between the parent and the product

droplets
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n (t) =
mo

m (t)
(5.17)

wheremo is the mass of the parent drop andm is the mean mass of the product

droplets. Using Eq.5.17 in Eq.5.16, leads to the break-up law which relates the

product droplet size to the break-up time. The break-up time is calculated from

the TAB model.

dm

dt
= −3Kbrm (5.18)

The break-up constant Kbr depends on the break-up regime and is given by

parent drop properties and is given as

Kbr =


k1 if We ≤ Wet

k2ω
√
We if We > Wet

(5.19)

Bag break-up happens ifWe ≤ Wet and stripping break-up happens ifWe > Wet,

whereWet is the regime-diving Weber number. The values of k1 and k2 have been

adjusted as k1 = k2 = 2
9
in order to match experimentally determined drop sizes.

From Eq.5.18, the ratio of child to parent droplet radii is given as

r

a
= e−Kbrt (5.20)

where a and r are the radii of the parent and product drops, respectively. The

global effect of the ETAB model is that it generally predicts greater child droplet

diameters than the original TAB model. As a result, a more realistic droplet size

distribution, especially in the thick spray regime close to the injection nozzle is

obtained.
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5.2.3 Cascade atomization and drop break-up (CAB) model

The CAB model [203] is an extended approach of ETAB model. In the CAB

model the break-up condition is determined by means of the drop deformation

dynamics of the standard TAB model [193]. It was observed that the drops near

the nozzle exit exceed the transition Weber number of the stripping/ catastrophic

break-up regime which prompted the development of the CAB model. Similar to

ETAB model, in conjunction with the mass conservation principle between parent

and product droplets, leads to the basic cascade break-up law

dm (t)

dt
= −3Kbrm (t) (5.21)

where m (t) denotes the mean mass of the product drop distribution and the

break-up frequency Kbu depend on the drop break-up regimes. The break-up

frequency can be expressed as

Kbu =


k1ω if Wec < We ≤ Web,s

k2ω
√
We if Web,s < We ≤ Wes,c

k3ωWe
3
4 if Wes,c < We

(5.22)

where the drop oscillation frequency ω is given by

ω2 =
8σ

ρla3
− 25µ2

l

4ρ2l a
4

(5.23)

For the model implementation in this study , a uniform product drop size

distribution has been assumed, by which Eq.5.21 becomes

r

a
= e−Kbutbu (5.24)

where a and r are the radii of the parent and product drops, respectively, and

tbu is the breakup time.

In the CAB model, the determination of the spray angle has been considerably
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simplified. The main reason for this is that the ETAB model constant Cα, which

determines the initial spray angle, is dependent on the model constant for the jet

break-up length Cλ. This dependence does not allow for an independent choice of

the two parameters, but it has the advantage that the initial spray angle adjusts

automatically to changes in the gas pressure, once the constants have been turned

to a particular nozzle as shown below

tan

(
θ

2

)
≈
√
ρl
ρg

(5.25)

The product droplet radii for the CAB model decrease with increasing Weber

number, and the ratio is larger than for the ETAB model throughout the entire

range, a fact which results in an improved prediction of the drop size distributions

for the CAB model.

As expected, the product droplet radii for the CAB model decrease with in-

creasing Weber number, and the ratio is larger than for the ETAB model through-

out the entire range, a fact which results in an improved prediction of the drop

size distributions for the CAB model.

5.2.4 Blob injection model

A blob injection model injects liquid drops with a diameter equal to an effec-

tive nozzle diameter, and an injection velocity that is calculated from the rate

of injection (ROI) profile. In the traditional approach, the primary of the jet is

considered aerodynamic break-up mechanism using Kelvin-Helmholtz instability

[204, 205][206]. The schematic showing surface waves and break-up on a liquid jet

or blob and schematic illustration of the blob injection model are shown in Fig.5.3

and 5.4 respectively.

The KH model considers break-up resulting from waves growing at the liquid

surface. Due to the relative velocity between the gas and liquid phases, the growth

of KH instabilities induces the shearing of the droplets from the liquid surface.

The break-up of droplet parcels is calculated by assuming that the radius of newly
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Figure 5.3: Schematic showing surface waves and break-up on a liquid jet or blob
[207]

Figure 5.4: Schematic illustration of the blob injection model [204]
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formed droplets (rKH) is proportional to the wavelength of the fastest growing

surface wave on the parent droplet i.e.,

rKH = B0ΛKH (5.26)

where ΛKH is the wavelength corresponding to the KH wave with the maximum

growth rate, ΩKH , and B0 is a constant. During break-up, the radius of the parent

droplet parcel (r) decreases continuously according to the following Equation until

it reaches the droplet radius:

dr

dt
=
r − rKH
τKH

, rKH ≤ r (5.27)

τKH = 3.276
B1r

ΩKHΛKH

(5.28)

where τKH is the break-up time, ΩKH and ΛKH are given as

ΩKH =
0.34 + 0.38We1.5g

(1 + Z) (1 + 1.4T 0.6)

√
σ

ρlr3
(5.29)

ΛKH =
9.02r

(
1 + 0.45

√
Z
)

(1 + 0.4T 0.7)(
1 + 0.865We1.67g

)0.6 (5.30)

where

Z (Ohnesorge number) =

√
Wel
Rel

Wel (Weber number) =
ρlU

2
r r

σ

Rel (Reynolds number) =
Urr

vl
(5.31)

T (Taylor number) = Z
√
Weg

Weg (Weber number) =
ρgU

2
r r

σ
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Figure 5.5: Schematic illustration of Rayleigh-Taylor instabilities on a liquid
droplet [164]

where, σ, ρg Ur, ρl, and vl are surface tension, gas density, relative velocity

between the liquid and gas phases, liquid density and liquid viscosity respectively.

The instantaneous length scale for every parcel is calculated as follows:

LKH = r − rKH (5.32)

It should be noted that in many recent applications of the blob injection

method KH break-up model has been combined with the so called Rayleigh-Taylor

break-up model in order to estimate the disintegration of the blobs into secondary

droplets. In fact, the model is not only used to estimate the disintegration of

primary blobs but also to model the subsequent break-up of secondary droplets

into even smaller droplets.

5.2.5 Rayleigh-Taylor model

In diesel sprays injected liquid droplets have very high initial velocities and they

decelerate rapidly due to drag forces. Fig.5.5 shows the schematic illustration of

Rayleigh-Taylor instabilities on a liquid droplet. Hence Rayleigh-Taylor instability

can be important in the droplet mechanism, in addition to the KH instability

[208, 209, 210].

Neglecting liquid viscosity and considering surface tension only, the analytical
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fastest-growing frequency, ΩRT , and the corresponding wave number, KRT , are

represented as

ΩRT =

√
2

3
√

3σ

[−gt (ρl − ρg)]3/2

ρl + ρg
(5.33)

KRT =

√
−gt (ρl − ρg)

3σ
(5.34)

where gt is the acceleration in the direction of travel and defined as gt =

−→g .−→j +−→a .−→j , where −→g is the gravity, −→a represents the droplet acceleration, and
−→
j is the unit vector tangent to the droplet trajectory. The wavelength , 2πCRT/KRT ,

is compared to the distorted droplet’s diameter, and if the wavelength is smaller

than the droplet diameter, RT waves are assumed to be growing on the surface of

the droplet.The amount of time that the waves grow is tracked and compared to

a break-up time which is assumed to be

τRT =
Cτ

ΩRT

(5.35)

where CRT is an adjustable constant, nominally assumed equal to 1. After

the break-up time has elapsed the parent droplet is broken up into a collection of

smaller drops which have radii

rRT =
πCRT
KRT

(5.36)

where CRT is assumed equal to 0.3. Droplet break-up process in this model is

essentially similar to that in the wave model, i.e., the radius of the parent droplet

parcel decreases continuously according to the following Equation until it reaches

the droplet radius:

dr

dt
=
r − rRT
τRT

(5.37)

The instantaneous length scale is calculated as
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LRT = r − rRT (5.38)

The original RT model does not account for viscous effects. Senecal et al. [211]

extended the standard RT model to include viscosity effects which can have large

effects for high deceleration typically experienced by spray droplets [212].

5.2.6 Cavitation induced breakup model

The cavitation patterns decrease the radius of the injected parcels from the orifice

radius. The assumption in this model is that the cavitation bubbles formed inside

the nozzle holes are swept out by turbulence and either they burst out on the

surface or collapse before reaching it. For both these cases a characteristic time

scale can be calculated, the smaller of which causes the further breakup. According

to Bianchi and Pelloni [213] and Arcoumanis and Gavaises [214], the characteristic

time scale of the cavitation is assumed to be the smaller of the collapse time and

the burst time

τcav = min (τcoll; τburst) (5.39)

where, the collapse time τcollapse of a bubble with radius Rcav is evaluated from

the Rayleigh theory [215]

τcollapse = 09145Rcav

√
ρl
ρv

(5.40)

The burst time, calculated taking into account the time required for the cavities

to reach the jet surface, is defined as

τburst =
rhole −Rcav

u
′
L

(5.41)

where, u′L is the velocity of jet fluctuation
(
u
′
L =

√
2Kavg

3

)
and it is obtained
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from the cavitation simulation presented in Chapter 4, Kavg is the average kinetic

energy at the orifice exit obtained from the , Rcav is the radius of an equivalent

bubble having the same area as all the cavitating bubbles, defined as

Rcav =
√
r2hole − r2eff (5.42)

where, rhole is the geometrical nozzle and radius reff is the radius of the effective

flow area at the nozzle exit, defined as

r2eff = CCr
2
hole (5.43)

where, Cc is the area coefficient or coefficient of contraction obtained from the

cavitation simulation presented in earlier chapter. Combining Eqns.5.42 and 5.43,

we get

Rcav = rhole
√

1− CC (5.44)

The length scale of the cavitation induced atomization Lcav is estimated ac-

cording to Arcoumanis and Gavaises [214] as

Lcav = 2π (rhole −Rcav) (5.45)

The radius of the parent droplet decreases continuously according to the fol-

lowing Equation until it becomes

dr

dt
= −Ccav

Lcav
τcav

(5.46)

where, Ccav is the model constant which takes the value 0.025 for vaporizing

spray and 0.05 for non-vaporizing spray [216].
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5.3 New hybrid fuel spray model

There are many atomization models used to predict the spray process in the diesel

combustion chamber [217, 218, 219, 193, 202, 220, 221, 222] as explained in pre-

vious sections. However the most widely used atomization model is the KHRT

model for diesel engine simulations [208, 206, 223, 210, 224]. In the KHRT model,

the KH model is used for primary break-up whereas the combined KHRT model

is used for secondary break-up. The KH model was developed based on Kelvin-

Helmholtz instabilities which account for aerodynamic instability due to shear of

liquid surface and the RT model was developed based on the Rayleigh-Taylor in-

stabilities which accounts for the acceleration instability on the droplet surface.

However, this model doesn’t account for the cavitation behavior and its impact

on the spray break-up process. Though some researchers have studied the effects

of cavitation on spray [214, 225, 226], either they have used a one dimensional

model or phenomenological model to predict the cavitation phenomena inside the

nozzle orifice. Except for the work of Berg et al. [156] and Som and Aggarwal

[216], the effects of cavitation on spray break-up were not captured very well with

the modeling of spray development. Berg et al. used two different approaches

to model the spray by considering the internal nozzle flow in ‘AVL FIRE’ CFD

code. The approaches were 1) Two stage approach in which separate internal flow

simulations were done and the results were used in the spray model, 2) Coupled

approach in which both internal flow and spray regions are treated with same fluid

model but different inter-facial exchange terms were used in the spray and cavita-

tion regions. However in their work only qualitative comparison were done with

the experimental investigation and no quantitative results were presented. In Som

and Aggarwal’s work, they adopted the approach very similar to the two stage

approach of Berg et al. using ‘CONVERGE’ CFD code, however they differed

from the latter in the method of coupling the internal flow simulations and spray

break-up models. They have done some extensive evaluations and reported both
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qualitative and quantitative results. However in the earlier work, the cavitation

coupled spray model was not validated against the engine combustion characteris-

tic data. The combination of very few literature and absence of validation against

engine experimental data provided motivation for this present work.

In this work, the simulation procedure is undertaken in two steps. The first

step is simulation of the cavitating nozzle with the two-fluid model and the second

step is the simulation of spray propagation using the new hybrid spray break-up

model combining KHRT spray model and the cavitation sub model. Local distri-

butions of flow field variables in the nozzle orifice obtained from the simulation of

cavitating nozzle flow are used in spray breakup model. These results introduce

the effects of turbulence and vapor volume formation into the breakup model.

The models used in both steps of the simulation procedure are explained in detail

in the sections below. The hybrid spray model was then extensively validated

against the experimental data of both non-vaporizing and vaporizing sprays ob-

tained from constant volume combustion vessel available in literature in relation to

liquid length, spray penetration and fuel vapor penetration. Also the new model

was validated against engine combustion characteristics like in-cylinder pressure

and heat release rate using the results obtained in-house.

In the present work, the computations were carried out by using the KIVA4

CFD code [227, 228] coupled with CHEMKIN II. KIVA4 code uses finite volume

scheme and solves the conservation of mass, momentum and energy Equation.

The new hybrid spray model explained in subsequent sections was incorporated

into the KIVA4 CFD code.

The hybrid model was implemented in a similar way as that implemented by

Som and Aggarwal [216]. The length to time scale ratio was calculated for each

process as given in Eqns.5.27, 5.37 and 5.46. The rate of decrease in droplet radius

was calculated based on the ratio of length to time scale. Thus the dominant

breakup process is determined by the maximum ratio as follows
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Figure 5.6: Grid used for internal flow simulations

Lbu
τbu

= max

{
LKH
τKH

,
LRT
τRT

,
Lcav
τcav

}
(5.47)

In this model, the parent parcels are subjected to breakup by competition

between the three sub models. This model was implemented into KIVA4 using a

program coded in FORTRAN language. The results from internal flow simulations

were used as the input for this hybrid model to correctly capture the turbulence

and cavitation parameters. The principal models of KIVA4 code accounts for

the turbulence, collision and coalescence, and multicomponent fuel evaporation

models.

5.4 Grid generation

For internal flow simulations the grid was generated using Gambit 2.4 as shown in

Fig.5.6. The mesh size used for internal flow simulation using fluent was 366324

cells. The grid was generated for fully opened needle position.

For spray simulation three different grids – Grids 1, 2 and 3 were generated

with 53671, 184671, 458731 cells respectively as shown in Fig.5.7. The grids were

generated using Ansys ICEM CFD mesh generating software. The cylindrical

geometry of the mesh used for spray simulation was φ75 ∗ 150mm. The grid sizes

184671 and 458731 are much finer than those usually considered for complete

internal combustion engine simulations.
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Figure 5.7: Grids used for spray simulations

5.5 Results and discussion

5.5.1 Validation with Sandia National Laboratory experi-

mental results

5.5.1.1 Internal flow simulation

In compression ignition engines, the injection pressure can vary from 200 to 2000

bar or more, and hence under such high pressure conditions, it is significant to

study the internal nozzle flow characteristics. The internal flow simulations were

done for all cases of injection pressure and ambient conditions described in Tables

5.1 and 5.2 and the subsequent results were used for further spray simulations. For

engine validation, the injector nozzle used for internal flow simulations consists of

6 holes with 175mm in diameter. However for computations, a single hole was used

in assuming the flow to be symmetric across all the holes and the peak combustion

pressure inside the combustion chamber is used as the ambient conditions. For



5.5. Results and discussion 123

explanation of the phenomena, an example case test conditions [139] and fuel

properties [195, 229] as shown in Table 5.1 were used.

Fig.4.8 shows the effect of coefficient of discharge with respect to the cavitation

parameter. The coefficient of discharge and cavitation parameter are calculated

from the simulation as given in Eqns.5.48 and 5.49

Coefficient of discharge Cd =
ma

mth

=
ma

Ath
√

2 ∗ ρl ∗ 4P
(5.48)

Cavitation parameter K =
Pinj − Pv
4P

(5.49)

where 4P = Pinj−Pamb. With an increasing amount of cavitation (decreasing

K), Cd will start to decrease at some critical point. The critical value of K is

shown by a line drawn in Fig.4.8. The critical point is also called the point where

mass flow collapse occurs, which is related to the onset of choked flow. Choked

flow is a term used for a flow state through a restriction where the downstream

pressure no longer influences the flow velocity. From Fig.4.8, the region up to

which Cd increases is said to be cavitating region (lower ambient pressure) and

the region where Cd reaches steady state is non-cavitating region (higher ambient

pressure). For lower ambient pressure the cavitation is more pronounced to occur

whereas for higher ambient pressures the occurrence of cavitation is less.

Fig.5.9 shows cavitation inception for injection pressure of 137MPa and ambi-

ent pressure of 6MPa. From Fig.5.9, it is interesting to note that the cavitation

inception is first observed at the orifice inlet and it proceeds all the way long to

the outlet of the orifice, and also it can be noted that the vapor phase is also swept

outside the exit to some extent. This clearly shows that the effects of cavitation

inside nozzles and its turbulence should be incorporated into the primary break

up model along with the aerodynamic effect.
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Figure 5.8: Effect of cavitation parameter on coefficient of discharge

Table 5.1: Test conditions used for internal flow simulations [139]
Injection system Common rail
Nozzle geometry Cylindrical, non hydroground
Number of orifices 1
Orifice diameter, d 246 mm
Injection pressure Pinj 137 MPa
Ambient pressure Pa 0.9-9 Mpa
Fuel Diesel
Fuel liquid density ρl 832kg/m3

Fuel liquid Viscosity µl 2.1 ∗ 10−3kg/ms

Fuel vapor density ρv 0.1361kg/m3

Fuel vapor viscosity µv 5.953 ∗ 10−6kg/ms

Vapor pressure Pv @ 30˚ C 20 mbar

Figure 5.9: Vapor volume fraction
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5.5.1.2 Spray simulation

In order to validate the new hybrid spray model, the simulation results were com-

pared with experimental results available in the literature. Extensive validation

of new hybrid model was done with vaporizing and non-vaporizing spray results

obtained from the constant volume combustion chamber.

The effect of the new spray breakup model was examined for vaporizing and

non-vaporizing conditions with the experimental measurements by Naber et al.

[37] and Siebers and Dennis [139] in constant volume combustion chamber. The

experimental conditions chosen for the simulations are shown in Table 5.2. The

spray parameters like liquid length and vapor penetration length were used for

the validation. The liquid length is the important spray characteristic as over

penetration may result in wall impingement on combustion chamber and piston

and under penetration may result in poor utilization of air. Vapor penetration

is also important characteristic representing the vaporizing spray which defines

the fuel vapor penetration extent and indirectly the amount of fuel air mixing.

In this simulation the vapor penetration was calculated as the distance between

the nozzle tip and location of 5% vapor content in the spray. The spray tip

penetration for non-vaporizing spray was calculated as the distance between the

nozzle tip and the location of 95% of the total liquid mass at any given instant.

A separate FORTRAN code was written to calculate the values of liquid length,

vapor penetration, and total spray penetration at every time step and the same

was made to output as a text file.

It is not possible to apply the new hybrid spray model without considering the

effect of grid resolution. Grid resolution is more critical as in high pressure and

high dense spray simulations, the volume occupied by liquid is considered small

compared to the volume occupied by the gas phase. Fig.5.10 shows the effect of

three different grid resolutions on spray penetration compared with the experi-

mental data. The conditions used for grid independency test are 246mm orifice

diameter, 1000K ambient temperature, 135 MPa injection pressure and 438K fuel
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Table 5.2: Test cases used for spray simulations [139, 37]
Injection system Common rail
Nozzle geometry Cylindrical, non hydroground
Number of orifices 1
Orifice diameter, d 246 mm, 257 mm
Injection pressure Pinj 135, 137 MPa
Chamber density ρa 6.8− 30.2kg/m3

Chamber temperature Ta 451-1300 K
Ambient gas composition N2 = 0.693, O2 = 0.21, CO2 = 0.061, H2O = 0.036

Figure 5.10: Effect of grid resolution on spray penetration

temperature and at 7.3 kg/m3 ambient density. The maximum error in predictions

of spray penetration using Grids 1, 2 and 3 were 9.1, 3.8 and 3.4%, respectively.

Though the prediction improves with higher grid resolution, it comes with the

costs of very high computational storage and running time. Thus considering

computational cost and not compensating accuracy, the Grid 2 with 184671 cells

was used for all further simulations and results presented.

The new hybrid spray model was compared with the classical Taylor–Analogy

Break-up (TAB) model [193] and KHRT model. Fig.5.11 shows the spray tip pen-

etration predicted by the different models. The conditions used are same as the

one used in the grid independency test. From the predictions, the TAB model and
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Figure 5.11: Comparison of different spray models against spray tip penetration

KHRT models over-predict the spray tip penetration by maximum of 26.5 and

10.2% respectively from the experimental data. However as explained earlier the

new model deviates only 3.4% maximum from the experimental data. Fig.5.12

shows the Sauter Mean Diameter (SMD) predicted by three spray models. It is

clear that the TAB model and KHRT model predicts larger SMD compared to the

new model. It is very likely that this is the cause for longer tip penetration lengths

predicted by the TAB and KHRT models. As larger droplets face smaller aerody-

namic drag per unit volume and is also difficult to evaporate, thereby resulting in

longer penetration lengths predicted by TAB and KHRT models compared to the

new model developed. It should be noted that there is one significant difference in

numerical implementation of classical KHRT and new spray model, the classical

KHRT model considers the characteristic time scales in determining the dominant

break-up mechanism, however in the new model, it uses the ratios of length to

time scale to select the dominant mechanism as explained earlier.

Fig.5.13 shows the comparison of experimental results and simulation results

for liquid length at various ambient densities. The conditions used for this simula-

tions are 246mm orifice diameter, 1000K ambient temperature, 135 MPa injection
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Figure 5.12: Comparison of different spray models against Sauter Mean Diameter
(SMD)

pressure and 438K fuel temperature at three different ambient densities (7.3, 14.8,

and 30.2 kg/m3). The liquid length decreases with the ambient temperature for

a given ambient density due to increased evaporation rate and liquid length also

decreases with ambient density for a given ambient temperature as the spray loses

more energy due to high ambient pressures. This overall behavior of spray is fairly

well captured by the new hybrid spray model. The comparison of experimental

images of the spray with the simulation indicating the liquid length is also shown

in Fig.5.14. The spray images obtained through simulations is very close to the

experimental images.

Figs.5.15 and 5.16 show the comparison of experimental and simulation results

of spray tip penetration for both non-vaporizing and vaporizing spray. The con-

ditions used for these simulations are 257mm orifice diameter, 137 MPa injection

pressure and 451K and 1000K ambient temperature for non-vaporizing and vapor-

izing spray cases respectively at three different ambient densities (7.3, 14.8, and

30.2 kg/m3 for non-vaporizing and 6.8, 13.9, and 28.6 kg/m3 for vaporizing sprays).

The most interesting trend shown by the penetration data is the decrease in pen-

etration with an increase in ambient density and also it is noticeable trend that



5.5. Results and discussion 129

Figure 5.13: Comparison of simulation with experimental liquid length data

Figure 5.14: Comparison of simulation and experimental spray images
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Figure 5.15: Comparison of simulation with experimental spray tip penetration of
non-vaporizing sprays

rate of penetration decreases with time for experimental data. These experimen-

tal trends have been observed by many researchers. These trends were very well

captured in the simulation using the new hybrid spray model.

5.5.2 Validation with in house experimental results

Fig.5.17 shows the comparison of spray tip penetration predicted by KHRT model

and new hybrid model with experimental results. The symbols and lines repre-

sent experimental and simulation results, respectively. The experimental spray

tip penetration is the result of average spray tip penetration of all seven holes

obtained from image processing at each time sequence. The minimum and maxi-

mum spray tip penetrations measured at each time sequence out of all seven holes

were plotted as bars along with averaged values. From the figure, it can be noted

that the difference between the minimum and maximum values is small and hence

the average spray tip penetration values are taken for discussion. The spray tip

penetration from experimental results is calculated as the distance of spray from

the tip to the nozzle hole and for simulation; it is calculated as the distance be-

tween the tip of the nozzle to the location where 95% of liquid mass is present at
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Figure 5.16: Comparison of simulation with experimental vapor penetration length
of vaporizing sprays

any instant. From the figure, it is clear that the new hybrid model predicts better

compared to the KHRT model. The KHRT model predicts longer penetration

compared to experimental results. This may be due to prediction of the large

Sauter Mean Diameter (SMD) because the fundamentals of primary atomization

are not well captured by this model. On the other hand, the new model which

takes into account the cavitation and turbulence inside the nozzle hole predicts

the spray tip penetration at par with experimental results. This indicates that

the new hybrid model has successfully incorporated essential fundamental physics

of the primary atomization.

Fig.5.18 shows the comparison between experimental and simulation results

of spray tip penetration and it can be noted that the model predicts the spray

tip penetration in par with experimental results. The comparison of spray de-

velopment between experimental and simulation results is shown in Fig.5.19 for

injection pressure of 100 MPa and ambient density of 66 kg/m 3 . For computa-

tional time and cost, only one of the sprays is modeled. The hybrid spray model

also predicts the shape of the spray at par with experimental results. This shows

that the cavitation and turbulence generated inside the nozzle holes have substan-
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Figure 5.17: Comparison between KHRT and new hybrid model

Figure 5.18: Comparison of in house experimental and simulation spray tip pene-
tration

tial effect on the spray development process which should be given significance

during modeling of spray combustion phenomena.

Fig.5.20 shows the overall sauter mean diameter (SMD) and liquid length of

fuel spray injected at different injection pressure under 6 MPa ambient pressure

and 1000 K ambient temperature. The simulations were performed under inert

atmosphere of nitrogen to avoid combustion. The liquid length is referred to the

length of the liquid core in vaporizing fuel spray. The liquid length of the fuel spray

increases with increase in the injection pressure due to high spray momentum with

increasing injection pressure. However, the rate of increase declines towards higher
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Figure 5.19: Comparison of spray evolution between in house experiment and
simulation

Figure 5.20: Overall SMD and liquid length under 6 MPa ambient pressure and
1000 K ambient temperature

injection pressure, this may be due to the effect of increased vaporization of smaller

fuel droplets produced at higher injection pressure. The overall SMD shows a

decreasing trend with increased injection pressure due to better atomization and

hence better vaporization at higher injection pressure.

5.5.3 Spray characteristics of biodiesel

Researchers are coming up with new biodiesel fuels from different feedstock based

on the local availability and cost [230, 231]. The combustion process of different fu-

els is significantly affected by the fuel spray atomization process and cetane number
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etc. The computational fluid dynamic (CFD) tools become valuable in reducing

the number of experiments in optimizing the engine performances. However, the

predicted levels of pollutant concentration and power output are comprehensively

dependent on the description of the spray breakup process. The difference in

thermo-physical properties of biodiesel derived from different feedstock have sig-

nificant effect on the fuel spray atomization, combustion and emission formation.

In order to improve the performance of different biodiesel in terms of emissions

and power output, various injection strategies have been implemented, after all,

the combustion process is governed by the spray breakup process [232]. The spray

break-up process controls the fuel-air mixing by better atomization followed by

evaporation of fuel which eventually allows the combustion process to reach high

efficiencies. In addition, the fuel injected at high pressures creates turbulence

in interaction with the swirl flow inside the combustion chamber and affects the

combustion speed.

Usually biodiesel have methyl esters with as many as 17-19 carbon atoms.

Different biodiesels have different compositions of methyl esters. However, the

major constituent governs the chemical and physical properties of the biodiesel

fuel. Generally, for modeling purpose, the properties of major composition of the

methyl esters are used to depict the properties of biodiesel fuel [233] or properties of

mixture composition are considered [234, 235]. According to literature [236, 237],

biodiesel generally have higher composition of methyl stearate (C18:0), methyl

oleate (C18:1) and methyl linoleate (C18:2) (refer Table 3 in [236] and Table 6

in [237]). Though there are many experimental studies related to biodiesel spray

development [141, 238, 239, 142], discovery of new feedstock makes it difficult to

generalize the phenomenon. Nevertheless, there are some simulations on spray

behavior found in literature related to specific biodiesel like soy bean [240, 241]

and rape seed based biodiesel [233], but their results cannot be further extended

in interpreting the behavior of other biodiesel.

The study on spray characteristics of biodiesel taking into account of cavitation
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in the nozzle holes is very limited and it should be noted that the simulations

were only done for soy bean based methyl esters [242, 195]. The differences in

thermo-physical properties are also expected to significantly affect the nozzle flow

characterization and eventually the spray breakup of biodiesel fuels. Thus the

spray breakup process of biodiesel should include the cavitation phenomenon that

influences the atomization process. Availability of very few studies on modeling

spray atomization of biodiesel taking into account the nozzle flow characterization

and absence of extension of work to different biodiesel provided motivation for the

present work.

In this study, the spray atomization of three major methyl esters present in

biodiesel: methyl oleate, methyl stearate and methyl linoleate were studied in order

to generalize the spray behavior of different biodiesel. A new hybrid spray model

which includes cavitation induced breakup model coupled with KHRT model was

used in this study. In order to account for the cavitation into the spray model,

internal flow simulations were done in prior for all three methyl esters and com-

pared with diesel. The spray behavior of different methyl esters were compared

with diesel in terms of spray tip penetration, Sauter mean diameter (SMD), liquid

length at different injection pressure and ambient conditions.

5.5.3.1 Thermo-physical properties

The spray behavior depends on the thermo-physical properties of the fuel; hence it

is necessary to understand them in detail. The properties were calculated for three

main methyl esters found in majority of bio-diesel fuels and its blends, viz, methyl

oleate, methyl stearate and methyl linoleate and for diesel, the standard thermo-

physical properties available in KIVA4 fuel library was used. The properties of the

fuels were calculated based on the prediction models suggested by An et al. [243].

According to An et al. the predictions of properties shows very good agreement

with the data compilation results (experimental data) available in literature. The

properties such as latent heat of vaporization, vapor pressure, viscosity, surface
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Table 5.3: Predicted critical properties
Fuels Critical Temperature Critical Pressure Critical Volume

Tc(K) Pc (bar) Vc (cm3/mol)

Methyl Palmitate 782 12.5 1014

Methyl Stearate 774 11.46 1126

Methyl Oleate 772 11.68 1106

Methyl Linoleate 795 11.91 1086

Methyl Lenolenate 801 12.14 1066

Soy Methyl Ester (SME) 785.7 12.08 1082.1

tension, thermal conductivity, and density as a function of temperature were found

for different methyl esters and compared with diesel as presented in Fig.5.21a-f.

The properties of methyl esters were calculated based on group contribution meth-

ods from critical temperature, critical pressure and accentric factors for different

fuels. The thermo-physical properties of Soy methyl ester (SME) bio-diesel were

calculated based on mixture composition method [235, 244]. The critical proper-

ties predicted for methyl esters and SME bio-diesel are given in Table 5.3. The

methods and empirical relations used to find the properties are presented in Table

5.4.

From Fig.5.21a, it is clear that the latent heat of vaporization for diesel is

lower than those of esters in general. Also methyl ester has a slower evaporation

rate than that of diesel. Fig.5.21b represents the vapor pressure comparison of

diesel and methyl esters, in general methyl esters has low vapor pressure confirm-

ing slower evaporation rates and less tendency to cavitate than diesel fuel. The

viscosity comparison is shown in Fig.5.21c, the viscosity of methyl esters are higher

than diesel. The surface tension of different fuels shown in Fig.5.21d, shows no sig-

nificant difference between them. However the slope of different fuels is different.

Form Fig.5.21e, the thermal conductivity of diesel is much higher compared with

that of methyl esters, which shows that diesel droplets conduct more heat than

other methyl esters. Fig.5.21f compares liquid density; it is clear from the figure

that methyl esters have higher density than diesel because of their longer carbon
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chain and high molecular weight. The properties SME biodiesel mainly falls be-

tween methyl linoleate and methyl oleate which are its two major compositions by

mass. These thermo-physical properties of three methyl esters and SME biodiesel

were updated to the fuel library of KIVA4 for calculating the spray behavior.

5.5.3.2 Nozzle flow simulation

Cavitating flow inside the fuel injector nozzles is known to be an important factor

affecting the fuel atomization and consequently the combustion process in diesel

engines and hence it is significant to understand the nozzle flow of different fuels.

For computation purposes, only one nozzle orifice was used taking advantage of the

assumption of symmetric flow across the nozzles. The simulations were carried out

for three different injection pressures (50, 100, and 150Mpa) under two ambient

pressure conditions (3 and 6MPa).

Fig.5.22 shows the comparison of vapor volume fraction formed with different

fuels viz diesel, methyl oleate, methyl stearate, and methyl linoleate under differ-

ent injection pressures and at constant ambient pressure of 6MPa. It is observed

that the amount of vapor volume formed depends on the pressure difference across

the nozzle. Diesel undergoes higher cavitation than the methyl esters; this is be-

cause of the lower viscosity of diesel compared to other methyl esters as shown in

Fig.5.21c. The cavitation inception also varies with different methyl esters based

on their viscosity. As seen from Fig.5.21c, the viscosity of methyl linoleate is least

followed by methyl oleate and stearate among different methyl esters. The same

trend is observed with the vapor contours in Fig.5.22, methyl linoleate cavitates

more followed by methyl oleate and methyl stearate. The reason for fuel with

lesser viscosity to cavitate more may be due to the fact that reduction in viscosity

increases the Reynolds number of the flow, which in turn creates more turbu-

lence in the nozzle flow and eventually leads to greater cavitation [158]. Similar

trends were also observed in experimental investigation of cavitation phenomenon

of biodiesel in injector nozzles by Suh et al [178] and Zhong et al [245].
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Figure 5.21: Thermo-physical properties of pure methyl esters, diesel and Soy
methyl ester (SME)
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Figure 5.22: Cavitation inception for different fuels under different injection pres-
sure at constant ambient pressure of 6MPa

Fig.5.23a illustrates the mass flow rate and coefficient of discharge for different

fuel under different injection pressures and at constant ambient pressure of 6MPa.

The results indicate that the mass flow rate of diesel is lesser compared to that of

methyl esters, this is because of higher cavitation than methyl esters. This can be

explained from the discharge coefficient, as it is least for diesel fuel, as discharge

coefficient directly depends on the effective cross sectional area. As the effective

cross sectional area decreases with increasing cavitation inception, the mass flow

rate decreases. The mass flow rate of methyl linoleate is least among the methyl

esters, as it undergoes higher cavitation due to its low viscosity as explained earlier.

However, interestingly the mass flow rate of methyl stearate and methyl oleate

shows no significant difference irrespective of their differences in viscosity, this may

be due to the higher density of methyl oleate than other methyl stearate which

compensates its low viscosity (see Fig.5.21f). Fig.5.23b represents the injection

velocity of various fuels under different injection pressure and ambient pressure of

6MPa. The injection velocity shows increasing trend with the decrease of viscosity,

this is because of the fact that less viscous flow is subjected to less viscous loss,
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Figure 5.23: a) Mass flow rate and discharge coefficient b) injection velocity of
different fuels at different injection pressure and at ambient pressure of 6MPa

and hence high exit velocity. From these results of nozzle flow simulation, it

can be concluded that less viscous fuels are subjected to high cavitation and

injection velocity which will aid in better atomization than high viscous fuels.

In general, this result agrees well with the fact that the diesel fuel undergoes

better atomization compared to biodiesel fuels. As previously discussed, it is

also observed that the biodiesel with maximum percentage composition of methyl

linoleate is subjected to high cavitation and injection velocity followed by biodiesel

with high composition of methyl oleate and methyl stearate.

5.5.3.3 Spray characteristics of pure methyl esters

Fig.5.24 shows the comparison of spray tip penetration between diesel and methyl

esters under non evaporating conditions for injection pressure of 100MPa, ambient

pressure of 6MPa and ambient temperature of 300K. The simulation was carried

out under inert atmosphere of nitrogen. The injection duration was maintained

constant for all fuels throughout the spray simulation. It should be noted that

the penetration of methyl esters is longer than that of diesel. This result confirms

with many experimental measurements which shows biodiesel has longer penetra-

tion than that of diesel [142, 246, 159]. A similar trend is observed for injection

pressures of 50 and 150MPa under same ambient conditions. Among the methyl

esters, methyl linoleate shows the shortest penetration and stearate has the longest

penetration. In general, the longer penetration of the methyl stearate compared
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Figure 5.24: Spray tip penetration of diesel and methyl esters at injection pressure
of 100MPa under ambient pressure of 6MPa and temperature of 300K

to diesel and other methyl esters may be due to two reasons: (a) higher spray

momentum due to high discharge coefficient (see Fig.5.23a) [159] of the methyl

stearate and/or (b) poor atomization leading to large droplets attributed by the

low injection velocity (as shown in Fig.5.23 b) and lesser turbulence and cavitation

at the exit of the nozzle (see Fig.5.22) due to its high viscous nature. The longer

penetration length may have significant effect on the peak heat release rate during

premixed combustion, ignition delay and early NOx formation under normal en-

gine operating conditions, as longer penetration helps in better air utilization and

mixing due to fresh charge entrainment into spray plume further downstream.

However long penetration may also lead to spray impingement on combustion

chamber walls, which eventually leads to reduced combustion efficiency and in-

creased unburned hydrocarbon formation [15].

Fig.5.25 shows the overall Sauter Mean Diameter (SMD) obtained from the

simulation at 1.5ms after start of injection for different injection pressures under

ambient pressure of 6MPa and temperature of 300K. The overall SMD also shows

the same trend as that of spray tip penetration with methyl stearate having large

droplets and diesel having small droplet size. It is very likely that large droplet size
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Figure 5.25: Overall SMD of diesel and methyl esters at different injection pres-
sures under ambient pressure of 6MPa and temperature of 300K

may also be the reason for the long penetration lengths predicted for the methyl

esters, as large droplets possess large momentum due to its size compared to

diesel fuel resulting in long penetration lengths. According to Faeth and coworkers

[247, 248], the limits of the breakup regimes in the atomization process are affected

by the sufficiently large values of liquid viscosity. The effect of viscosity on breakup

and atomization is well captured by the non-dimensional number called Ohnesorge

number.

Therefore, to get greater insight into the atomization behavior of methyl es-

ters, the numerical results are presented in the form non-dimensional numbers like

Ohnesorge number and Weber number. Fig.5.26 shows the plot between Ohne-

sorge number andWeber number for various fuels under different injection pressure

and ambient pressure of 6MPa at temperature of 300K. The Weber number and

the Ohnesorge number are calculated from the overall droplet SMD and average

velocity of the droplet at 1.5ms after start of injection. From Fig.5.26, it is clear

that the diesel fuel is characterized by high Weber number and low Ohnesorge

number. The methyl esters are generally characterized by lower Weber number

and higher Ohnesorge number than diesel. The difference in Ohnesorge number
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Figure 5.26: Ohnesorge number vs. Weber number for different fuels

is due to high viscosity of the methyl esters compared to diesel fuel. According

Faeth et al. [247] all the fuels fall above Weber number of 80, shows that they

all undergo shear breakup mechanism. However, the fuel with low Weber num-

bers indicates that the breakup takes place at a slow rate and also leads to low

evaporation rate. From this point of view, biodiesel containing high composition

of methyl oleate and stearate undergoes slow breakup of droplets, which indicate

that they have poor atomization compared to biodiesel having methyl linoleate

as its major component. This slow rate of breakup may affect the combustion

process in engine operation, and may lead to increased local NOx concentrations

because of high inherent oxygen molecules present in methyl esters.

Fig.5.27 shows the liquid length of different fuels under ambient temperature

of 1000K at different injection pressures and ambient pressure of 6MPa. The sim-

ulations were performed under inert atmosphere of nitrogen to avoid combustion.

The liquid length shown in the figure is the value taken at 1.5ms after start of

injection. The liquid length for all the fuel increases with the increase of injection

pressure as the spray gains more momentum with increasing injection velocity. At

high temperature, the liquid length obtained from the simulation shows a differ-
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Figure 5.27: Liquid length for various fuels at different injection pressures under
ambient pressure of 6MPa and temperature of 1000K

ent trend from the spray tip penetration measured at low temperature. At low

temperature methyl stearate has longer spray tip penetration followed by methyl

oleate, methyl linoleate and diesel in the order of decreasing viscosity. However at

high temperature, the methyl oleate has longer liquid length followed by methyl

stearate, methyl linoleate and diesel, this may be due to the combined effect of

viscosity and latent heat of vaporization of different fuels. As methyl oleate has

the highest latent heat of vaporization (Fig.5.21a), it requires more heat energy

to vaporize and hence has longer liquid length at all injection pressures. However,

methyl linoleate has higher latent heat of vaporization than methyl stearate, its

low viscosity has improved its atomization and hence evaporation rate is improved

resulting in shorter liquid length. From Fig.5.26, the high value of Ohnesorge num-

ber and Weber number of methyl linoleate also confirms that it undergoes better

atomization than methyl stearate, which should be the reason for its shorter liquid

lengths than methyl stearate. From these results, it is clear that biodiesel with

major composition of methyl oleate has long liquid lengths at high temperatures

because of its combined effect of viscosity and latent heat of vaporization, followed

by biodiesel with major composition of methyl stearate and linoleate.
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5.5.3.4 Spray characteristics of biodiesel fuels

Fig.5.28 shows the comparison between the experimental and simulation spray

tip penetration of soy methyl ester (SME) biodiesel. The SME contains 54.67%

methyl linoleate, 24.22% methyl stearate, 10.83% methyl palmitate, 6.78% methyl

linolenate and 4.31% methyl stearate by mass [235]. The experimental values were

obtained from Park et al. [246]. The simulation results were obtained for thermo-

physical properties of SME, calculated based on mixture composition method,

and major components in SME - methyl linoleate and methyl oleate. From the

figure, it is clear that the spray tip penetration predicted using thermo-physical

properties calculated by mixture composition method matches very well with the

experimental results followed by methyl linoleate and methyl oleate. As the ma-

jor composition is methyl linoleate the prediction of spray characteristics with its

properties are on par with the mixture composition method. However, for methyl

oleate, since its percentage by mass is only half of that of methyl linoleate, it

deviates more from experimental results. So from this result, it can be observed

that the properties of major composition of biodiesel can be used to predict the

spray characteristics as close with properties calculated from mixture composition

method. For good combustion simulation, it is always advisable to use the proper-

ties of biodiesel determined using the mixture composition method. Nevertheless,

for fundamental understanding of any new or novel biodiesel spray characteristics,

the properties of its major composition can be used with relative accuracy.

Fig.5.29 a and b shows the comparison between the experimental and simula-

tion results in terms of spray tip penetration, fuel volume and equivalence ratio

for B20 and B100 fuels respectively for injection pressure of 100MPa and ambi-

ent pressure of 3MPa. The experimental results are obtained in-house for waste

cooking oil biodiesel (WCO) and its blend as reported in Chapter 3. The spray

tip penetration and fuel volume are plotted against time whereas; the equiva-

lence ratio is plotted against spray tip penetration. From the figure, it is clear

that simulation results are found in agreement with the experimental results. The



146 Chapter 5. Development and Validation of new hybrid fuel spray model

Figure 5.28: Comparison between simulation results of different fuel properties
with experimental result

equivalence ratio was obtained directly from the simulation results and compared

with the empirical results obtained from the experiment and also found in good

agreement with each other. This shows the turbulence and cavitation developed

inside the injector nozzle holes have significant effect on the spray development

process.

5.6 Summary

A new hybrid spray model was developed by incorporating cavitation induced

spray sub model into KHRT spray model. The internal flow simulation in the

orifice of injector shows that the cavitation bubbles are swept out of the noz-

zle outlet. This showed that cavitation plays a significant role in primary spray

breakup. Hence the cavitation induced spray sub model was incorporated into

the KIVA4 CFD code along with the KHRT model. The newly developed spray

model was extensively validated with the experimental results of constant volume

combustion chamber obtained from the literature and also with the experimental

results of combustion characteristics obtained from internal combustion engine by
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Figure 5.29: Comparison between in house experimental and simulation results
for waste cooking oil biodiesel

the authors. The new hybrid spray model accurately captures the spray charac-

teristics and obeys very well with both the constant volume combustion chamber

experimental results of Sandia National laboratory and in house.

From numerical results on methyl esters the following observations are made:

• Methyl stearate tends to inhibit cavitation followed by methyl oleate and

methyl linoleate under different injection pressure and ambient pressures

due to their higher viscosity compared to diesel. This shows that biodiesel

with high composition of methyl stearate is subjected to lesser cavitation in

injector nozzles.

• The mass flow rate of methyl esters is higher compared to that of diesel

because of the lower cavitation of the esters, which eventually leads to a

high discharge coefficient than that for diesel. Injection velocity of methyl

esters is lower than that of diesel because of the high viscous loss in the flow

of methyl esters.

• From spray simulation it is found that methyl esters have higher spray tip

penetration than diesel because of their high viscosity and bigger droplet

diameter. In particular, methyl stearate has the highest penetration and

largest droplet diameter followed by methyl oleate and methyl linoleate.
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• Two non-dimensional numbers, Ohnesorge number and Weber number sig-

nify that viscosity of the fuel is the most dominant property in determining

the spray atomization process. It is also observed that the methyl linoleate

may atomize at par with diesel, but for methyl oleate and methyl stearate,

the atomization is poorer.

• At high ambient temperature, it is observed that the liquid length of spray

depends on both the viscosity and latent heat of vaporization of the fuels.

Methyl oleate with highest Latent heat of vaporization has the longest liquid

length followed by methyl stearate and methyl linoleate.

From the numerical simulations done with methyl esters, it seems biodiesel with

high percentage composition of methyl linoleate may be favorable in terms better

spray atomization than methyl oleate and methyl stearate. Biodiesel with high

percentage composition of methyl stearate has poor atomization at low ambient

temperature and methyl oleate at high ambient temperature.

The new spray model has been proved to be capable of predicting spray charac-

teristics accurately. Therefore, it is appropriate to use this new hybrid spray model

in simulating the engine combustion process. In the next chapter, 3D modeling of

combustion process in engine with the new model is presented.
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Table 5.4: Thermo-physical properties

Thermo-physical property Prediction method Empirical relation

Latent heat of vaporization Pitzer accentric factor correlation [249]

∆Hv

RTc
= 7.08 (1− Tr)0.354

+ 10.95ω (1− Tr)0.456

where ∆Hv is the latent heat of vaporization in J/mol,

R is the universal gas constant in J/molK,

Tr = T
Tc

is the reduced temperature,

T is the temperature in K,

Tc is the critical temperature in K

Vapor pressure Lee-Kesler method [249]

lnPvpr = f (0) (Tr) + ωf (1) (Tr)

f (0) = 5.92714− 6.09648
Tr

− 1.28862 lnTr + 0.169347T 6
r

f (1) = 15.2518− 15.6875
Tr

− 13.472 lnTr + 0.43577T 6
r

where Pvpr = P
Pc

is the reduced vapor pressure,

Pc is the critical pressure in bar,

ω = α
β is the accentric factor

α = − lnPc − 5.97214 + 6.0948θ−1 + 1.28862 ln θ − 0.169347θ6

β = 15.2518− 15.6875θ−1 − 13.4721 ln θ + 0.43577θ6, θ = Tb

Tc

Viscosity Letsou and Stiel method [249]

ηSLξ = (ηLξ)
(0) + ω (ηLξ)

(1)

(ηLξ)
(0) = 10−3 (2.648− 3.725Tr + 1.309T 2

r )

(ηLξ)
(1) = 10−3 (7.425− 13.39Tr + 5.933T 2

r )

ξ = 0.176
(

Tc
M3P 4

c

) 1
6

where, ηSL is the viscosity in cP
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M is the molecular weight in g/mol

Surface Tension Corresponding states correlation [249]

α

P
2
3
c T

1
3
c

= (0.132αc − 0.279) (1− Tr)
11
9

αc = 0.9076

[
1 +

Tbr ln( Pc
1.01325)

1−Tbr

]
where, σ is the surface tension in dyne/cm

αc is the Riedel parameter

Thermal Conductivity Latini et al. method [249]

λL = A(1−Tr)0.38

T
1
6
r

, A =
A∗Tαb
MβT γc

where, λLis the thermal conductivity in W/mK,
A∗ = 0.0415, α = 1.2, β = 1.0, γ = 0.167 for esters

Density Modified Rackett equation [249]

ρs = ρref ∗ Zφ
RA, ZRA = 0.29056− 0.08775ω

φ = (1− Tr)
2
7 −

(
1− TRr

) 2
7

where, ρs is the density in g/cm3, ρref is the known
density at reference temperature TR in g/cm3

ω is the accentric factor



6
Effect of injection strategies on engine

performance and emissions1

6.1 Experimental investigation

Compression ignition (CI) engines play a significant role as a power source in most

industries, to generate electricity, and to power most transportation commodities

from boats to trucks. They are typically chosen for such applications because of

their fuel efficiency and longer service life compared to spark ignited (SI) gasoline

1Excerpts of this chapter, in part, is a reprint of previous publication titled “Optimiza-
tion of biodiesel fueled engine to meet emission standards through varying nozzle opening
pressure and static injection timing”, Applied Energy 130, 450-457, 2014. DOI: 10.1016/
j.apenergy.2014.02.033. and “Numerical investigation on the effects of injection rate shaping
on combustion and emission characteristics of biodiesel fueled CI engine”, (Submitted for a
special issue in Applied Energy)
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engines. Furthermore, the stationary diesel engines (genset engines) are gaining

popularity and increasing in numbers among developing countries due to power

crisis albeit leading to the twin crisis of fossil fuel depletion and environmental

degradation due to exhaust emissions. Despite its numerous advantages, CI en-

gines also possess some disadvantages. According to Health Effect Institute (HEI)

[11], the exhaust emissions from engines have detrimental effects on the health. In

order to tackle the emission issues, various norms were imposed on genset engines

across the world. For example, one such norm implemented in India to reduce

emissions from genset engines is shown in Table 6.1. The genset engines should

be tested over the 5 mode ISO 8178 D2 cycle for homologation type approval to

ensure it meets required emission norms [13].

Table 6.1: Emission standards for diesel engines for gensets

Engine Power Date
CO HC NOx PM Smoke a

g/kWh m−1

P≤19kW Jul 2005 3.5 1.3 9.2 0.3 0.7

19kW<P≤50kW Jul 2004 3.5 1.3 9.2 0.3 0.7

50kW<P≤176kW Jan 2004 3.5 1.3 9.2 0.3 0.7

176kW<P≤800kW Nov 2004 3.5 1.3 9.2 0.3 0.7

a Smoke opacity should be measured at full load

In order to reduce the dependency on depleting fossil fuels researchers are

studying the use of various biodiesel and blend fuels with existing engines with

or without any modifications to the engines [237, 250, 251, 252, 253, 55]. Mahua

methyl ester (Madhuca Indica) [250], a biodiesel which is produced by trans ester-

ification process from non-edible oil, is one of the promising candidates identified

from such researches with an estimated annual production potential of 181 thou-

sand metric tons in India [254]. Furthermore, its combustion and emission char-

acteristics are well studied. In 2007, Raheman and Ghadge [255] reported that by

increasing the proportion of biodiesel in its blends with diesel, the brake specific
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fuel consumption (BSFC) was increased and brake thermal efficiency (BTE) was

decreased. Interestingly, they have also reported that at 100% load conditions,

the BTE of B20 blend (25%) was higher than diesel (24%) and at other loads

it was at par with diesel fuel. The smoke level and carbon monoxide (CO) in

exhaust emissions were reduced, whereas oxides of nitrogen (NOx) increased with

increase in percentage of mahua biodiesel in the blends. Later in 2009, Godi-

ganur et al. [256] also reported very similar results with their study on mahua

methyl ester as fuel with different engine specification. Overall literature results

[255, 256] suggest that mahua biodiesel could be safely blended with diesel up

to 20% without significantly affecting the engine performance and emissions. In

general any biodiesel used with engine without any modification gives higher NOx

emission because of oxygen present within the biodiesel molecules [236]. There-

fore, alteration of fuel injection parameters like injection pressure and injection

timing can remedy this issue, as they have a stronger effect on NOx emissions for

direct injection engines [15, 257, 232]. Kannan and Anand [57] have studied the

effect of injection pressure and injection timing on waste cooking oil and found

that the combined effect of higher injection pressure of 280 bar and an advanced

injection timing of 25.5˚ bTDC significantly improves BTE, in-cylinder pressure

and heat release rate while reducing nitric oxide (NO) and smoke emission. Sim-

ilarly, Puhan et al. [53] studied the effect of injection pressure on high linolenic

linseed oil methyl ester at an optimized pressure of 240 bar and observed the en-

gine to operate at a thermal efficiency similar to that of diesel, but with reduced

emissions of CO, unburned hydrocarbon and smoke. However, they also observed

an increase in the NOx when compared to diesel. The combustion analysis showed

that the ignition delay is shorter at higher injection pressures compared to diesel.

Pandian et al. [55] investigated the effects of injection pressure, injection timing

and nozzle tip protrusion on the performance and emission of DI engine fueled

by pongamia bio-diesel. The optimization was done based on the statistical tool

known as design of experiments using the response surface methodology (RSM).
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The optimal injection timing, injection pressure and nozzle tip protrusion were

found to be 21° bTDC, 225 bar, 2.5 mm respectively for lower emissions of NOx,

CO, Hydrocarbon (HC) and smoke opacity and higher brake thermal efficiency.

In a most recent study, Sayin et al. [258] studied the effect of injection pres-

sure on canola oil methyl ester – diesel blends and found that increased injection

pressure gave better results for BSFC and BTE compared to the original 20MPa

and decreased injection pressures. Therefore from the literature, it was very clear

that by implementing fuel injection strategies could reduce emissions and improve

performance, although none of them showed whether it could meet the existing

emission norms.

In this study, varying nozzle opening pressure (NOP) and injection timing

were applied to meet the genset emission norms with biodiesel blend. 20% mahua

biodiesel was used to meet current genset emission norms implemented in India.

The tests were done in compliance with ISO 8178 D2 cycle to ensure the engine

meet the stringent emission norms. As per ISO 8178 D2 cycle, 10%, 25%, 50%,

75% and 100% load conditions at 1500 rpm were tested with both diesel and 20%

biodiesel. The optimization was carried out for B20 by varying nozzle opening

pressure (225, 250 and 275 bar) and varying injection timing (19, 21, 23, 25,

27˚ bTDC). The parameters like BSFC, BTE, exhaust gas temperature (EGT),

in-cylinder pressure and heat release rate were measured in order to evaluate

the performance and combustion characteristics and NOx, HC, CO and smoke

emissions were measured at various nozzle opening pressures and injection timing.

6.1.1 Experimental setup

The experimental set up consists of a Kirloskar TV1 stationary diesel engine with

a water cooled eddy current dynamometer as shown in Fig.6.1. The engine speci-

fications are given in Table 6.2. Kirloskar TV1 stationary diesel engine is chosen

for this study, since single cylinder diesel engines with mechanical fuel injection

systems are more suitable for biodiesel blend fuels to operate in long run. Also
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stationary diesel engines or gensets used in marine and agricultural applications

are operated at a particular speed and loading conditions for a long time. This

engine used in the study is a common type of engine used in agricultural applica-

tions throughout the country, as India is predominantly an agricultural country;

the engines of this kind are used in high numbers by farmers for both small scale

power generation and irrigation purposes. The fuel flow rate was measured on vol-

ume basis using a burette and a stop watch. AVL 619 indimeter along with Indwin

software were used to measure the in-cylinder pressure, heat release rate, pressure

rise rate and variations in cycle. Measurement of combustion chamber pressure

was obtained from an AVL transducer with the sensitivity of 16:11 pC/bar. Non-

dispersive infrared analyzer (NDIR-AVL-444 Digas) was used to measure exhaust

emissions like NOx, HC, CO2, CO and O2. To ensure that the exhaust gas is free

of moisture content and particulates before entering the analyzer, the exhaust gas

was passed through moisture separator (cold trap) and filter element. The exhaust

gases NOx and HC were measures in parts per million (ppm) of hexane equivalents

while and CO, CO2 and O2 emissions were measured in terms of volume percent-

age. The accuracy and the measuring range of the analyzer are given in Table 6.3.

The exhaust gas temperature was measured using a K-type thermocouple which

was coupled with a digital display. Smoke level was measured using a standard

AVL437C smoke meter. The diesel and mahua methyl ester meeting the standards

(EN14214 and ASTM 6751-02) as shown in Table 6.4 were used in this study. B20

was prepared by mixing 20% by volume of mahua methyl ester with diesel.

6.1.1.1 ISO 8178 D2 Cycle

ISO 8178 is an international standard used for emission certification and/or type

approval in many countries worldwide, especially in India. Therefore, the D2 cycle

(Fig.6.2) of ISO 8178 (also called 5 mode test cycle) is used as standard for testing

in this study.

The weighting factors for the five modes are used to calculate the composite
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Figure 6.1: Schematic of engine setup

Table 6.2: Engine specification
Type Kirloskar TV1
No. of cylinders one
Bore 87.5 mm
Stroke 110 mm
Compression ratio 17.5:1
Rated power 5.2kW at 1500 rpm
Dynamometer Eddy current
Type of injection Mechanical pump-nozzle injection
No. of nozzle holes 3
Lubricating oil SAE40

Table 6.3: Accuracy and measuring range of AVL-444 digas analyzer
Measured quantity Measuring range Resolution Accuracy
CO 0∼10 vol% 0.01 vol% < 0.6 vol% ±0.03 vol
CO2 0∼20 vol% 0.1 vol% < 10 vol% ±0.5 vol
HC 0∼20000 ppm ≤2000:1 ppm < 200 ppm ±10 ppm
O2 0∼22 vol% 0.01 vol% < 2 vol% ±0.1 vol
NOx 0∼5000 ppm 1 ppm < 500 ppm ±50 ppm

emissions. To normalize the composite emissions values to a unit power basis, the

composite emissions values are divided by a weighted power value according to
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Table 6.4: Fuel properties of diesel and biodiesel blend used

Fuel properties Diesel B20
Standards

ASTM 6751-02 EN 14214

Density at 15˚C (kg/m3) 822 856 - 860-900

Viscosity at 40˚C (m2/s) 2.6 ∗ 10−6 2.88 ∗ 10−6 1.9− 6.0 ∗ 10−6 3.5− 5.0 ∗ 10−6

Calorific value (MJ/kg) 42.7 41.7 - -

Acid value (mgKOH/g) - 0.36 <0.8 <0.5

Flash point (˚C) 74 96 >130 >120

Pour Point (˚C) -23 -3 - -

Water content (%) 1.6 0.03 <0.03 <0.05

Ash content (%) 0.90 0.01 <0.02 <0.02

Carbon residue (%) 3.70 1.07 - <0.3

Figure 6.2: ISO 8178 D2 cycle

the following formula [259]

Ecomp =

n∑
i=1

(WFi ∗ Ei)
n∑
i=1

(WFi ∗ Pi)
(6.1)

where, Ecomp is weighted composite emissions (g⁄kWh), WFi is weighting fac-

tor for mode i, Ei is emissions for mode i,(g⁄h), Pi is power for mode i (kWh) and

n is number of modes. Applying the emission weighting factors to the measured
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emissions in each mode, with a subsequent normalizing to a weighted power basis,

produces the composite emissions values.

6.1.1.2 Calculation method

The composite emission Ecomp is calculated using the Eq. 6.1. The emissions mea-

sured are in parts per million (ppm), hence it should be converted into (g⁄h), so

that it can be conveniently used in Eq.6.1. For conversion purposes, the following

formula were used

ENOx (g/h) = 0.001587 ∗ ENOx (ppm) ∗KNOx ∗ ṁe (6.2)

ECO (g/h) = 0.000966 ∗ ECO (ppm) ∗ ṁe (6.3)

EHC (g/h) = 0.000479 ∗ EHC (ppm) ∗ ṁe (6.4)

whereKNOx is the NOx correction factor and ṁe is the exhaust mass flow rate

(kg⁄h).

By principle of conservation of mass, the mass flow rate of exhaust gas is given

as

ṁe = ṁa + ṁf (6.5)

where ṁa is the mass flow rate of intake air (kg⁄h) and ṁf is the mass flow rate

of fuel (kg⁄h).

The impact of ambient temperature and humidity on NOx emissions is impor-

tant to make comparisons of the NOx emissions from engines tested at different

locations and/or with variations in the ambient conditions. In order to allow day-

to-day and location-to-location comparisons various correction factors have been

developed. The goal for these correction factors is to standardize the NOx emis-
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sions to reference conditions. For generators, the NOx correction factor developed

by Fritz and Dodge [260] was suggested by EPA [261]. The NOx correction factor

is given by the following equation

KNOx =
1

KHKT

(6.6)

where,

KH =
C1 + C2e

(−0.0143)(10.714)

C1 + C2e(−0.0143)(1000H)
(6.7)

KT =
1

1− 0.017 (T30 − TA)
(6.8)

where C1 = −8.7 + 164.5e−0.0218(A⁄F ), C2 = 130.7 + 3941e−0.0248(A⁄F ), H is the

specific humidity on a dry basis of the intake air (g⁄kg) , A⁄F is the mass of air

intake to mass of fuel supplied, T30 is the temperature measured at intake manifold

when operated at 30˚C ambient temperature, TA is the temperature measured at

intake manifold during normal operation of engine (˚C).

6.1.1.3 Uncertainty analysis

The uncertainty analysis is vital to ascertain the confidence in the experimental

results. By using the Propagation of uncertainty principle suggested by Holman

[262], the total uncertainty in the experiment due to uncertainty in measure-

ment of various parameters like total fuel consumption (TFC), brake power (BP),

brake specific fuel consumption (BSFC), brake thermal efficiency (BTE), carbon

monoxide (CO), hydrocarbon (HC), smoke, oxides of nitrogen (NOX), exhaust gas

temperature (EGT), and Combustion pressure (CP) were calculated as follows

Total experimental uncertainty = [ (uncertainty of TFC)2 + (uncertainty of

BP)2 + (uncertainty of BSFC)2 + (uncertainty of BTE)2 + (uncertainty of CO)2

+ (uncertainty of HC)2 + (uncertainty of smoke)2 + (uncertainty of NOX)2 +

(uncertainty of EGT)2 + (uncertainty of CP)2]1/2
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= [(1)2 + (0.2)2 +(1)2 + (1)2 + (0.2)2 + (0.1)2 + (1)2 + (0.2)2 + (0.15)2 +

(1)2]1/2

= 2.26%

6.1.2 Experimental method

6.1.2.1 Nozzle opening pressure (NOP)

In order to study the effect of nozzle opening pressure on engine performance,

combustion and emission characteristics, the injection timing was kept constant

at manufacturer’s default value of 23˚ bTDC. Three nozzle opening pressures

(225, 250 and 275 bar) were studied and the results were compared with diesel

at nozzle opening pressure of 225 bar. The NOP was adjusted by increasing or

decreasing the preload of the spring inside the injector. The preload was adjusted

by adding or removing shims. The process was continued till the required NOP

was obtained.

6.1.2.2 Static injection timing

The effect of injection timing (19, 21, 23, 25, 27˚ bTDC) was studied by keeping

the nozzle opening pressure to a default value of 225 bar. In mechanical fuel

injection systems, the start of injection is difficult to control as it depends on fuel

transport in the pump, high pressure pipes and the injector. However, the start of

injection is closely related to the start of pump delivery, which can be set easily to

any desired value. The timing was varied by adjusting the shim thickness at the

connection point between the pump and the engine. Increasing the shim thickness

retards the start of pump delivery and by reducing shim thickness; advance in

start of pump delivery was achieved.



6.1. Experimental investigation 161

6.1.3 Results and Discussion

6.1.3.1 Effect of nozzle opening pressure

The effect of NOP on combustion parameters like in-cylinder pressure and heat

release rate at 100% load are shown in Fig.6.3. It is clear from the in-cylinder

pressure curves that the maximum pressure achieved is more or less equal for

all nozzle opening pressures compared to diesel. Meanwhile, an increase in NOP

tends to retard the dynamic injection timing. It is clear from Fig.6.3 that the heat

release rate of B20 at 225 bar NOP is advanced compared to diesel and for 250 bar

it is advanced to diesel but retarded compared to 225 bar, and at 275 bar NOP,

the HRR is in par with the diesel. The advanced start of combustion for B20

compared to diesel at same NOP is because of higher bulk modulus of B20. The

advance in injection timing due to the higher bulk modulus of biodiesel blend fuels

was reported by various researchers in literature [263, 94]. The increase in NOP of

B20 fuel retards the fuel injection as the time taken for the fuel to transport from

the fuel injection pump to the injector and build the required NOP increases with

increasing NOP. Thereby increase in NOP to 275 bar compensates the advanced

injection timing due to higher bulk modulus of biodiesel blend and its HRR is in

par with the diesel fuel.

Figure 6.3: In-cylinder pressure and heat release rate at varying NOP
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Performance parameters such as BTE and BSFC are shown in Fig.6.4. It

can be observed from the figure that BTE for B20 under various NOP is higher

than that of diesel due to the presence of oxygen in B20 which improves the

combustion process [104]. Furthermore, as the NOP increases from 225 bar to

250 bar, BTE is increased due to improved fuel atomization at high fuel injection

pressure. However, when the NOP was further increased to 275 bar, there is no

further improvement in the BTE, which is due to combined effect of retarded

injection timing and the improved fuel atomization. As a result of enhanced

combustion, the BSFC for B20 is lesser than diesel at all loads.

Figure 6.4: BTE and BSFC at varying engine loads for different NOP

The composite emissions of NOx, HC and CO at different NOP are shown in

Fig.6.5. They are calculated based on the Eq.6.1 for ISO 8178 D2 cycle followed

throughout the experiments. The emissions are compared with the Indian emission

norms for genset as shown in Table 6.1 for power ≤ 19 kW as the maximum power

output of the engine used is 5.2kW at 1500 rpm.

The composite emission of corrected NOx shows a decreasing trend as the

NOP increases, this is because of the fact that by increasing the NOP, the start of

combustion retards. When the NOP is set to 275 bar, the composite emission of

corrected NOx was calculated to be 8.67 g/kWh which is less than the legislative

norms for NOx, i.e., 9.3 g/kWh. The composite HC emission is very low for
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Figure 6.5: Composite emissions at varying NOP

all NOP conditions and there is a slight drop with the increase of NOP. This

may be due to presence of oxygen within the biodiesel which tends to reduce

the HC formation and a higher NOP means a better atomization. The value

of composite HC observed at 275 bar NOP is 0.11 g/kWh which is very much

lower than the legislative norm value of 1.3 g/kWh. The composite CO emission

shows a decreasing trend with increasing NOP due to improved atomization. The

minimum composite CO of 2.95 g/kWh is observed at 275 bar NOP which is lower

than the legislative norm value of 3.5 g/kWh.

The variation of smoke emission is also shown in Fig.6.5 for different NOP.

The smoke shown is for full load condition as per regulatory norms. The smoke

measured in Hartridge smoke unit (HSU) was converted to K coefficient of light

absorption (m−1) for comparison with the emission regulations [264]. Smoke emis-

sions are typically caused by an inadequate supply of air for combustion during

times of engine acceleration, or by low combustion temperatures. However for

the B20 blend, the biodiesel offers sufficient oxygen for burning. The aromatics

which are known to contribute soot formation is reduced by the inherent oxygen

molecule in the biodiesel and helps to promote complete combustion by delivering
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oxygen to the prolepsis zone of the burning fuel [265]. Also an increase in NOP

results in smaller fuel particles introduced into the combustion chamber, which

also leads to enhanced fuel air mixing and aides in smoke reduction. It is evident

from the Figure that at 275 bar NOP the smoke emission is lesser at full load

condition and also within regulatory norms. Similar results were also reported by

other researchers with different biodiesel and its blends [57, 55].

By comparing both emissions and performance of B20 with various NOP, it was

found that by changing only the nozzle opening pressure from 225 to 275 bar, we

could meet the genset emission norms without significant effect on performance

with B20 blend of mahua biodiesel. By increasing NOP to 275 bar, the NOx,

CO, HC and smoke emissions achieved are lesser by 5.7%, 15.7%, 91.5%, 21.4%

compared to the emission limits respectively along with an improvement in BSFC

by 6% compared to diesel.

6.1.3.2 Effect of static injection timing

The effect of injection timing on in-cylinder pressure and heat release rate are

shown in Fig.6.6. With the advance of fuel injection timing, the peak pressure

increases and appears earlier due to the fact that more fuel is burnt before TDC.

The maximum in-cylinder pressure is achieved at 27˚ bTDC injection timing.

Figure 6.6: In-cylinder pressure and heat release rate at varying NOP
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The heat release rate also shows the same trend as in-cylinder pressure, i.e.,

with the advance of fuel injection timing, the start of combustion takes place

earlier, and the peak heat release rate increases. This is because more fuel is

burnt during premixed combustion phase due to relatively longer ignition delay

as a result of lower temperature inside the combustion chamber during injection.

The performance parameters – BTE and BSFC are shown in Fig.6.7 for dif-

ferent static injection timing compared to diesel. The least BSFC compared was

observed when the injection timing was 25˚ bTDC which again increases as in-

jection timing is further advanced to 27˚ bTDC. When retarding the injection

timing to 21˚ and 19˚ bTDC, the BSFC is found deteriorated compared to origi-

nal injection timing of 23˚ bTDC but still comparable with the diesel fuel at 23˚

bTDC. By advancing the injection timing to 27˚ bTDC, the peak pressure rise is

achieved before the piston reaches TDC, but this causes reduction in engine power

output. To maintain the same power output for comparison purposes fuel quantity

was further increased. Therefore, fuel consumption per output power increased

when the injection timing is advanced to 27˚ bTDC. However, retarding injection

timing leads to late combustion. Then the pressure rise occurs when the cylin-

der volume was expanding, which results in reduced effective pressure to do work

leading to higher fuel consumption for the same power output [266]. The BTE is

also higher for all loads at injection timing of 25˚ bTDC and gets poorer when

further advanced. But by retarding the timing there is no significant degradation

of BTE.

The composite emissions at different static injection timing for B20 are com-

pared to the regulatory norms and shown in Fig.6.8. It is clear that the composite

corrected NOx decreases with retarding injection timing. When injection tim-

ing is advanced, higher temperatures are attained inside the combustion chamber

because more fuel-air mixture is burnt in premixed combustion phase due to in-

creased ignition delay. On the hand, retarded injection timing results in reduced

NOx emissions. Similar results were obtained by other researchers with different
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Figure 6.7: BTE and BSFC at varying engine loads for different static injection
timing

fuels [267, 102]. However, interestingly, when the composite corrected NOx emis-

sions were compared with regulatory norms, it is found that either 19˚ or 21˚

bTDC injection timing meets the standards.

Figure 6.8: Composite emissions at different static injection timing

Fig.6.9, shows the trade-off between NOx emissions with BSFC at 100% engine

load. The NOx-BSFC trade-off shows that there is no significant deterioration in

BSFC compared with the reduction in NOx emissions by retarding the injection

timing. The BSFC is increased by 1% and 2.9% compared to NOx reduction of
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11.8% and 28.0% at the injection timings 21˚ and 19˚ bTDC, respectively.

Figure 6.9: Corrected NOx emissions - BSFC trade-off at different static injection
timing

The composite HC emissions are not significantly affected by injection timing.

This is because the diesel engine is always operating at low fuel/air equivalence

ratio. Here it should be noted that, for HC emissions, all the injection timings

meet the regulatory norms.

There is no explicit law observed on the CO emissions with the variation of fuel

injection time. Generally, the composite CO emission shows the least value at the

fuel injection timing of 25˚ bTDC corresponding to the optimized combustion.

When the composite CO emissions are compared with regulatory norms, 21˚ and

25˚ bTDC injection timing is favorable to meet the standards.

The smoke emissions at 100% engine load are apparently lower at the fuel in-

jection timing of 21-25˚ bTDC than that at 19˚ and 27˚ bTDC. The primary

constituent of smoke is agglomerated carbon particles (soot) formed in regions

of the combustion mixtures that are oxygen deficient. When fuel is injected too

early, i.e., at 27˚ bTDC, the formation of high temperature zone accelerates the

decomposition of fuel. During this premixed combustion phase poly aromatic hy-

drocarbons are formed which are precursors of soot. Aromatic hydrocarbons have
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a greater tendency to form soot in burning which increases Soluble Organic Frac-

tion (SOF) emissions. Also as explained earlier in order to obtain same power

output fuel quantity was increased at 27˚ bTDC. Since the fuel quantity is in-

creased, the injection process would be longer leading to longer combustion process

also resulting in higher soluble organic fraction (SOF). Some literature also shows

increase in SOF when biodiesel is used [268, 269, 270]. This increase in SOF

eventually resulted in higher smoke emissions. When the injection timing is too

late, for example, 19˚ bTDC produces more smoke emissions. This trend can be

explained by the longer injection duration as a consequence of low LHV, and lesser

time for combustion [271]. The smoke emissions at 21˚, 23˚, and 25˚ bTDC are

generally low, can meet the emission regulation.

Overall, the injection timing of 21˚ bTDC, meets all the regulatory emission

norms of genset diesel engines with a performance comparable to that of diesel.

Furthermore, by retarding the injection timing to 21˚ bTDC, the NOx, CO, HC

and smoke emissions achieved are lesser by 11.8%, 11.1%, 90% and 5.7% respec-

tively in comparison to emission limits, accompanied by marginal increase of 1.15%

in BSFC compared to diesel at 23˚ bTDC injection timing.

6.2 Numerical investigation

6.2.1 Governing Equations

Simulations were conducted using integrated KIVA4 and CHEMKIN CFD codes.

KIVA4 code solves the governing equations of conservation of mass, momentum

and energy as shown in equations by using finite volume scheme.

The conservation of mass is given as

∂ρm
∂t

+∇ • (ρm
−→u ) = ∇ •

[
ρD∇

(
ρm
ρ

)]
+ ˙ρcm + ρ̇sδm1 (6.9)

where, ρm is the mass density of species m, ρ is the total mass density, −→u is
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the fluid velocity vector, ρ̇s and ˙ρcm are the chemical source term and spray source

term respectively originated by chemical reactions and evaporation of liquid fuel

to gas, δ is the Dirac delta function and D is the diffusion coefficient and is given

by Fick’s law as

D =
µ

ρSc
(6.10)

where, µ is the turbulent viscosity and Sc is the Schmidt number which is

input constant.

Since mass is conserved in chemical reactions, by summing Eq.6.11 over all

species, we can obtain the total fluid density equation as follows

∂ρ

∂t
+∇ • (ρ~u) = ρ̇s (6.11)

ρ̇s = −
ˆ
fρd4πr

2Rd~vdrdTddydẏ (6.12)

The conservation of momentum is given as

∂ (ρ~u)

∂t
+∇ • (ρ~u~u) = − 1

a2
∇p− A0∇

(
2

3
ρk

)
+∇ • σ + ~F s + ρ~g (6.13)

where, p is the fluid pressure, a is a dimensionless quantity used in conjunction

with the Pressure Gradient Scaling (PGS) method for low M flows, the quantity

A0 is zero in laminar calculations and unity when turbulence model is used, k is

the turbulent kinetic energy, ~F s is the rate of momentum gain per unit volume

due to the spray, ~g is the droplet acceleration due to gravitational force which is

assumed constant and σ is the viscous stress tensor given as

σ = µ
[
∇~u+ (∇~u)T

]
+ λ∇ • ~uN (6.14)
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where, µ and λ are the coefficients of viscosity, superscript T denotes the

transpose and N is the unit dyadic.

The conservation of energy is given as

∂ (pI)

∂t
+∇• (ρ~uI) = −p∇•~u+ (1− A0)σ : ∇~u−∇• ~J +A0ρε+

˙
Qc + Q̇s (6.15)

where, I is the specific internal energy exclusive of chemical energy, ε is the

dissipation rate, and ~J is the heat flux vector and is the sum of contributions due

to heat conduction and enthalpy diffusion given by

~J = −K∇T − ρD
∑
m

hm∇
(
ρm
ρ

)
(6.16)

where, K is the thermal conductivity, T is the fluid temperature and hm is the

specific enthalpy of species m. Q̇c is the source term due to chemical heat release,

Q̇s is the source term due to spray interactions which is given as follows

Qs =
˙

−
ˆ
fρd

(
4πr2R

[
I (Td) +

1

2
(~v − ~u)2

]
+

4

3
πr2

[
c1

˙
Td + Ḟ •

(
~v − ~u− ~u

′
)])

d~vdrdTddydẏ (6.17)

The turbulence model is used to solve the two additional transport equations

for the turbulent kinetic energy and its dissipation rate as follows

∂ρk

∂t
+∇ • (ρ~uk) = −2

3
ρk∇ • ~u+ σ : ∇ •

[(
µ

Prk

)
∇k
]
− ρε+ Ẇ s (6.18)

∂ρε

∂t
+∇ • (ρ~uε) = −

(
2

3
Cε1 − Cε3 +

2

3
CµCη

k

ε
∇ • ~u

)
ρε∇ • ~u+∇ •

[(
µ

Prε

)
∇ε
]

+
ε

k

[
(Cε1 − Cη)σ : ∇~u− Cε2ρε+ CsẆ s

]
(6.19)
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where, the quantities Cε1 = 1.42,Cε2 = 1.68 ,Cε3 ,Cη ,Prk = 1.39 and Prε = 1.39

are empirical constants whose values are determined from experiments. The value

of Cs taken as 1.5 as suggested based on the postulate of length scale conservation

in spray/ turbulence interactions and Ẇ s is the source term which arise due to

interaction with the spray and is given as

Ẇ s = −
(

2

3
Cε1 − Cε3

)
ρε∇ • ~u (6.20)

Cε3 = 0.41333 + (−1)δ 0.06899Cηη


δ = 1 if ∇ • ~u < 0

δ = 0 if ∇ • ~u > 0

(6.21)

Cη =
η
(

1− η
η0

)
1 + βη3

(6.22)

where, β = 0.012 and η0 = 4.38

η = S
k

ε
(6.23)

S = (2SijSij)
1
2 (6.24)

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(6.25)

For the spray break-up process, the newly developed hybrid spray model was

used. In addition to this models, the standard collision model, coalescence model

multi-component fuel evaporation model of KIVA4 are used.
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6.2.2 KIVA-CHEMKIN coupling

KIVA4 and CHEMKIN II codes are coupled to solve the detailed chemical reaction

mechanisms. At each time step, the KIVA code gives the species concentrations

and their thermodynamic properties calculated at each cell of the computational

domain to the CHEMKIN code. In return the CHEMKIN code gives back the

newly calculated species values to the KIVA code after solving the reactions.

Fig.6.10 explains the mechanism of KIVA-CHEMKIN integration.

Figure 6.10: Flow chart of integrated KIVA-CHEMKIN code

The Diesel oil surrogate (DOS) fuel detailed chemical reaction model was used

to model diesel fuel [272]. This mechanism contains 305 reactions involving 70

different species (see Appendix C). In this model, the C14H28was assumed to

decompose into n-heptane C7H16 and toluene C7H8 by the following reaction
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1.5C14H28 + 0.5O2 ⇒ 2C7H16 + C7H8 +H2O (6.26)

For the biodiesel reaction, a multi chemistry mechanism developed at ERC

[273] using methyl decanoate (MD) and methyl-9-decenoate (MD9D) and n-

heptane was assumed in this study. This mechanism involves 69 species and

204 reactions (see Appendix D). For pure biodiesel, a fuel mixture of 25% MD,

25% MD9D and 50% n-heptane in mole was used. In order to better model the

fuel spray atomization, and evaporation, the detailed thermo-physical properties

were calculated based on the methods reported in Chapter 5. It was found that

the properties of major composition of biodiesel can be used to predict the spray

characteristics and evaporation of biodiesel fuel with relative accuracy. In this

case, the biodiesel derived from waste cooking oil consists of methyl palmitate

(47.15%) and methyl oleate (36.41%) as its major compositions. Therefore, the

detailed thermo-physical properties of methyl palmitate (C17H34O2) and methyl

oleate (C19H36O2) were assigned to saturated methyl ester (MD) and unsaturated

methyl ester (MD9D) respectively.

6.2.3 Mesh generation

For the CFD simulations, the combustion chamber of 2KD-FTV engine was mod-

eled and meshed using Ansys ICEM CFD software. Based on the bowl geometry

and number of injector holes, a 60˚ sector mesh as shown in Fig.6.11 was gen-

erated by taking advantage of symmetric periodic and boundary conditions to

reduce the computational cost. The mesh consists of 3540 elements including the

piston crevice region, when the piston is at top dead center. The fuel spray region

was meshed using fine polar mesh in order to capture the spray break-up process

in detail.
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Figure 6.11: Grid used for engine simulations

6.2.4 Validation

For numerical validations, the experiments were conducted on a four cylinder,

turbocharged, inline engine with common rail fuel injection system as shown in

Fig.6.12. The engine was connected to an AVL water cooled passive eddy current

dynamometer (AVL DP 160). The dynamometer is capable of providing maxi-

mum braking power of 160kW and a maximum torque of 400Nm at an accuracy

of ±0.3%. The in-cylinder pressure was measured using water cooled AVL pres-

sure transducer (AVL GH13P), which can measure pressure up to 250bar with a

resolution of 1˚CA. The pressure transducer was installed in the first cylinder.

The fuel consumption rate was measured with AVL 733S1.8 fuel balance with an

accuracy of ±1%. The air flow rate was measured using AVL Sensyflow air flow

meter with a resolution of 100ms. The engine specifications are given in Table 6.5.

Table 6.5: Specifications of the engine in NUS
Engine Type Direct injection, four stroke, four cylinder inline, turbocharged engine
Bore and Stroke 92 x 93.8 mm
Swept volume 2494cc
Connecting rod length 158.5 mm
Compression ratio 18.5:1
Rated power 75 kW at 3600 rpm
Rated torque 200Nm
Fuel injection system Common rail injection system
No of orifices 6 Holes
Orifice diameter 175±3μm

In order to validate the numerical results, engine combustion characteristics
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Figure 6.12: Engine setup in NUS

like experimental in-cylinder pressure data and heat release rate were used. Two

different speeds (3600 and 2400 rpm) and two different loading conditions (100%

and 50% load) were used to validate the numerical results for diesel fuel. Fig.6.13

shows the comparison of in-cylinder pressure and heat release rate between ex-

perimental and simulation results for diesel fuel. In order to validate the reaction

mechanism and different models used for biodiesel simulations, the experimental

and simulation results were compared (see Fig.6.14) in terms of in-cylinder pres-

sure and heat release rate (HRR) at engine speed of 2400 rpm and 50% loading

condition. The heat release rate for both experiment and simulation results were

calculated based on the formula [15]

dQ

dt
=

γ

γ − 1
P
dV

dθ
+

1

γ − 1
V
dP

dθ
(6.27)

where, dQ
dt

is the heat release rate per crank angle, θ is crank angle, P is the

in-cylinder pressure, V is the cylinder volume and γ is the ratio of specific heats.

The value of γ is taken as 1.35 for compression stroke and 1.3 for expansion stroke.

As we know, the performance of diesel engine is determined by the combustion

process. To better understand the combustion characteristics, the apparent heat

release rates were also compared for all cases. Quantitative information on com-

bustion phenomenon can be achieved from the in-cylinder pressure data obtained

from engine operating cycle. The heat release rate is used to identify the ignition
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Figure 6.13: Comparison of simulation and experimental combustion parameters
for diesel fuel

Figure 6.14: Comparison of simulation and experimental combustion parameters
for biodiesel fuel

delay and combustion duration. As seen from Figs.6.13 and 6.14, the predicted

in-cylinder pressure and ignition delay time are consistent with the experimental
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results of both diesel and biodiesel fuels. This is because the new spray model

predicts the vapor penetration and liquid length accurately, which implies the air

fuel mixing, ignition and combustion process are also predicted accurately. This

indicates that the new hybrid spray model developed and the reaction mechanism

of both diesel and biodiesel fuels captures the detail of the combustion process in

the engine very well.

6.2.5 Results and discussion

6.2.5.1 Effect of boot length on combustion and emissions

In these simulations, boot pressure was kept constant at 50% of original injection

pressure and the boot length was varied in terms of 25, 50 and 75% of total

injection duration and named as short, medium and long boot lengths respectively.

The SOI and duration of injection were maintained the same as original injection

rate, therefore to inject same quantity, the injection pressure just after boot length

were increased. The injection velocity profile needed for the engine simulations was

obtained from the internal nozzle flow simulations in prior for different injection

pressure profiles as shown in Fig.6.15.

From Fig.6.15, it can be seen from the cumulative injected mass, during the

boot length period, all profiles possess same injection rate as both injection pres-

sure and velocity are same during this period of injection. During main injection

duration, the injection rate is high for long boot length followed by medium and

short boot lengths. This is due to higher injection pressure associated with long

boot length profile to compensate the total fuel injection. The injection velocity

profiles follow the injection pressure profiles, since velocity is directly proportional

to the pressure difference across the injector nozzle holes.

Figs.6.16a and b show the combustion and emission comparison of different

boot lengths. It was found that for different boot lengths, the in-cylinder pressure

and HRR decreases compared to original injection rate, because of less fuel be-

ing injected during initial stage of injection, which reduces accumulated fuel and
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Figure 6.15: Injection pressure, velocity and cumulative injected mass for boot
length profiles

premixed combustion. This may be due to different levels of vaporization of fuel

droplets. The smaller droplets vaporize faster and are involved in the combustion

process earlier than the larger droplets. The droplet size is directly governed by

the injection velocity. Hence, during early injection period, the peak heat release

rate for original injection rate profile is higher compared to different boot lengths

as the velocity of the original profile is high and eventually results in more but

smaller droplets. During the controlled combustion phase, the heat release rate

for long boot length is higher compared to other profiles. This is clearly due to the

higher injection rate and this leads to fine atomization of fuel droplets resulting

in enhanced vaporization and combustion [274, 275].
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Figure 6.16: a) Combustion and b) emission characteristics of different boot length
profiles

From Fig.6.16b, it can be found that NOx emissions were predominantly de-

creased with different boot lengths for the same reason. However the NOx emis-

sions for long and short are slightly higher than medium boot length, because

during the long boot length, in order to maintain fuel quantity; higher injection

pressure was used immediately after the boot length. This higher injection pres-

sure leads to higher injection velocity (see Fig.6.15), which may result in better

fuel-air mixing due to smaller droplet formations and eventually increased NOx

emissions. For short boot length, advanced high injection pressure increases the in-

jection rate during the premixed combustion phase compared to long and medium

boot length profiles which would have brought forth a slight increase in NOx emis-

sions. Generally, as NOx emissions decrease, soot emissions increase, however,

for long boot length, the soot emissions were decreased, which may be due to

increased injection pressure leading to smaller droplets as explained earlier which

undergoes higher oxidation rate because of high temperature and oxygen content

available from the fuel.

Figs.6.17, 6.18, 6.19 and 6.20 show contours of in-cylinder temperature, NO,

CO and soot emissions respectively for different boot length profiles at 12˚ and

20˚ aTDC. It can be seen that, NO emissions are lower for medium boot length

compared to other profiles. This is due to the lower in-cylinder temperature, which

is evident from the temperature contours. However, for medium boot length, both
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CO and soot emissions are higher compared to short and long boot lengths. The

temperature contour at 20˚ aTDC for long boot length shows high temperature

distribution which ascertains the increase in heat release rate during controlled

combustion phase due to enhanced fuel vaporization which helped in CO and soot

oxidation. From the results, it can be observed that NOx emission is low for

medium boot length but it comes at the expense of high CO and soot emissions.

If NOx-soot trade-off is considered then the optimum would be long boot length

injection rate shape.

Figure 6.17: Contours of in-cylinder temperature for different boot length profiles

Figure 6.18: Contours of NO emissions for different boot length profiles
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Figure 6.19: Contours of CO emissions for different boot length profiles

Figure 6.20: Contours of soot emissions for different boot length profiles

6.2.5.2 Effect of boot pressure on combustion and emissions

To study the effect of boot pressure on combustion and emissions, boot length was

maintained as 50% of total injection duration. The boot pressure was varied in

terms of 25, 50 and 75% of original injection pressure as low, medium and high boot

pressure respectively. Similar to boot length simulations, the injection pressure

after boot pressure was increased in order to maintain fuel injection quantity as

shown in Fig.6.15. It should be noted that medium boot pressure profile is the

same as medium boot length profile, but for convenience, the name medium boot

pressure is used in further discussion. The injection velocity for different boot

pressure profiles are also obtained through internal nozzle simulations as done

earlier for boot length profiles.
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Fig.6.21 shows the injection pressure, injection velocities and cumulative in-

jected mass for different boot pressure profiles. It can be observed that during

boot length, the injection rate of low boot pressure profile is low whereas after

boot length its injection rate is increased in order to maintain total fuel quantity.

Similarly, high boot pressure has highest injection rate among other profiles during

boot length and lowest injection rate after boot length until end of injection.

Figure 6.21: Injection pressure, velocity and cumulative injected mass for boot
pressure profiles

Figs.6.22a and b show combustion and emission characteristics of different boot

pressure profiles. Interestingly, it can be observed that unlike different boot length

profiles, not every boot pressure profile produces lower in-cylinder pressure. In fact

low boot pressure profile gives heat release rate on par with original injection rate.
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This is due to high injection velocity immediately after boot length which produces

smaller droplets that eventually involve in enhanced combustion to produce same

level of heat release rate but with slight retardation. However, high boot pressure

and medium boot pressure, present low in-cylinder pressure and heat release rate

compared to both original and low boot pressure rate profiles. This is due to the

higher velocity during boot length period compared to low boot pressure but less

fuel injected than original injection rate profile. Also it can be noted from heat

release rate, that the start of combustion occurs in the order of high boot pressure

followed by low and medium boot pressure which evidently supports the different

level of atomization which governs the combustion process. It is interesting to

note that the start of combustion for low boot pressure is slightly advanced than

medium boot pressure. This may be due to the injection pressure immediately

after boot length duration has more pronounced effect on combustion than during

boot length for medium boot pressure profile.

Figure 6.22: a) Combustion and b) emission characteristics of different boot pres-
sure profiles

From Fig.6.22 b, it was found that both medium and high boot pressure gave

less NOx emission compared to original injection rate and low boot pressure profile.

This is because of less fuel injected during initial injection period. However, the

decrease in NOx emission is relatively lower for high boot pressure profile due

to higher injection velocity which may lead to slightly better air-fuel mixing and

enhances the NOx formation. NOx emission of low boot pressure is higher than
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original and other boot pressure profiles due to high amount of fuel injected with

high injection pressure immediately after boot length period causing better air-fuel

mixing and enhanced combustion leading to high temperature favoring high NOx

emissions. This is also evident from the high HRR from Fig.6.22a. Soot emissions

are lower for both low and high boot pressures. Low soot emissions are observed

with both low and high boot pressures. Low soot emission associated with low

boot pressure is due to better fuel atomization and fuel-air mixing immediately

after the boot length. On the other hand, for high boot pressure, the high heat

release rate during controlled combustion phase compared to other profiles has

favored soot oxidation.

Figs.6.23, 6.24, 6.25 and 6.26 show contours of in-cylinder temperature and

NO, CO and soot emissions respectively for different boot pressure profiles at

12˚ and 20˚ aTDC. From temperature contours it is evident that the low boot

pressure profile produces high in-cylinder temperature and eventually results in

high NOx emissions as shown in NOx contours. For high boot pressure, it can be

observed that both soot and NOx emissions are comparatively lesser than low boot

pressure. Therefore, for NOx-soot trade-off, high boot pressure would be better

boot pressure profile.

Figure 6.23: Contours of in-cylinder temperature for different boot pressure pro-
files
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Figure 6.24: Contours of NO emissions for different boot pressure profiles

Figure 6.25: Contours of CO emissions for different boot pressure profiles

Figure 6.26: Contours of soot emissions for different boot pressure profiles

6.3 Summary

In this study, B20 blend of mahua methyl ester was tested for its usability in genset

engines. The single cylinder diesel engine was tested with B20 mahua methyl ester
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under ISO 8178 D2 cycle to meet genset emission standards prevailing in India.

By varying injection parameters like nozzle opening pressure and injection timing,

the emissions were measured to check whether it meets regulatory norms. From

the study the following conclusions were drawn

• B20 biodiesel can be used in genset engines without any deterioration to

performance compared to diesel except for high NOx emissions at manufac-

turer default nozzle opening pressure of 225 bar and injection timing of 23˚

bTDC.

• By increasing nozzle opening pressure to 275 bar, B20 blend meets all the

regulatory emission norms by good margin and with improved performance

parameters like BTE and BSFC.

• By retarding static injection timing to 21˚ bTDC, B20 blend meets emission

norms again with good margin without significant effect on performance

parameters.

As a concluding remark, B20 blend of mahua methyl ester can be used with genset

engines either by increasing its NOP to 275 bar or by retarding its static injec-

tion timing to 21˚ bTDC from manufacturers’ defaults to meet CPCB emission

standards for genset engines prevailing in India without significantly affecting the

performance compared to diesel fuel.

The effect of injection rate shaping on performance and emission character-

istics of biodiesel fueled diesel engine has been investigated using KIVA4 CFD

code. Different boot profiles have been studied by varying boot pressure and boot

lengths. From KIVA-4 simulation results, it was found that NOx emissions were

reduced for all boot length profiles and medium and high boot pressure profiles

due to less fuel injected and lower injection velocity during initial period of in-

jection. However, it was found that NOx-soot trade-off could be achieved only

with long boot length, and high boot pressure injection rate profiles compared to

original injection rate for biodiesel. From this study, it can be concluded that,
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at medium load and medium engine speed, boot shaped injection profiles can be

effectively used to obtain NOx-soot trade-off for biodiesel powered diesel engines.



7
Conclusions and future recommendations

7.1 Conclusions and contributions

7.1.1 Fundamental study on spray characteristics

As one of the major objectives of this thesis is to study the spray characteristics

and fuel-air mixing in detail, an experimental setup has been designed and com-

missioned in NUS. The setup was used to capture the spray development process

using high speed camera under the ambient pressure condition prevalent inside the

combustion chamber during the injection process. From the experimental results,

it was ascertained that different fuels exhibited different atomization behavior

predominantly affected by its thermo-physical properties. Pure bio diesel (B100)

showed poor atomization characteristics when compared to diesel fuel due to its

188
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high viscosity. However, the bio diesel blend (B20) with diesel showed very similar

spray properties with diesel fuel which also ascertains the comparable engine per-

formance and emission characteristics attributed when using B20 blend in diesel

engines. The experimental momentum flux and momentum co efficient data prove

the presence of cavitation inside the injector nozzle holes and these data were later

used in validation of cavitation model.

7.1.2 Internal nozzle flow modeling

The internal nozzle flow characteristics and cavitation phenomenon have been

studied extensively using Fluent CFD package. The Schnerr-Sauer two phase

model was used in modeling the cavitation inside the injector nozzle holes. The

model was then well validated against the experimental results from literature

and with the momentum flux results obtained in-house. The model showed good

agreement with the experimental results. Then a comprehensive parametric study

has been conducted to establish the effect of different factors like pressure differ-

ence, density, viscosity and different geometries. The results from the simulation

also showed that cavitation and turbulence generated inside the nozzle hole has

predominant effect on the primary atomization. Then this model was further used

in simulating the cavitation inception for different fuels like diesel, biodiesel and

blend fuels. As visualization inside the nozzle under very high injection pressure

is not practically viable, the modeling helped in attaining better understanding on

the vapor phase and turbulence generated inside the injector nozzles and further

using these results to study the primary breakup of the fuel spray in a new hybrid

spray model developed.

7.1.3 Spray modeling

A new hybrid spray model was developed by combining cavitation induced spray

sub model to classical KHRT spray model to capture the physical phenomenon

involved in the spray development process with high accuracy. This model used
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the results of local distribution of flow field variables like vapor fraction, average

turbulent kinetic energy and area coefficient from injector nozzle hole simulations.

This new hybrid spray model was then extensively validated against experimental

results from Sandia National laboratory and in-house experiments for different

fuels. The model has been proved capable of predicting the spray development

process and its quantitative characteristics of different fuels. It was also found

that the spray characteristics of biodiesel in general were affected by the thermo-

physical properties of its major constituent methyl ester. Biodiesel with high

percentage composition of methyl stearate showed poor atomization at low am-

bient temperature and biodiesel with major composition of methyl oleate showed

poor atomization characteristics at high ambient temperature. The new model

has proved its mettle in predicting spray characteristics at par with various exper-

imental results. Therefore it has great potential application in engine modeling to

simulate performance and emission characteristics accurately.

7.1.4 Engine experiments

To study the effect of injection parameters such as injection timing and injection

pressure, a single cylinder agricultural genset engine was used. The engine was

tested under ISO 8178 D2 cycle recommended for testing genset engines. The

engine was fueled with Mahua biodiesel blend (B20) with diesel. Then the ob-

tained emission results for different injection timing and injection pressures were

compared with emission limits (CPCB-I) set by Central Pollution Control Board

of India. It was found that by changing injection timing and injection pressure,

the emissions from the engine fueled with biodiesel blend can be kept within the

limits. It was also found that better trade-off between NOx and fuel consump-

tion could be achieved in addition to better NOx-soot trade-off by adjusting the

injection parameters. Thus, in line with the objective of this thesis it was shown

that by varying the injection parameters both NOx and soot emissions could be

reduced without significant effect on fuel consumption.
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7.1.5 Engine modeling

The 3D CFD modeling of engine performance and emission characteristics fueled

by pure biodiesel fuel was done using KIVA4 CFD code. The new hybrid model

developed was implemented into the KIVA4 package to accurately model the spray

characteristics and fuel-air mixing process. From the literature, it was found that

the injection rate shaping has a potential to obtain NOx-soot trade-off, however,

this injection strategy was less explored by researchers in spite of its capabilities.

Therefore, in this study, this strategy was explored in detail to obtain better engine

out emissions. At first, the injection rate shape was modeled in Fluent CFD

package by varying boot pressure and boot length to obtain necessary input data

for engine simulations such as injection velocity, area coefficient, vapor fraction

at nozzle exit and average turbulent kinetic energy. Then the engine simulations

were performed by varying boot length and boot pressures. It was found that

better NOx-soot trade-off could be achieved with long boot length and high boot

pressure profiles compared to standard square shaped injection profile, and both

NOx and soot emissions could be reduced simultaneously by changing injection

rate shapes.

7.2 Recommendations for future work

7.2.1 Spray experiments

In this study, the spray research was confined to macroscopic characteristics like

spray tip penetration, angle, and volume due to experimental limitations. How-

ever, experimental data on droplet size and droplet size distribution are very

important to improve the accuracy of the spray model further. Therefore, one

of the research directions arisen from this work is to study microscopic charac-

teristics through advanced laser diagnostic equipment like PDPA (Phase Doppler

Particle Analyzer) and PLIF (Planar Laser Induced Fluorescence) to obtain qual-



192 Chapter 7. Conclusions and future recommendations

itative data on liquid and vapor phases. The experimental data from these devices

can be used to further refine the spray model in predicting non-evaporative and

evaporative sprays.

7.2.2 Spray simulations

In this work, the simulation of cavitation inside the injector nozzle holes was car-

ried out in Fluent CFD package and spray simulation was carried out with KIVA4

CFD package. This is because, Fluent is a general purpose CFD package which is

very good for flow related problems and KIVA4 is a special CFD package to sim-

ulate internal combustion engines and to reap the benefit of these two platforms

the simulation in this work was done in two stages. However, it would be better

if both simulations could be done in coupled way using a single CFD package.

That single CFD package should be capable of simulating flow field problems and

engine simulations. There are few software capable of doing this kind of coupled

simulations like AVL FIRE, STAR-CD and recently Converge CFD is also joining

the league, however, these software are commercial packages and provide limited

user interventions or modifications to the models if required. Therefore, the po-

tential CFD package that can be used for coupled simulation should be capable of

simulating general flow problems along with internal combustion simulations and

should also be open source where the user can modify the models to suit his/her

application. One such CFD package is OpenFOAM which has proved its mettle

in simulating both cavitation [276] and internal combustion engines [277]. There-

fore, further development of the unified modeling can be focused on OpenFOAM

platform.

7.2.3 Engine experiments

The control system currently available with the multi-cylinder engine in NUS

is closed ECU (Electronic Control Unit) which restricts changing any injection

parameter like injection pressure, timing, rate shapes and employing multiple in-
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jections. This shortcoming of the engine can be overcome when custom designed

control module is implemented to existing engine. If the user friendly control unit

is implemented then further research can be focused on combustion phasing us-

ing different injection strategies to aim at improving engine efficiency and reduce

emissions.

7.2.4 Engine modeling

The engine modeling also depends on reaction mechanism for particular fuel un-

der investigation to obtain more accurate combustion and emission characteristics.

Although the skeletal mechanism used in this study is currently a very good mech-

anism available in the literature, there are still some uncertainties in prediction

of soot due to the lack of experimental results and details of the soot formation

mechanism. Therefore, another research direction could be the development of a

detailed soot model for better prediction of soot emissions.
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Figure A.1: Detailed drawing of high pressure chamber
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Figure A.2: PE certificate



B
Drawings of force sensor fixture

217



218 Appendix B. Drawings of force sensor fixture

Figure B.1: Assembly view of force sensor with fixture
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Figure B.2: Sensor cap



220 Appendix B. Drawings of force sensor fixture

Figure B.3: Sensor nut
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Figure B.4: Sensor support
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ELEMENTS 

 C H O N 

END 

SPECIE  

C14H28 O2 N2 CO2 H2O H H2 O N OH CO NO HO2 H2O2 CH2O C2H2 C(S) CH4 

CH3 CH3O CH2 HCO C7H15-1 C7H15-2 C7H15O2 C7H14O4H C7H14O2H C7KET21 

C6H12 C5H11CHO C5H11CO C5H11 C4H9 C4H C3H7 C3H6 C3H5 C3H4 C3H3 C3H2 

C2H HCCO C2H3 C2H4 C2H5 C2H6 C4H2 C4H3 C4H5 A1- A1 A1C2H- A1C2H 

A1C2H2 A1C2H)2 A2-1 A2 A2R5- A2R5 CH2CO C6H5CO C6H5CHO C6H5 C7H8 

C7H16 C7H8O C7H7 C6H5O CH3CHO CH3O2 CH2CHO N2O NO2 C7KET12 C5H5 

C6H6 C6H5OH 

END 

REACTIONS                                                                

 5C14H28 + O2 = 3C7H8 + 7C7H16 + 2H2O     1.000E+37   0.0   10500.0 

 4C7H16 + 23O2 = 28HCO + 18H2O            5.000E+11   0.0   27500.0 

 A2R5 = 12C(S) + 4H2                      2.000E+03   0.0       0.0 

 C4H2 = 4C(S) + H2                        1.000E+04   0.0       0.0 

 C7H14O2H + O2 = C7H14O4H                 4.600E+11   0.0       0.0 

  DUPLICATE 

 C7H14O4H = C7KET12 + OH                  1.000E+13   0.0   26400.0 

 C7H14O4H = C7KET21 + OH                  2.965E+13   0.0   26700.0 

  DUPLICATE 

 C7KET12 = C5H11CHO + HCO + OH            1.050E+16   0.0  4.160E+4 

 C7KET21 = C5H11CO + CH2O + OH            1.500E+16   0.0  4.420E+4 

  DUPLICATE 

 C7H16 + C7H7 = C7H15-1 + C7H8            5.000E+12   0.0       0.0                        

 C7H16 + C7H7 = C7H15-2 + C7H8            5.000E+12   0.0       0.0  

 C7H16 + C6H5  = A1 + C7H15-1             1.000E+12   0.0       0.0 

 C7H16 + C6H5 = A1 + C7H15-2              5.000E+11   0.0       0.0 

 C7H16 + O2 = C7H15-1 + HO2               1.500E+13   0.0   48810.0 

 C7H16 + O2 = C7H15-2 + HO2               3.000E+14   0.0   47380.0 

 C7H16 + H = C7H15-1 + H2                 5.600E+07   2.0    7667.0 

 C7H16 + H  = C7H15-2 + H2                4.380E+07   2.0    4750.0 

 C7H16 + OH = C7H15-1 + H2O               8.610E+09   1.1    1815.0 

 C7H16 + OH = C7H15-2 + H2O               6.800E+09   1.3     690.5 

 C7H16 + HO2 = C7H15-1 + H2O2             8.000E+12   0.0   19300.0 

 C7H16 + HO2 = C7H15-2 + H2O2             1.000E+13   0.0   16950.0 

 C7H16 = C4H9 + C3H7                      3.400E+16   0.0   80710.0 

 C7H16 = C5H11 + C2H5                     3.400E+16   0.0   80710.0 

 C7H15-1 + O2 = C7H15O2                   2.000E+12   0.0       0.0 

 C7H15-2 + O2 = C7H15O2                   2.500E+12   0.0       0.0 

 C7H15O2 = C7H14O2H                       5.000E+12   0.0   20380.0     ! 11 

 C7H14O2H + O2 = C7H14O4H                 2.000E+11   0.0       0.0 

  DUPLICATE 
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 C7H14O4H = C7KET21 + OH                  1.000E+11   0.0  2.385E+4    ! 2.965E+13   0.0   

26700.0  

  DUPLICATE 

 C7KET21 = C5H11CO + CH2O + OH            1.500E+16   0.0  4.240E+4 

  DUPLICATE 

 C5H11CHO + O2 = C5H11CO + HO2            2.000E+13   0.5  4.220E+4 

 C5H11CHO + OH = C5H11CO + H2O            1.000E+13   0.0  0.000E+0 

 C5H11CHO + H = C5H11CO + H2              4.000E+13   0.0  4.200E+3 

 C5H11CHO + O = C5H11CO + OH              5.000E+12   0.0  1.790E+3 

 C5H11CHO + HO2 = C5H11CO + H2O2          2.800E+12   0.0  1.360E+4 

 C5H11CHO + CH3 = C5H11CO + CH4           1.700E+12   0.0  8.440E+3 

 C5H11CO = C5H11 + CO                     1.000E+11   0.0  9.600E+3 

 C5H11 = C2H5 + C3H6                      3.200E+13   0.0   28300.0 

 C7H15-1 = C2H4 + C5H11                   2.500E+13   0.0   28810.0 

 C7H15-2 = CH3 + C6H12                    3.000E+13   0.0   29800.0 

 C6H12 = C3H7 + C3H5                      1.000E+16   0.0   68000.0 

 C6H12 = C3H6 + C3H6                      1.000E+16   0.0   68000.0 

 C6H12 + OH = C5H11 + CH2O                1.000E+11   0.0  -4.00E+3 

 C6H12 + O = C5H11 + HCO                  1.000E+11   0.0  -1.05E+3 

 C7H15-2 = C4H9 + C3H6                    1.500E+13   0.0   28600.0 

 C7H15-1 = C7H15-2                        2.000E+11   0.0   18050.0 

 C4H9 = C3H6 + CH3                        7.360E+17  -1.40  30230.0      !7.367E+17  -1.40  

3.023E+04 

 C4H9 = C2H5 + C2H4                       2.500E+13   0.0   28810.0 

 C3H7 = C2H4 + CH3                        9.600E+13   0.0   30950.0 

 C3H7 = C3H6 + H                          1.250E+14   0.0   36900.0 

 C3H7 + CH3 = C2H5 + C2H5                 1.900E+13  -0.3       0.0 

 C3H7 + O2 = C3H6 + HO2                   1.000E+12   0.0    4980.0 

 C3H7 + H = CH3 + C2H5                    4.060E+06   2.19    890.0 

 C3H6 = C2H3 + CH3                        6.250E+15   0.0   85500.0 

 C3H6 + H = C3H5 + H2                     5.000E+12   0.0    1500.0 

 C3H6 + CH3 = C3H5 + CH4                  9.000E+12   0.0    8480.0 

 C3H6 + O2 = C3H5 + HO2                   4.000E+12   0.0   39900.0 

 C3H5 + HO2 = C2H3 + CH2O + OH            1.000E+12   0.0       0.0 

 C3H5 + H = C3H4 + H2                     1.000E+13   0.0       0.0 

 C3H5 + O2 = CH3 + CH2O + CO              4.000E+12   0.0       0.0 

 C3H4 + OH = C2H3 + CH2O                  1.000E+12   0.0       0.0 

 C3H4 + OH = C2H4 + HCO                   1.000E+12   0.0       0.0 

 C3H4 + O2 = C3H3 + HO2                   4.000E+13   0.0   39160.0 

 CH3O + CO = CH3 + CO2                    1.570E+14   0.00  11800.0 

 CH3O + H = CH2O + H2                     2.000E+13   0.00      0.0 

 CH3O + H = CH3 + OH                      1.000E+14   0.00      0.0 

 CH3O + OH = CH2O + H2O                   5.000E+12   0.00      0.0 

 CH3O + O = CH2O + OH                     1.000E+13   0.00      0.0 
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 CH3O + O2 = CH2O + HO2                   4.280E-13   7.60  -3530.0 

 CH3O = CH2O + H                          3.000E+12   0.00  27420.0 

 C3H3 + C3H3 = A1                         2.000E+12   0.0       0.0 

 C4H5 + C2H3 = A1 + H2                    1.840E+13   0.0    7070.0 

 C7H8 + H = A1 + CH3                      1.200E+12   0.0    5148.0 

 C7H8 + C6H5 = C7H7 + A1                  2.103E+12   0.0    4400.0 

 C6H5CHO + H = A1 + HCO                   1.200E+13   0.0    5148.0 

 C6H5CHO + C6H5 = C6H5CO + A1             7.010E+11   0.0    4400.0 

 C6H5CO + HO2 = C6H5 + CO2 + OH           2.000E+13   0.0       0.0 

 C6H5CO + O2 = C6H5O + CO2                3.000E+11   0.0    2870.0 

 A1 + O2 = C6H5 + HO2                     6.300E+13   0.0   60000.0 

 A1 + OH = C6H5 + H2O                     1.600E+08   1.42   1450.0 

 C6H5 + CH2O = A1 + HCO                   1.750E+10   0.0       0.0 

 A1 + O = C6H5 + OH                       2.000E+13   0.0   14704.0 

 C6H5 + H = A1                            2.200E+14   0.0       0.0 

 CO + OH = CO2 + H                        3.510E+07   1.30     70.0 

 CO + O2 = CO2 + O                        4.600E+13   0.0   41000.0 

 CO + HO2 = CO2 + OH                      1.500E+14   0.0   23650.0 

 CO + O + M = CO2 + M                     6.170E+14   0.0    3000.0 ! 10 4.170E+14  

 H + O2 = O + OH                          1.915E+14   0.0   16440.0 

  REV /5.481E+11 0.39 -2.93E+02 /    

 O + H2 = OH + H                          5.080E+04   2.67   6292.0 

  REV /2.667E+04 2.65 4880.0 / 

 OH + H2 = H + H2O                        2.160E+08   1.51   3430.0 

  REV / 2.298E+09 1.40 1.832E+04 / 

 O + H2O = OH + OH                        2.970E+06   2.02  13400.0 

  REV / 1.465E+05 2.11 -2904.0 / 

 H2 + M = H + H + M                       4.577E+19  -1.40 1.044E+5 

  REV / 1.146E+20 -1.68 8.20E+02 / 

  H2 /2.5/ H2O /12.0/    

 O2 + M = O + O + M                       4.515E+17  -0.64 1.189E+5 

  REV / 6.165E+15 -0.5 0.0 / 

  H2 /2.5/ H2O /12.0/ 

 OH + M = O + H + M                       9.880E+17  -0.74 1.021E+5 

  REV / 4.714E+18 -1.0 0.0 / 

  H2 /2.5/ H2O /12.0/ 

 H2O + M = H + OH + M                     1.912E+23  -1.83 1.185E+5 

  REV /4.500E+22 -2.0 0.0 / 

  H2 /0.73/ H2O /12.0/ 

 H + O2(+M) = HO2(+M)                     1.475E+12   0.60      0.0 

  LOW / 3.4820E+16 -4.11E-01 -1.115E+03 / 

  TROE / 0.5 1.0E-30 1.0E+30 1.0E+100 / 

  H2 /1.3/ H2O /14.0/ 

 HO2 + H = H2 + O2                        1.660E+13   0.00    823.0 
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  REV / 3.164E+12 0.35 5.551E+04 / 

 HO2 + H = OH + OH                        7.079E+13   0.00    295.0 

  REV / 2.027E+10 0.72 3.684E+04 / 

 HO2 + O = OH + O2                        3.250E+13   0.00      0.0 

  REV / 3.252E+12 0.33 5.328E+04 / 

 HO2 + OH = H2O + O2                      2.890E+13   0.00   -497.0 

  REV / 5.861E+13 0.24 6.908E+04 / 

 H2O2 + O2 = HO2 + HO2                    4.634E+16  -0.35  50670.0 

  REV / 4.20E+14 0.0 11980.0 / 

  DUPLICATE 

 H2O2 + O2 = HO2 + HO2                    1.434E+13  -0.35  37060.0 

  REV / 1.30E+11 0.0 -1629.0 / 

  DUPLICATE 

 H2O2(+M) = OH + OH(+M)                   2.951E+14   0.00  48430.0 

  LOW / 1.202E+17  0.0 45500.0 / 

  TROE / 0.5 1.0E-30 1.0E+30 1.0E+100 / 

  H2 /2.5/ H2O /12.0/ 

 H2O2 + H = H2O + OH                      2.410E+13   0.00   3970.0 

  REV / 1.269E+08 1.31 71410.0 / 

 H2O2 + H = H2 + HO2                      6.025E+13   0.0    7950.0 

  REV / 1.041E+11 0.70 2.395E+04 / 

 H2O2 + O = OH + HO2                      9.550E+06   2.00   3970.0 

  REV / 8660.0 2.68 1.856E+04 / 

 H2O2 + OH = H2O + HO2                    1.000E+12   0.0       0.0 

  REV / 1.838E+10 0.59 3.089E+04 / 

  DUPLICATE 

 H2O2 + OH = H2O + HO2                    5.800E+14   0.0    9557.0 

  REV / 1.066E+13 0.59 4.045E+04 / 

  DUPLICATE  

 CH2O + O2 = HCO + HO2                    1.000E+14   0.00  39000.0      ! 6.2 

 CH2O + HO2 = HCO + H2O2                  3.000E+12   0.00   8000.0 

 CH2O + CH3 = HCO + CH4                   5.540E+03   2.81  5.86E+3 

 CH2O + M = HCO + H + M                   3.300E+16   0.00  8.10E+4 

 HCO + HCO = CH2O + CO                    3.010E+13   0.00      0.0 

 HCO + HCO = CO + CO + H2                 3.010E+13   0.00      0.0     !  12 

 HCO + OH = H2O + CO                      3.000E+13   0.00      0.0 

 HCO + H = H2 + CO                        1.190E+13   0.30      0.0 

 HCO + O = OH + CO                        3.000E+13   0.00      0.0 

 HCO + O = H + CO2                        3.000E+13   0.00      0.0 

 HCO + O2 = HO2 + CO                      3.300E+13  -0.40      0.0 

 HCO + M = H + CO + M                     1.870E+17  -1.00  17000.0 

 HCO + HO2 = CO2 + OH + H                 3.000E+13   0.00      0.0 

 CH4 + O2 = CH3 + HO2                     7.900E+13   0.00  56000.0 

 CH4 + H = CH3 + H2                       6.600E+08   1.60  10840.0 
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 CH4 + OH = CH3 + H2O                     1.600E+06   2.10   2460.0 

 CH4 + O = CH3 + OH                       1.020E+09   1.50   8604.0 

 CH4 + HO2 = CH3 + H2O2                   1.000E+13   0.00  18700.0 

 CH4 + CH2 = CH3 + CH3                    4.000E+12   0.00   -570.0 

 CH3 + HCO = CH4 + CO                     1.200E+14   0.00      0.0 

 CH3 + HCO = CH2O + CH2                   3.000E+13   0.00      0.0 

 CH3 + H = CH4                            1.900E+36  -7.00   9050.0 

 CH3 + H = CH2 + H2                       9.000E+13   0.00  15100.0 

 CH3 + CH3O = CH4 + CH2O                  4.300E+14   0.00      0.0 

 CH3 + CH3 = C2H6                         2.120E+16  -0.97    620.0 

 CH3 + CH3(+M) = C2H6(+M)                 8.770E+16  -1.18    654.0 ! 16  6.77 

     LOW  /  1.400E+41   -7.030   2762.00/  

     TROE/   .6190  73.20  1180.00  9999.00 / 

     H2/2.0/ H2O/6.0/ CH4/2.0/ CO/1.50/ CO2/2.0/ C2H6/3.0/ 

 CH3 + CH3 = C2H5 + H                     4.990E+12   0.10  10600.0 

 CH3 + O = CH2O + H                       8.000E+13   0.00      0.0 

 CH3 + OH = CH2 + H2O                     7.500E+06   2.00   5000.0 

 CH3 + OH = CH2O + H2                     4.000E+12   0.00      0.0 

 CH3 + CH2 = C2H4 + H                     3.000E+13   0.00   -570.0 

 CH3 + HO2 = CH3O + OH                    5.000E+13   0.00      0.0 

 CH3 + O2 = CH3O + O                      4.670E+13   0.00  30000.0 

 CH3 + O2 = CH2O + OH                     2.310E+12   0.00  20310.0 

 CH3 + C2H4 = CH4 + C2H3                  6.620E+00   3.70   9482.0 

 CH3 + CH3 = C2H4 + H2                    1.000E+15   0.00  31000.0 

 CH2 + OH = CH2O + H                      2.500E+13   0.00      0.0  

 CH2 + O2 = HCO + OH                      4.300E+10   0.00   -500.0 

 CH2 + O2 = CO2 + H2                      6.900E+11   0.00    500.0  

 CH2 + O2 = CO + H2O                      2.000E+10   0.00  -1000.0 

 CH2 + O2 = CH2O + O                      5.000E+13   0.00   9000.0 

 CH2 + O2 = CO2 + H + H                   1.600E+12   0.00   1000.0 

 CH2 + O2 = CO + OH + H                   8.600E+10   0.00   -500.0 

 CH2 + CH2 = C2H2 + H2                    1.200E+13   0.0     800.0 

 CH2 + CH2 = C2H2 + H + H                 1.200E+14   0.0     800.0 

 CH2 + CO2 = CH2O + CO                    1.000E+11   0.00   1000.0 

 C2H4 + H = C2H3 + H2                     1.100E+14   0.00   8500.0 

 C2H4 + O = CH3 + HCO                     1.600E+09   1.20    746.0 

 C2H4 + O = CH2O + CH2                    3.000E+04   1.88    180.0 

 C2H4 + O = C2H3 + OH                     1.510E+07   1.91   3790.0 

 C2H4 + OH = CH2O + CH3                   6.000E+13   0.0     960.0       ! 13 

 C2H4 + HO2 = C2H3 + H2O2                 7.100E+11   0.0   17110.0 

 C2H4 + OH = C2H3 + H2O                   6.020E+13   0.00   5955.0       ! 6.02  5955 

 C2H4 + M = C2H2 + H2 + M                 1.500E+15   0.00  55800.0 

 C2H4 + M = C2H3 + H + M                  2.600E+17   0.0   96570.0 

 C2H4 + H = C2H5                          2.600E+43  -9.25  52580.0 
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 C2H6 + O2 = C2H5 + HO2                   1.000E+13   0.00  48960.0 

 C2H5 + O2 = C2H4 + HO2                   2.000E+10   0.0   -2200.0 

 C2H4 + O2 = C2H3 + HO2                   4.200E+14   0.00  57590.0      ! 14 

 C2H4 + C2H4 = C2H5 + C2H3                5.000E+14   0.0   64700.0       ! 14 

 C2H5 + HO2  = C2H4 + H2O2                3.000E+11   0.00      0.0 

 C2H2 + O2 = HCO + HCO                    4.000E+12   0.00  28000.0  

 C2H2 + O = CH2 + CO                      1.020E+07   2.00   1900.0 

 C2H2 + H + M = C2H3 + M                  5.540E+12   0.00   2410.0 

 C2H3 + H = C2H2 + H2                     4.000E+13   0.00      0.0  

 C2H3 + O2 = CH2O + HCO                   4.000E+12   0.00   -250.0 

 C2H3 + O2 = C2H2 + HO2                   1.337E+06   1.61   -384.0      ! 1.000E+12   0.0   

10000.0 

 C2H3 + OH = C2H2 + H2O                   5.000E+12   0.00      0.0 

 C2H3 + CH2 = C2H2 + CH3                  3.000E+13   0.00      0.0 

 C2H3 + HCO = C2H4 + CO                   6.034E+13   0.0       0.0 

 C2H3 + C2H3 = C2H2 + C2H4                1.450E+13   0.0       0.0 

 C2H3 + O = C2H2 + OH                     1.000E+13   0.0       0.0 

 C2H2 + CH2 = C3H3 + H                    1.200E+13   0.0    6620.0 

 C3H3 + OH = C3H2 + H2O                   1.000E+13   0.0       0.0 

 C3H3 + O = CH2O + C2H                    1.000E+13   0.0       0.0 

 C2H3 = C2H2 + H                          4.600E+40  -8.80  46200.0 

 C2H2 = C2H + H                           2.373E+32  -5.28 130688.0 

 C2H + O2 = HCO + CO                      5.000E+13   0.00   1500.0 

 C2H + H2 = H + C2H2                      4.900E+05   2.50    560.0 

 C2H2 + O = C2H + OH                      4.600E+19  -1.41  28950.0 

 C2H2 + OH = C2H + H2O                    3.370E+07   2.00  14000.0 

 C2H2 + OH = CH2CO + H                    2.180E-04   4.50  -1000.0 

 C2H2 + OH = CH3 + CO                     4.830E-04   4.00  -2000.0 

 C2H2 + C2H = C4H2 + H                    9.600E+13   0.0       0.0 

 C4H  + H2 = H + C4H2                     4.900E+05   2.5     560.0 

 C4H2 + OH = C4H + H2O                    3.370E+07   2.0   14000.0 

 C4H2 + C2H = C4H + C2H2                  2.000E+13   0.0       0.0 

 C4H2 + O = C3H2 + CO                     2.700E+13   0.0    1720.0 

 C3H2 + O = C2H2 + CO                     5.800E+13   0.0       0.0 

 C3H2 + OH = HCO + C2H2                   5.800E+13   0.0       0.0 

 C3H2 + CH2 = C4H3 + H                    3.000E+13   0.0       0.0 

 C3H3 + C3H3 = C6H5 + H                   2.000E+12   0.0       0.0 

 C3H2 + HCCO = C4H3 + CO                  1.000E+13   0.0       0.0 

 CH2CO + H = HCCO + H2                    5.000E+13   0.00   8000.0 

 CH2CO + H = CH3  + CO                    1.130E+13   0.00   3428.0 

 CH2CO + O = HCCO + OH                    1.000E+13   0.00   8000.0 

 C2H2 + C2H2 = C4H2 + H2                  1.000E+17   0.00  81000.0 

 C2H2 + C2H = C4H3                        4.500E+37  -7.68   7100.0 

 C2H3 + C2H2 = C4H5                       8.100E+37  -8.09  13400.0 
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 C2H2 + O = HCCO + H                      1.020E+07   2.0    1900.0 

 C4H5 + O2 = C2H4 + CO + HCO              4.160E+10   0.00   2500.0 

 C4H3 + M = C4H2 + H + M                  1.000E+14   0.0   30000.0 

 C4H3 + H = C2H2 + C2H2                   6.300E+25  -3.34  10014.0 

 C4H3 + H = C4H2 + H2                     1.500E+13   0.00      0.0 

 C4H3 + OH = C4H2 + H2O                   5.000E+12   0.00      0.0 

 C2H  + OH = H + HCCO                     2.000E+13   0.0       0.0 

 C4H3 + C2H2 = C6H5                       2.800E+03   2.9    1400.0 

 C6H6 + H = A1 + H                        3.700E+20  -2.35   6800.0 

 C4H3 + C2H2 = A1-                        1.900E+63 -15.25  30600.0  

 C4H5 + C2H2 = A1 + H                     1.600E+18  -1.88   7400.0 

 C6H5 = A1-                               3.500E+46 -10.44  33600.0 

 C6H5 + C2H = A1C2H                       2.540E+17  -1.489  1541.0 

 A1 + H = A1- + H2                        2.590E+14   0.0   16000.0 

 A1 + OH = A1- + H2O                      1.060E+08   1.42   1450.0 

 A1- + H = A1                             1.000E+14   0.00      0.0 

 C4H3 + C4H2 = A1C2H-                     1.900E+63 -15.25  30600.0                  

 A1 + C2H = A1C2H + H                     5.000E+13   0.0       0.0 

 A1- + C2H2 = A1C2H2                      7.900E+29  -5.15  13700.0 

 A1- + C2H2 = A1C2H + H                   2.500E+29  -4.43  26400.0 

 A1C2H + H = A1C2H2                       1.600E+32  -5.72  11090.0 

 A1C2H + H = A1C2H- + H2                  2.500E+14   0.0   16000.0 

 A1C2H + OH = A1C2H- + H2O                1.600E+08   1.42   1450.0 

 A1C2H- + H + M = A1C2H + M               1.000E+14   0.00      0.0 

 A1- + C2H3= A1C2H2 + H                   9.400E+00   4.14  23234.0 

 A1- + C4H2 = A2-1                        5.100E+48 -10.53  28000.0 

 A1C2H2 + H = A1C2H + H2                  1.500E+13   0.0       0.0 

 A1C2H2 + OH = A1C2H + H2O                2.500E+12   0.0       0.0 

 A1C2H- + C2H2 = A2-1                     5.100E+48 -10.53  28000.0 

 A1C2H- + C2H2 = A1C2H)2 + H              2.100E+10   0.85  13700.0 

 A1C2H)2 + H = A2-1                       1.500E+51 -10.77  25500.0 

 A1C2H + C2H = A1C2H)2 + H                5.000E+13   0.0       0.0 

 A1C2H2 + C2H2 = A2 + H                   1.600E+18  -1.88   7400.0 

 A2 + H = A2-1 + H2                       2.500E+14   0.0   16000.0 

 A2 + OH = A2-1 + H2O                     1.600E+08   1.42   1450.0 

 A2-1 + O2 = A1C2H + HCO + CO             2.100E+12   0.0    7470.0 

 A2-1 + C2H2 = A2R5 + H                   1.100E+07   1.71   3900.0 

 A2R5 + O = A2-1 + HCCO                   2.200E+13   0.0    4530.0 

 A2R5- + O2 = A2-1 + CO + CO              2.100E+12   0.0    7470.0 

 A2R5 + H = A2R5- + H2                    2.500E+14   0.0   16000.0 

 A2R5 + OH = A2R5- + H2O                  1.600E+08   1.42   1450.0 

 A2R5- + H = A2R5                         1.000E+14   0.00      0.0 

 HCCO + O2 = OH + CO + CO                 1.600E+12   0.0     854.0 

 HCCO + CH2 = C2H3 + CO                   3.000E+13   0.0       0.0 
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 C2H  + C2H = C4H2                        1.800E+13   0.0       0.0 

 C3H4 + O = HCCO + CH3                    6.300E+12   0.0    2010.0 

 HCCO + HCCO = C2H2 + CO + CO             1.000E+13   0.0       0.0 

 CH2O + O = HCO + OH                      3.800E+13   0.00   3540.0 

 CH2O + H = HCO + H2                      2.300E+10   1.05   3270.0 

 CH2O + OH = HCO + H2O                    1.430E+10   1.20   -447.0   ! 2.34 

 C2H5 + O = CH3CHO + H                    1.090E+14   0.0       0.0 

  DUPLICATE 

 C2H5 + O = CH2O + CH3                    4.240E+13   0.0       0.0 

 C2H5 + O = C2H4 + OH                     3.460E+13   0.0       0.0 

 CH2CO + O = HCO + HCO                    1.050E+13   0.00   2400.0 

 CH2CO + OH = HCCO + H2O                  1.500E+13   0.00   2000.0 

 CH2CO + OH = HCO + CH2O                  2.040E+12   0.0       0.0 

 CH2CO + OH = CH3 + CO2                   3.100E+13   0.0       0.0 

 CH2CO + M = CH2 + CO + M                 3.000E+16   0.00  6.00E+4 

 C2H3 + O = CH2CO + H                     3.000E+13   0.00      0.0 

 C3H3 + O2 = CH2CO + HCO                  3.000E+10   0.00   2878.0 

 C3H4 + O = CH2CO + CH2                   2.000E+07   1.8    1000.0 

 C4H3 + O2 = HCCO + CH2CO                 1.000E+12   0.0       0.0 

 C6H5 + O2 = CH2CO + HCCO + C2H2          7.800E+16  -1.76      0.0 

 A1C2H + OH = A1- + CH2CO                 2.180E-04   4.5   -1000.0 

 A1C2H)2 + OH = A1C2H- + CH2CO            2.180E-04   4.5   -1000.0 

 A2 + OH = A1C2H + CH2CO + H              1.300E+13   0.0   10600.0 

 A2 + O = CH2CO + A1C2H                   2.200E+13   0.0    4530.0 

 A2R5 + OH = A2-1 + CH2CO                 1.300E+13   0.0   10600.0 

 C4H5 + C3H4 = C7H8 + H                   2.000E+11   0.0    3600.0 

 C7H7 + H = C7H8                          1.200E+14   0.0       0.0 

 C7H8 = C6H5 + CH3                        1.400E+16   0.0   99800.0 

 C7H8 + O2 = C7H7 + HO2                   3.000E+14   0.0   42400.0 

 C7H8 + OH = C7H7 + H2O                   1.780E+13   0.0    2583.0 

 C7H8 + O = C7H7 + OH                     1.000E+08   1.5    8000.0 

 C7H8 + H = C7H7 + H2                     1.500E+14   0.0    8235.0 

 C7H8 + CH3 = C7H7 + CH4                  3.160E+11   0.0    9500.0 

 C7H8 + C2H3 = C7H7 + C2H4                3.980E+12   0.0    8000.0 

 C7H7 + O = C6H5CHO + H                   5.000E+13   0.0       0.0 

 C7H7 + O = C6H5 + CH2O                   8.000E+13   0.0       0.0 

 C7H7 + O2 = C6H5O + CH2O                 6.300E+13  -1.07  10840.0 

 C7H7 + HO2 = C6H5CHO + H    + OH         6.000E+13   0.0       0.0 

 C7H7 + HO2  = C6H5 + CH2O + OH           6.000E+12   0.0       0.0 

 C7H7 + OH = C7H8O                        5.000E+13   0.0       0.0 

 C7H7 + C6H5OH = C7H8 + C6H5O             1.050E+11   0.0    9500.0 

 C7H8O + OH = C6H5CHO + H2O + H           8.430E+12   0.0    2583.0 

 C7H8O + O2 = C6H5CHO + H + HO2           2.000E+14   0.0   41400.0 

 C7H8O + H = C6H5OH + CH3                 1.200E+13   0.0    5148.0 
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 C7H8O + H = C7H8 + OH                    2.210E+13   0.0    7910.0 

 C7H8O + C7H7 = C6H5CHO + C7H8 + H        2.110E+11   0.0    9500.0 

 C6H5CHO + O2 = C6H5CO  + HO2             1.020E+13   0.0   38950.0 

 C6H5CHO + OH = C6H5CO + H2O              1.710E+09   1.18   -447.0 

 C6H5CHO + H = C6H5CO + H2                5.000E+13   0.0    4928.0 

 C6H5CHO + O = C6H5CO + OH                9.040E+12   0.0    3080.0 

 C6H5CO = C6H5 + CO                       3.980E+14   0.0   29400.0 

 C6H5 + CH3 = C7H7 + H                    5.700E-02   5.0   15700.0 

 C6H5 + HO2 = C6H5O + OH                  5.000E+13   0.0    1000.0 

 C6H5 + O2 = C6H5O + O                    2.600E+13   0.0    6120.0 

 C6H5O = C5H5 + CO                        2.510E+11   0.0   43900.0 

 C6H5 + OH = C6H5O + H                    5.000E+13   0.0       0.0 

 C6H5O + O = C5H5 + CO2                   1.000E+13   0.0       0.0 

 C6H5OH  + H = C6H5O + H2                 1.150E+14   0.0   12400.0 

 C6H5OH  + O = C6H5O + OH                 2.810E+13   0.0    7352.0 

 C6H5OH  + HO2 = C6H5O + H2O2             3.000E+13   0.0   15000.0 

 C6H5OH  + C2H3 = C2H4 + C6H5O            6.000E+12   0.0       0.0 

 C6H5OH  + OH = H2O + C6H5O               1.390E+08   1.43   -962.0 

 C(S) + O2 = O + CO                       3.000E+11   0.00  26800.0 ! 12 

 C(S) + H2O = CO + H2                     3.000E+11   0.00  42800.0 ! 12 

 C(S) + OH = CO + H                       3.000E+12   0.00  32600.0 ! 7.E+12 

 C(S) + OH + OH = CO2 + H2                3.000E+12   0.00  32600.0 ! 7.E+12 

 C(S) + OH + O  = CO2 + H                 3.000E+12   0.00  32600.0 

 C(S) + NO2 = CO + NO                     1.000E+12   0.00  18800.0 

 C3H7 + HO2 = CH3CHO + CH3 + OH           2.410E+13   0.0       0.0 

 C3H7 + O = CH3CHO + CH3                  4.820E+13   0.0       0.0 

 C2H4 + HO2 = CH3CHO + OH                 6.030E+09   0.0    7949.0 

 C2H5 + O = CH3CHO + H                    6.620E+13   0.0       0.0 

  DUPLICATE 

 C2H3 + OH = CH3CHO                       3.010E+13   0.0       0.0 

 CH3CHO = CH3 + HCO                       7.000E+15   0.0   81674.0 

 CH3CHO + O2 = HO2 + CH3 + CO             3.010E+13   0.0   39150.0 

 C2H3 + O2 = CH2CHO + O                   3.500E+14  -0.61   5260.0 

 C2H4 + O = CH2CHO + H                    1.210E+06   2.08      0.0 

 O + CH2CHO = H + CH2 + CO2               1.500E+13   0.00      0.0 

 O2 + CH2CHO = OH + CO + CH2O             2.000E+13   0.00   4200.0 

 O2 + CH2CHO = OH + HCO + HCO             2.350E+10   0.00      0.0 

 H + CH2CHO = CH3 + HCO                   2.200E+13   0.00      0.0 

 H + CH2CHO = CH2CO + H2                  1.100E+13   0.00      0.0 

 CH3 + O2 = CH3O2                         9.020E+58 -15.0   17204.0 

 CH3O2 + CH3 = CH3O + CH3O                2.410E+13   0.0       0.0 

 CH3O2 + O = CH3O + O2                    3.610E+13   0.0       0.0 

 CH3O2 + H = CH3O + OH                    9.640E+13   0.0       0.0 

 C2H4 + CH3O2 = CH3CHO + CH3O             7.000E+13   0.0   14500.0 
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 OH + CH2CHO = H2O + CH2CO                1.200E+13   0.00      0.0 

 N + NO = N2 + O                          3.500E+14   0.0     330.0 

 N + O2 = NO + O                          9.000E+09   1.0    6500.0 

 N + OH = NO + H                          7.333E+13   0.0    1120.0 

 N + CO2 = NO + CO                        1.900E+11   0.0    3400.0 

 N2O + O = N2 + O2                        1.400E+12   0.0   10810.0 

 N2O + O = NO + NO                        2.900E+13   0.0   23150.0 

 N2O + H = N2 + OH                        4.400E+14   0.0   18880.0 

 N2O + OH = N2 + HO2                      2.000E+12   0.0   21060.0 

 N2O + NO = N2 + NO2                      2.750E+14   0.0   50000.0 

 NO2 + N = NO + NO                        1.000E+12   0.0       0.0 

 NO + HO2 = NO2 + OH                      2.110E+12   0.0    -480.0 

 NO + O + M = NO2 + M                     1.060E+20  -1.41      0.0 

     H2/2.0/ H2O/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0/  

 NO2 + O = NO + O2                        3.900E+12   0.0    -240.0 

 NO2 + H = NO + OH                        1.320E+14   0.0     360.0 

 NO + CH3O2 = NO2 + CH3O                  2.530E+12   0.0    -358.0 

 NO2 + CH3 = NO + CH3O                    1.500E+13   0.0       0.0 

 N2O + M = N2 + O + M                     1.300E+11   0.0   59620.0 

END 
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ELEMENTS                                                                         

H  O   C  N                                                                                

END                                                                              

SPECIES                                                                          

MD MD9D NC7H16 O2 N2 CO2 H2O H H2 O N  OH CO NO HO2 H2O2 CH3O 

CH2O HCO CH3 CH4 C2H2 C2H3 C2H4 C2H5 C3H4 C3H5 C3H6 C3H7 

C7H15-2 C7H15O2 C5H11CO C4H9 CH2CHO CH2CO  MS6D N2O 

NO2 A2R5 C(S)  C4H2 C7H14O2H C7H15-1 C6H5 A1 C5H11 C3H3 

C2H C4H3 HCCO A1- A1C2H A1C2H- A2-1 A1C2H)2 A2 A2R5- 

CH3O2 CH3O2H C6H2 C7H14O2HO2 CH3CHO C6H12 C7H15O C7H15O2H        

C7KET21 A1C2H2 CH2 C2H6 CH3OH CH3CO C4H8-1  C5H10-1      

  C2H4O2H  C2H4O1-2  C4H6  MD2J MD3J MD10J            

MS7J C5H11-1 MO7D   MP2D MD2D C7H15-4 C5H9-14 MD9D8J MD9D3J           

MD3O2 C7H14OOH2-4  C7H15-3 C5H10OOH1-3  MD3OOH5J C5H10O1-3        

MD3OOH5O2 C7H14OOH2-4O2 MDKET23 MDKET23O MS7OXO MO8OXO MD69D            

MD69D2J  MD9D3O2 MD9D8O2  MD8DXO2  MD9D8O  MD9D6OOH8J       

MD8DXOOH7J MD9D8OOH MD9D6OOH8O2  MD8DXOOH7O2 MD9DKET23        

END                                                                              

REACTIONS                                                                        

CH2O+CH3O<=>CH3OH+HCO 6.620E+11 0.00 2294.0                                      

REV/ 8.393E+10 0.07 17710.0 /                                                    

CH4+CH3O<=>CH3+CH3OH 6.119E+02 2.87 8248.0                                       

REV/ 1.440E+01 3.10 6935.0 /                                                     

CH3O+HO2<=>CH2O+H2O2 3.010E+11 0.00 0.0                                          

REV/ 1.074E+12 -0.03 65270.0 /                                                   

CH3OH(+M)<=>CH3+OH(+M) 1.900E+16 0.00 91730.0                                    

LOW / 2.9500E+44 -7.3500E+00 9.5460E+04 /                                        

TROE / 4.1400E-01 2.7900E+02 5.4590E+03 1.0000+100 /                             

CH3OH+H<=>CH3O+H2 3.600E+12 0.00 6095.0                                          

REV/ 1.676E+11 0.21 5868.0 /                                                     

CH3OH+OH<=>CH3O+H2O 5.130E+05 2.13 2450.0                                        

REV/ 2.541E+05 2.24 17120.0 /                                                    

CH3OH+CH2O<=>CH3O+CH3O 7.981E+12 0.45 81490.0                                    

REV/ 6.030E+13 0.00 0.0 /                                                        

CH3O2+CH3O2<=>CH2O+CH3OH+O2 3.110E+14 -1.61 -1051.0                              

CH3O2+OH<=>CH3OH+O2 6.000E+13 0.00 0.0                                           

REV/ 1.536E+13 0.43 59160.0 /                                                    

C2H5+H(+M)<=>C2H6(+M) 5.210E+17 -0.99 1580.0                                     

LOW / 1.9900E+41 -7.0800E+00 6.6850E+03 /                                        

TROE / 8.4200E-01 1.2500E+02 2.2190E+03 6.8820E+03 /                             

H2/2/                                                                            

 H2O/6/                                                                          

 CO/1.5/                                                                         

 CO2/2/                                                                          

 CH4/2/                                                                          

 C2H6/3/                                                                         
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C2H6+HO2<=>C2H5+H2O2 3.460E+01 3.61 16920.0                                      

REV/ 1.849E+00 3.60 3151.0 /                                                     

H2+CH3O2<=>H+CH3O2H 1.500E+14 0.00 26030.0                                       

REV/ 1.689E+18 -1.14 8434.0 /                                                    

C2H4O2H<=>C2H5+O2 1.814E+45 -11.50 14600.0                                       

REV/ 7.523E+42 -10.88 -18160.0 /                                                 

C2H5+O2<=>C2H4O1-2+OH 1.626E+11 -0.31 6150.0                                     

REV/ 3.633E+13 -0.63 39840.0 /                                                   

C2H5+O2<=>CH3CHO+OH 8.265E+02 2.41 5285.0                                        

REV/ 2.247E+03 2.30 65970.0 /                                                    

C2H4O2H<=>C2H4O1-2+OH 8.848E+30 -6.08 2.066E+04                                  

REV/ 8.199E+30 -5.78 3.793E+04 /                                                 

C2H4O2H<=>C2H4+HO2 3.980E+34 -7.25 2.325E+04                                     

REV/ 1.922E+32 -6.59 2.021E+04 /                                                 

C2H4O1-2<=>CH3+HCO 3.630E+13 0.00 5.720E+04                                      

REV/ 1.006E+04 1.55 -2.750E+03 /                                                 

C2H4O1-2<=>CH3CHO 7.407E+12 0.00 5.380E+04                                       

REV/ 9.013E+10 0.21 8.080E+04 /                                                  

CH3CHO+H<=>CH3CO+H2 1.110E+13 0.00 3.110E+03                                     

REV/ 7.674E+09 0.63 1.706E+04 /                                                  

CH3CHO+O<=>CH3CO+OH 5.940E+12 0.00 1.868E+03                                     

REV/ 2.156E+09 0.61 1.441E+04 /                                                  

CH3CHO+OH<=>CH3CO+H2O 2.000E+06 1.80 1.300E+03                                   

REV/ 1.471E+04 2.33 3.014E+04 /                                                  

CH3CHO+O2<=>CH3CO+HO2 3.010E+13 0.00 3.915E+04                                   

REV/ 1.092E+11 0.28 -1.588E+03 /                                                 

CH3CHO+CH3<=>CH3CO+CH4 1.760E+03 2.79 4.950E+03                                  

REV/ 1.111E+03 2.98 2.044E+04 /                                                  

CH3CHO+HO2<=>CH3CO+H2O2 3.010E+12 0.00 1.192E+04                                 

REV/ 1.205E+12 -0.06 9.877E+03 /                                                 

CH3O2+CH3CHO<=>CH3O2H+CH3CO 3.010E+12 0.00 1.192E+04                             

REV/ 2.344E+13 -0.51 8.282E+03 /                                                 

CH3CHO+OH<=>CH2CHO+H2O 1.720E+05 2.40 8.150E+02                                  

REV/ 1.336E+05 2.51 2.495E+04 /                                                  

CH3CO(+M)<=>CH3+CO(+M) 3.000E+12 0.00 1.672E+04                                  

LOW / 1.2000E+15 0.0000E+00 1.2518E+04 /                                         

CH3CO+H<=>CH2CO+H2 2.000E+13 0.00 0.000E+00                                      

REV/ 3.841E+15 -0.55 6.073E+04 /                                                 

CH3CO+O<=>CH2CO+OH 2.000E+13 0.00 0.000E+00                                      

REV/ 2.016E+15 -0.57 5.932E+04 /                                                 

CH3CO+CH3<=>CH2CO+CH4 5.000E+13 0.00 0.000E+00                                   

REV/ 8.766E+18 -0.99 6.227E+04 /                                                 

C2H4+CH3O<=>C2H3+CH3OH 1.200E+11 0.00 6.750E+03                                  

REV/ 8.138E+08 0.29 -7.830E+02 /                                                 

C2H4+HO2<=>C2H4O1-2+OH 2.230E+12 0.00 1.719E+04                                  

REV/ 4.280E+14 -0.36 3.750E+04 /                                                 



236 Appendix D. Biodiesel reaction mechanism

C3H6<=>C3H5+H 2.010E+61 -13.26 1.185E+05                                         

REV/ 1.024E+61 -13.52 3.084E+04 /                                                

DUPLICATE                                                                        

C3H6<=>C3H5+H 5.620E+71 -16.58 1.393E+05                                         

REV/ 4.255E+68 -16.16 3.031E+04 /                                                

DUPLICATE                                                                        

C3H6+O<=>C2H5+HCO 1.580E+07 1.76 -1.216E+03                                      

REV/ 9.272E+01 2.72 2.312E+04 /                                                  

C3H6+O<=>C3H5+OH 5.240E+11 0.70 5.884E+03                                        

REV/ 5.593E+10 0.70 2.038E+04 /                                                  

DUPLICATE                                                                        

C3H6+O<=>C3H5+OH 6.030E+10 0.70 7.632E+03                                        

REV/ 9.569E+06 1.37 8.060E+02 /                                                  

DUPLICATE                                                                        

C3H6+OH<=>C3H5+H2O 3.120E+06 2.00 -2.980E+02                                     

REV/ 6.750E+06 1.91 3.050E+04 /                                                  

DUPLICATE                                                                        

C3H6+OH<=>C3H5+H2O 1.110E+06 2.00 1.451E+03                                      

REV/ 3.571E+03 2.59 1.093E+04 /                                                  

DUPLICATE                                                                        

C3H6+HO2<=>C3H5+H2O2 9.640E+03 2.60 1.391E+04                                    

REV/ 1.135E+06 1.92 1.382E+04 /                                                  

C3H6+H<=>C3H5+H2 1.730E+05 2.50 2.492E+03                                        

REV/ 3.518E+04 2.52 1.840E+04 /                                                  

DUPLICATE                                                                        

C3H6+H<=>C3H5+H2 4.050E+05 2.50 9.794E+03                                        

REV/ 1.224E+02 3.19 4.380E+03 /                                                  

DUPLICATE                                                                        

C3H6+H<=>C2H4+CH3 1.449E+34 -5.81 1.850E+04                                      

REV/ 4.572E+28 -4.54 2.716E+04 /                                                 

C3H6+O2<=>C3H5+HO2 4.000E+12 0.00 3.990E+04                                      

REV/ 4.267E+12 -0.33 1.117E+03 /                                                 

DUPLICATE                                                                        

C3H6+O2<=>C3H5+HO2 1.400E+12 0.00 6.070E+04                                      

REV/ 2.220E+09 0.34 5.990E+02 /                                                  

DUPLICATE                                                                        

C3H6+CH3<=>C3H5+CH4 2.210E+00 3.50 5.675E+03                                     

REV/ 4.102E+02 3.07 2.312E+04 /                                                  

DUPLICATE                                                                        

C3H6+CH3<=>C3H5+CH4 8.400E-01 3.50 1.166E+04                                     

REV/ 2.318E-01 3.75 7.782E+03 /                                                  

DUPLICATE                                                                        

C3H5<=>C2H2+CH3 2.397E+48 -9.90 8.208E+04                                        

REV/ 2.610E+46 -9.82 3.695E+04 /                                                 

DUPLICATE                                                                        

C3H5<=>C3H4+H 3.066E+13 0.21 6.128E+04                                           
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REV/ 2.400E+11 0.69 3.007E+03 /                                                  

DUPLICATE                                                                        

C3H5+H<=>C3H4+H2 1.810E+13 0.00 0.000E+00                                        

REV/ 5.657E+10 0.76 4.529E+04 /                                                  

DUPLICATE                                                                        

C3H4+C3H6<=>C3H5+C3H5 8.391E+17 -1.29 3.369E+04                                  

REV/ 1.000E+12 0.00 0.000E+00 /                                                  

C3H5+O2<=>C3H4+HO2 2.180E+21 -2.85 3.076E+04                                     

REV/ 3.575E+19 -2.44 2.136E+04 /                                                 

DUPLICATE                                                                        

C3H5<=>C2H2+CH3 2.163E+40 -8.31 4.511E+04                                        

REV/ 1.610E+40 -8.58 2.033E+04 /                                                 

DUPLICATE                                                                        

C3H5<=>C3H4+H 3.508E+14 -0.44 4.089E+04                                          

REV/ 8.500E+12 0.00 2.000E+03 /                                                  

DUPLICATE                                                                        

C3H5+O2<=>C3H4+HO2 1.890E+30 -5.59 1.554E+04                                     

REV/ 2.085E+31 -5.86 2.746E+04 /                                                 

DUPLICATE                                                                        

C3H5+O2<=>CH2O+CH3CO 3.710E+25 -3.96 7.043E+03                                   

REV/ 1.872E+27 -4.43 1.012E+05 /                                                 

C3H4+OH<=>CH2CO+CH3 3.120E+12 0.00 -3.970E+02                                    

REV/ 1.806E+17 -1.38 3.607E+04 /                                                 

C3H4+O<=>C2H4+CO 7.800E+12 0.00 1.600E+03                                        

REV/ 4.814E+08 1.24 1.210E+05 /                                                  

C3H4+O<=>C2H2+CH2O 3.000E-03 4.61 -4.243E+03                                     

REV/ 2.320E+02 3.23 8.119E+04 /                                                  

C2H2+CH3<=>C3H4+H 6.740E+19 -2.08 3.159E+04                                      

REV/ 4.400E+25 -3.34 2.264E+04 /                                                 

C4H9<=>C4H8-1+H 2.867E+12 0.25 3.540E+04                                         

REV/ 2.500E+11 0.51 2.620E+03 /                                                  

C4H8-1<=>C3H5+CH3 1.500E+19 -1.00 7.340E+04                                      

REV/ 1.350E+13 0.00 0.000E+00 /                                                  

C4H8-1<=>C2H3+C2H5 1.000E+19 -1.00 9.677E+04                                     

REV/ 9.000E+12 0.00 0.000E+00 /                                                  

C4H6<=>C2H3+C2H3 4.027E+19 -1.00 9.815E+04                                       

REV/ 1.260E+13 0.00 0.000E+00 /                                                  

C4H6+OH<=>C2H5+CH2CO 1.000E+12 0.00 0.000E+00                                    

REV/ 3.730E+12 0.00 3.002E+04 /                                                  

C4H6+OH<=>CH2O+C3H5 1.000E+12 0.00 0.000E+00                                     

REV/ 3.501E+06 0.00 7.106E+04 /                                                  

C4H6+OH<=>C2H3+CH3CHO 1.000E+12 0.00 0.000E+00                                   

REV/ 5.437E+11 0.00 1.855E+04 /                                                  

C4H6+O<=>C2H4+CH2CO 1.000E+12 0.00 0.000E+00                                     

REV/ 6.377E+11 0.00 9.434E+04 /                                                  

C4H6+O<=>CH2O+C3H4 1.000E+12 0.00 0.000E+00                                      
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REV/ 1.075E+12 0.00 7.905E+04 /                                                  

C2H3+C2H4<=>C4H6+H 5.000E+11 0.00 7.300E+03                                      

REV/ 1.000E+13 0.00 4.700E+03 /                                                  

MD+H=MD2J+H2     3.620E+06   2.540   06756.0                                     

MD+HO2=MD2J+H2O2    7.220E+03   2.550   10530.0                                  

MD+OH=MD2J+H2O     1.146E+11   0.510   00063.0                                   

MD+O2=MD2J+HO2     4.080E+13   0.000   41350.0                                   

MD+O=MD2J+OH     3.936E+05   2.400   01150.0                                     

MD+CH3=MD2J+CH4     2.720E+00   3.650   07154.0                                  

MD+CH3O=MD2J+CH3OH    3.800E+10   0.000   02800.0                                

MD+CH3O2=MD2J+CH3O2H    7.220E+03   2.550   10530.0                              

MD+H=MD3J+H2     9.100E+06   2.400   04471.0   !1.3E+06                          

MD+HO2=MD3J+H2O2    4.116E+05   2.500   14860.0 !5.88E+04                        

MD+OH=MD3J+H2O     1.046E+10   1.610  -00035.0  !3.269E+08 4.67E+07                        

MD+O=MD3J+OH     4.162E+06   2.440   02846.0 !5.946E+05                          

MD+CH3=MD3J+CH4     5.880E+05   2.130   07574.0 !8.4E+04                         

MD+CH3O=MD3J+CH3OH    7.700E+11   0.000   05000.0 !1.1E+11                       

MD+CH3O2=MD3J+CH3O2H    4.116E+05   2.500   14860.0 !5.88E+04                    

MD+H=MD10J+H2     9.400E+04   2.750   06280.0                                    

MD+HO2=MD10J+H2O2    4.050E+04   2.500   16690.0                                 

MD+OH=MD10J+H2O     5.270E+09   0.970   01590.0                                  

MD+O=MD10J+OH     1.046E+06   2.420   04766.0                                    

MD+CH3=MD10J+CH4    4.520E-01   3.650   07154.0                                  

MD+CH3O2=MD10J+CH3O2H    4.050E+04   2.500   16690.0                             

MD9D+H=MD10J     2.500E+11   0.510   02620.0                                     

MS7J+C3H6=MD3J     2.200E+03   2.480   06130.0 !8.8E+03                                  

MD9D+H=MD3J     4.240E+11   0.510   01230.0                                      

MO7D+C2H5=MD3J     8.800E+03   2.480   06130.0                                   

C3H7+MS6D=MD3J     8.800E+03   2.480   06130.0                                   

MD2D+H=MD3J     1.000E+13   0.000   02900.0                                      

C7H15-1+MP2D=MD2J    1.000E+11   0.000   07600.0                                 

MS6D+H=MS7J     2.500E+11   0.510   02620.0                                      

C2H4+C5H11-1=C7H15-1    8.800E+03   2.480   06130.0                              

C3H7+C2H4=C5H11-1    8.800E+03   2.480   06130.0                                 

C5H10-1+H=C5H11-1    2.500E+11   0.510   02620.0                                 

C3H7+C4H8-1=C7H15-3    8.800E+03   2.480   06130.0                               

CH3+C6H12=C7H15-3    8.800E+03   2.480   06130.0                                 

C2H5+C5H10-1=C7H15-4    1.760E+04   2.480   06130.0                              

CH2CO+C4H9=C5H11CO    1.000E+11   0.000   07600.0                                

C5H11-1+CO=C5H11CO    1.510E+11   0.000   04810.0                                

C5H11-1+O2=C5H10-1+HO2    1.600E+12   0.000   05000.0                            

MD2J+O2=MD2D+HO2    1.600E+12   0.000   05000.0                                  

MD3J+O2=MD2D+HO2    1.600E+12   0.000   05000.0                                  

MD3J+O2=MD9D+HO2    1.600E+12   0.000   05000.0                                  

MD10J+O2=MD9D+HO2    1.600E+12   0.000   05000.0                                 

MS7J+O2=MS6D+HO2    1.600E+12   0.000   05000.0                                  
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C7H15-1=C7H15-3     3.800E+10   0.670   36600.0                                  

 DUPLICATE                                                                       

C7H15-1=C7H15-4     7.850E+11  -0.120   20600.0                                  

C7H15-1=C7H15-3     1.830E+02   2.550   10960.0                                  

 DUPLICATE                                                                       

C7H15-3=C7H15-4     3.560E+10   0.880   39100.0                                  

MD10J=MD3J     3.560E+10   0.880   37300.0                                       

DUPLICATE                                                                        

MD10J=MD3J     3.800E+10   0.670   36600.0                                       

DUPLICATE                                                                        

MD10J=MD3J     7.850E+11  -0.120   20600.0                                       

DUPLICATE                                                                        

MD10J=MD3J     1.830E+02   2.550   10960.0                                       

DUPLICATE                                                                        

C5H10-1+H=C5H9-14+H2    3.376E+05   2.360   00207.0                              

DUPLICATE                                                                        

C5H10-1+H=C5H9-14+H2    1.300E+06   2.400   04471.0                              

DUPLICATE                                                                        

C5H10-1+HO2=C5H9-14+H2O2   4.820E+03   2.550   10530.0                           

DUPLICATE                                                                        

C5H10-1+HO2=C5H9-14+H2O2   5.880E+04   2.500   14860.0                           

DUPLICATE                                                                        

C5H10-1+OH=C5H9-14+H2O    2.764E+04   2.640  -01919.0                            

DUPLICATE                                                                        

C5H10-1+OH=C5H9-14+H2O    4.670E+07   1.610  -00035.0                            

DUPLICATE                                                                        

C5H10-1+O2=C5H9-14+HO2    2.200E+12   0.000   37220.0                            

DUPLICATE                                                                        

C5H10-1+O2=C5H9-14+HO2    4.000E+13   0.000   50160.0                            

DUPLICATE                                                                        

C5H10-1+O=C5H9-14+OH    6.600E+05   2.430   01210.0                              

DUPLICATE                                                                        

C5H10-1+O=C5H9-14+OH    5.946E+05   2.440   02846.0                              

DUPLICATE                                                                        

C5H10-1+CH3=C5H9-14+CH4    3.690E+00   3.310   04002.0                           

DUPLICATE                                                                        

C5H10-1+CH3=C5H9-14+CH4    8.400E+04   2.130   07574.0                           

DUPLICATE                                                                        

C5H10-1+CH3O=C5H9-14+CH3OH   4.000E+01   2.900   08609.0                         

DUPLICATE                                                                        

C5H10-1+CH3O=C5H9-14+CH3OH   1.100E+11   0.000   05000.0                         

DUPLICATE                                                                        

C5H10-1+CH3O2=C5H9-14+CH3O2H   4.820E+03   2.550   10530.0                       

DUPLICATE                                                                        

C5H10-1+CH3O2=C5H9-14+CH3O2H   5.880E+04   2.500   14860.0                       

DUPLICATE                                                                        
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C5H10-1+C2H3=C5H9-14+C2H4   2.211E+00   3.500   04690.0                          

DUPLICATE                                                                        

C5H10-1+C2H3=C5H9-14+C2H4   4.000E+11   0.000   16800.0                          

DUPLICATE                                                                        

C5H10-1+C2H5=C5H9-14+C2H6   1.000E+11   0.000   09800.0                          

DUPLICATE                                                                        

C5H10-1+C2H5=C5H9-14+C2H6   5.000E+10   0.000   10400.0                          

DUPLICATE                                                                        

CH3+C4H6=C5H9-14     3.580E+04   2.480   06130.0                                 

C2H3+C3H6=C5H9-14     2.000E+11   0.000   02007.0                                

MD9D3J=MD9D8J     3.670E+12  -0.600   07100.0                                    

C3H5+C3H7=C6H12    2.500E+16   0.000   71000.0                                   

DUPLICATE                                                                        

C3H5+C2H5=C5H10-1    2.500E+16   0.000   71000.0                                 

C5H9-14+H=C5H10-1    1.000E+14   0.000   00000.0                                 

C6H12=C3H6+C3H6    3.980E+12   0.000   57630.0                                   

C5H10-1=C3H6+C2H4    3.980E+12   0.000   57630.0                                 

MD9D=C3H6+MS6D     3.980E+12   0.000   57630.0                                   

C7H15-2+O2=C7H15O2    7.540E+12   0.000   00000.0                                

DUPLICATE                                                                        

C7H15-3+O2=C7H15O2    7.540E+12   0.000   00000.0                                

C7H15-4+O2=C7H15O2    7.540E+12   0.000   00000.0                                

C5H11-1+O2=C5H10OOH1-3    4.520E+12   0.000   00000.0                            

MD10J+O2=MD3O2     4.520E+12   0.000   00000.0                                   

MD3J+O2=MD3O2     5.278E+13   0.000   00000.0 !7.54E+12                          

MD2J+O2=MD3O2     7.540E+12   0.000   00000.0                                    

C7H15O2=C7H14OOH2-4    5.000E+10   0.000   20850.0   !2.5E+10                    

MD3O2=MD3OOH5J     2.084E+10   0.000   20850.0 !1.75E+11 2.5E+10                          

C5H10OOH1-3=C5H10O1-3+OH   7.500E+10   0.000   15250.0                           

C5H10OOH1-3=C4H8-1+CH2O+OH   8.283E+13  -0.170   30090.0                         

C7H14OOH2-4=C5H10-1+CH3CHO+OH   5.364E+17  -1.400   26750.0                      

MD3OOH5J=MO7D+CH3CHO+OH    5.364E+17  -1.400   26750.0                           

MD3OOH5J+O2=MD3OOH5O2    5.278E+13   0.000   00000.0 !7.54E+12                   

C7H14OOH2-4+O2=C7H14OOH2-4O2   1.508E+13   0.000   00000.0 !7.54E+12             

MD3OOH5O2=MDKET23+OH    8.750E+10   0.000   17850.0 !1.25E+10                    

MDKET23=MDKET23O+OH    2.100E+16   0.000  41600.0  !1.05E+16                              

CH3CO+MO8OXO=MDKET23O    3.330E+10   0.000   06397.0                             

CH2CHO+MO8OXO=MDKET23O    3.330E+10   0.000   06397.0                            

MD9D=MS7J+C3H5     1.953E+14 0.000 71000.0    !2.50E+16                                   

MD9D+H=MD9D3J+H2     6.500E+06   2.400   04471.0   !1.3E+06                      

MD9D+HO2=MD9D3J+H2O2    2.940E+05   2.500   14860.0 !5.88E+04                    

MD9D+OH=MD9D3J+H2O    2.335E+08   1.610  -00035.0 !2.335E+08 4.67E+07                      

MD9D+O=MD9D3J+OH     2.973E+06   2.440   02846.0  !5.946E+05                     

MD9D+CH3=MD9D3J+CH4    4.200E+05   2.130   07574.0  !8.4E+04                     

MD9D+CH3O=MD9D3J+CH3OH    5.500E+11   0.000   05000.0 !1.1E+11                   

MD9D+CH3O2=MD9D3J+CH3O2H   2.940E+05   2.500   14860.0  !5.88E+04                
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MD9D+H=MD9D8J+H2     3.376E+05   2.360   00207.0                                 

MD9D+HO2=MD9D8J+H2O2    4.820E+03   2.550   10530.0                              

MD9D+OH=MD9D8J+H2O    2.764E+04   2.640  -01919.0                                

MD9D+O2=MD9D8J+HO2    2.200E+12   0.000   37220.0                                

MD9D+O=MD9D8J+OH     6.600E+05   2.430   01210.0                                 

MD9D+CH3=MD9D8J+CH4    3.690E+00   3.310   04002.0                               

MD9D+CH3O2=MD9D8J+CH3O2H   4.820E+03   2.550   10530.0                           

MD9D3J=C3H5+MS6D    3.310E+13   0.000   21460.0                                  

C2H3+MO7D=MD9D3J     2.000E+11   0.000   02007.0                                 

H+MD69D=MD9D3J     7.500E+11   0.510   02620.0 !2.5E+11                          

MD9D3J+O2=MD69D+HO2    4.800E+12 0.000 05000.0 !1.6E+12                          

MD69D+H=MD69D2J+H2    3.620E+06   2.540   06756.0                                

MD69D+HO2=MD69D2J+H2O2    7.220E+03   2.550   10530.0                            

MD69D+OH=MD69D2J+H2O    1.146E+11   0.510   00063.0                              

MD69D+O2=MD69D2J+HO2    4.080E+13   0.000   41350.0                              

MD69D+O=MD69D2J+OH    3.936E+05   2.400   01150.0                                

MD69D+CH3=MD69D2J+CH4    2.720E+00   3.650   07154.0                             

MD69D+CH3O=MD69D2J+CH3OH   3.800E+10   0.000   02800.0                           

MD69D+CH3O2=MD69D2J+CH3O2H   7.220E+03   2.550   10530.0                         

MD69D=C2H2+MO7D     2.520E+13   0.000   59020.0                                  

MD9D3J+O2=MD9D3O2     2.262E+13   0.000   00000.0  !7.54E+12                     

MD9D8J+O2=MD9D8O2     7.540E+12   0.000   00000.0                                

MD9D8J+O2=MD8DXO2     4.520E+12   0.000   00000.0                                

MD9D8O2=MO8OXO+CH2CHO    1.700E+09   1.000   26228.4                             

MD9D8J+MD9D8O2=MD9D8O+MD9D8O   7.000E+12   0.000  -01000.0                       

MD9D3O2=MD9D6OOH8J    1.250E+10   0.000   16350.0                                

DUPLICATE                                                                        

MD9D3O2=MD9D6OOH8J    1.000E+11   0.000   22350.0                                

DUPLICATE                                                                        

MD8DXO2=MD8DXOOH7J    1.563E+09   0.000   13550.0                                

MD9D8O2+HO2=MD9D8OOH+O2    7.000E+12   0.000   01710.0                           

MD9D8O2+H2O2=MD9D8OOH+HO2   2.410E+12   0.000   09940.0                          

MD9D8O2+MD9D8O2=MD9D8O+MD9D8O+O2  1.400E+16  -1.610   01860.0                    

MD9D8OOH=MD9D8O+OH    1.050E+16   0.000   41600.0                                

C2H3+MO8OXO=MD9D8O    3.330E+10   0.000   06397.0                                

MD69D+HO2=MD9D6OOH8J    1.000E+11   0.000   11750.0                              

MD9D6OOH8J+O2=MD9D6OOH8O2   7.540E+12   0.000   00000.0                          

MD8DXOOH7J+O2=MD8DXOOH7O2   7.540E+12   0.000   00000.0                          

MD9D6OOH8O2=MD9DKET23+OH   1.250E+10   0.000   17850.0                           

MD8DXOOH7O2=MD9DKET23+OH   1.563E+09   0.000   13550.0                           

MD9DKET23=OH+MS7OXO+C2H2+HCO   1.050E+16   0.000   41600.0                       

NC7H16+H=C7H15-3+H2      2.600E+06   2.400   4.471E+03                           

            REV/ 3.928E+03   2.740   1.126E+04 /                                 

NC7H16+H=C7H15-4+H2      1.300E+06   2.400   4.471E+03                           

            REV/ 3.913E+03   2.740   1.126E+04 /                                 

NC7H16+O=C7H15-1+OH      1.930E+05   2.680   3.716E+03                           
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            REV/ 4.025E+03   2.630   5.893E+03 /                                 

NC7H16+O=C7H15-2+OH      9.540E+04   2.710   2.106E+03                           

            REV/ 6.330E+01   3.050   6.798E+03 /                                 

NC7H16+O=C7H15-3+OH      9.540E+04   2.710   2.106E+03                           

            REV/ 6.330E+01   3.050   6.798E+03 /                                 

NC7H16+O=C7H15-4+OH      4.770E+04   2.710   2.106E+03                           

            REV/ 6.306E+01   3.050   6.798E+03 /                                 

NC7H16+OH=C7H15-3+H2O      9.400E+07   1.610  -3.500E+01                         

            REV/ 6.148E+05   1.950   2.191E+04 /                                 

NC7H16+OH=C7H15-4+H2O      4.700E+07   1.610  -3.500E+01                         

            REV/ 6.125E+05   1.950   2.191E+04 /                                 

NC7H16+HO2=C7H15-3+H2O2     1.120E+13   0.000   1.769E+04                        

            REV/ 4.348E+11   0.010   8.165E+03 /                                 

NC7H16+HO2=C7H15-4+H2O2     5.600E+12   0.000   1.769E+04                        

            REV/ 4.332E+11   0.010   8.165E+03 /                                 

NC7H16+CH3=C7H15-1+CH4     9.040E-01   3.650   7.154E+03                         

            REV/ 1.121E+00   3.600   1.191E+04 /                                 

NC7H16+CH3=C7H15-2+CH4     5.410E+04   2.260   7.287E+03                         

            REV/ 2.135E+03   2.600   1.455E+04 /                                 

NC7H16+CH3=C7H15-3+CH4     5.410E+04   2.260   7.287E+03                         

            REV/ 2.135E+03   2.600   1.455E+04 /                                 

NC7H16+CH3=C7H15-4+CH4     2.705E+04   2.260   7.287E+03                         

            REV/ 2.127E+03   2.600   1.455E+04 /                                 

NC7H16+O2=C7H15-3+HO2      4.000E+13   0.000   5.015E+04                         

            REV/ 1.098E+09   0.670  -5.410E+02 /                                 

NC7H16+O2=C7H15-4+HO2     2.000E+13   0.000   5.015E+04                          

            REV/ 1.094E+09   0.670  -5.410E+02 /                                 

NC7H16+CH3O=C7H15-1+CH3OH     3.160E+11   0.000   7.000E+03                      

            REV/ 1.200E+10   0.000   9.200E+03 /                                 

NC7H16+CH3O=C7H15-2+CH3OH     2.190E+11   0.000   5.000E+03                      

            REV/ 8.900E+09   0.000   7.200E+03 /                                 

NC7H16+CH3O=C7H15-3+CH3OH     2.190E+11   0.000   5.000E+03                      

            REV/ 8.900E+09   0.000   7.200E+03 /                                 

NC7H16+CH3O=C7H15-4+CH3OH     1.095E+11   0.000   5.000E+03                      

            REV/ 8.900E+09   0.000   7.200E+03 /                                 

NC7H16+CH3O2=C7H15-1+CH3O2H     1.210E+13   0.000   2.043E+04                    

            REV/ 3.600E+12   0.000   9.800E+03 /                                 

NC7H16+CH3O2=C7H15-2+CH3O2H     8.064E+12   0.000   1.770E+04                    

            REV/ 2.376E+11   0.000   3.700E+03 /                                 

NC7H16+CH3O2=C7H15-3+CH3O2H     8.064E+12   0.000   1.770E+04                    

            REV/ 2.376E+11   0.000   3.700E+03 /                                 

NC7H16+CH3O2=C7H15-4+CH3O2H     4.032E+12   0.000   1.770E+04                    

            REV/ 2.376E+11   0.000   3.700E+03 /                                 

 A2R5                    =>12C(S)  + 4H2               2.000E+10   0.0    0.0    

 C6H2                    => 6C(S)  + H2                2.000E+10   0.0    0.0    

 NC7H16 + O2            = C7H15-1 + HO2               2.500E+13   0.00   48810.0 
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 NC7H16 + O2            = C7H15-2 + HO2               2.000E+14   0.00   47380.0 

 NC7H16 + H             = C7H15-1 + H2                5.600E+07   2.00    7667.0 

 NC7H16 + H             = C7H15-2 + H2                4.380E+07   2.00    4750.0 

 NC7H16 + OH            = C7H15-1 + H2O               8.610E+09   1.10    1815.0 

 NC7H16 + OH            = C7H15-2 + H2O               6.000E+09   1.30     690.0 

 NC7H16 + HO2           = C7H15-1 + H2O2              1.120E+13   0.00   19300.0 

 NC7H16 + HO2           = C7H15-2 + H2O2              3.300E+13   0.00   16950.0 

 C7H15-2               = CH3 + C6H12                   2.508E+13   0.29   29290. 

 C7H15-1               = C2H4 + C5H11                  2.500E+13   0.00   28810. 

 C7H15-2               = C3H6 + C4H9                   2.200E+13   0.00   28100. 

 NC7H16 + C7H15O2       = C7H15-1 + C7H15O2H          2.420E+14   0.00   20430.0 

 NC7H16 + C7H15O2       = C7H15-2 + C7H15O2H          8.064E+13   0.00   17700.0 

 C7H15O2 + HO2         = C7H15O2H + O2               1.750E+09   0.00   -3275.0  

 C7H15O2 + H2O2        = C7H15O2H + HO2              2.400E+12   0.00   10000.0  

 C7H15O2H              = C7H15O + OH                 6.000E+18   0.00   42500.0  

 C7H15O                = CH2O + C6H12 + H            4.683E+17  -1.34   20260.0  

 C7H15-1 + O2          = C7H15O2                     2.000E+12   0.00       0.0  

 C7H15-2 + O2          = C7H15O2                     2.000E+12   0.00       0.0  

 DUPLICATE                                                                       

 C7H15O2               = C7H14O2H                    6.000E+11   0.00   20380.0  

 C7H14O2H + O2         = C7H14O2HO2                  4.600E+11   0.00       0.0  

 C7H14O2HO2            = C7KET21 + OH                1.485E+13   0.00   24900.0  

 C7KET21               = C5H11CO + CH2O + OH         1.500E+16   0.00   43000.0  

 C5H11CO               = C5H11 + CO                  1.000E+11   0.00    9600.0  

 C5H11                 = C2H4 + C3H7                 5.200E+13   0.00   28300.0  

 C6H12                 = C3H7 + C3H5                 1.200E+16   0.00   68000.0  

 DUPLICATE                                                                       

 C4H9                  = C2H5 + C2H4                 2.500E+13   0.00   28810.0  

 C3H7                  = C2H4 + CH3                  9.600E+13   0.00   30950.0  

 C3H7                  = C3H6 + H                    1.250E+14   0.00   36900.0  

 C3H7 + O2             = C3H6 + HO2                  1.000E+12   0.00    4980.0  

 C3H7 + H              = C2H5 + CH3                  4.060E+06   2.19     890.0  

 C3H7 + HO2            => C2H5 + CH2O + OH           2.410E+13   0.00       0.0  

 C3H7 + CH3            = C2H5 + C2H5                 1.927E+13  -0.32       0.0  

 C3H6                  = C2H3 + CH3                  3.150E+15   0.00   85500.0  

 C3H6 + H              = C3H5 + H2                   5.000E+12   0.00    1500.0  

 DUPLICATE                                                                       

 C3H6 + CH3            = C3H5 + CH4                  9.000E+12   0.00    8480.0  

 DUPLICATE                                                                       

 C3H6 + O2             = C3H5 + HO2                  4.000E+12   0.00   39900.0  

 DUPLICATE                                                                       

 C3H6 + O              = CH2CO + CH3 + H             2.500E+07   1.76      76.0  

 C3H5                  = C3H4 + H                    4.000E+13   0.00   69760.0  

 DUPLICATE                                                                       

 C3H5 + H              = C3H4 + H2                   1.000E+13   0.00       0.0  

 DUPLICATE                                                                       
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 C3H5 + O2             = C3H4 + HO2                  6.000E+11   0.00   10000.0  

 DUPLICATE                                                                       

 C3H4 + OH             = C2H3 + CH2O                 1.000E+12   0.00       0.0  

 C3H4 + OH             = C2H4 + HCO                  1.000E+12   0.00       0.0  

 C3H4 + O2             = C3H3 + HO2                  4.000E+13   0.00   39160.0  

 H + O2                = O + OH                      1.920E+14   0.00   16439.0  

 O + H2                = OH + H                      5.080E+04   2.67    6290.0  

 OH + H2               = H2O + H                     2.160E+08   1.51    3430.0  

 O + H2O               = OH + OH                     2.970E+06   2.02   13400.0  

 O + OH + M            = HO2 + M                     1.000E+16   0.00       0.0  

    H2/2.00/                                                                     

 O2/6.0/                                                                         

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       

 CO/1.50/                                                                        

 CO2/3.50/                                                                       

 C2H6/3.00/                                                                      

 H + O2 + M            = HO2 + M                     3.600E+17  -0.72       0.0  

    H2/2.00/                                                                     

 O2/6.0/                                                                         

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       

 CO/1.50/                                                                        

 CO2/3.50/                                                                       

 C2H6/3.00/                                                                      

 OH + HO2              = H2O + O2                    7.500E+12   0.00       0.0  

 H + H + M             = H2 + M                      1.000E+18  -1.00       0.0  

    H2/0./                                                                       

 H2O/0./                                                                         

 CO2/0./                                                                         

 H + H + H2O           = H2 + H2O                    6.000E+19  -1.25       0.0  

 H + OH + M            = H2O + M                     1.600E+22  -2.00       0.0  

 H + O + M             = OH + M                      6.200E+16  -0.60       0.0  

 HO2 + H               = H2 + O2                     1.250E+13   0.00       0.0  

 HO2 + H               = OH + OH                     1.700E+14   0.00     875.0  

 HO2 + O               = O2 + OH                     1.400E+13   0.00    1073.0  

 HO2 + HO2             = H2O2 + O2                   1.000E+12   0.00       0.0  

 H2O2 + H              = HO2 + H2                    1.600E+12   0.00    3800.0  

 H2O2 + H              = H2O + OH                    1.000E+13   0.00    3590.0  

 H2O2 + OH             = H2O + HO2                   1.000E+13   0.00    1800.0  

 H2O2 + O              = OH + HO2                    4.000E+13   0.00    5900.0  

 H2O2 + M              = OH + OH + M                 4.300E+16   0.00   45500.0  

    H2/2.00/                                                                     

 O2/6.0/                                                                         

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       
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 CO/1.50/                                                                        

 CO2/3.50/                                                                       

 C2H6/3.00/                                                                      

 CO + O + M            = CO2 + M                     6.170E+14   0.00    3000.0  

    H2/2.00/                                                                     

 O2/6.0/                                                                         

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       

 CO/1.50/                                                                        

 CO2/3.50/                                                                       

 C2H6/3.00/                                                                      

 CO + OH               = CO2 + H                     3.510E+07   1.30    -758.0  

 CO + O2               = CO2 + O                     1.600E+13   0.00   41000.0  

 CO + HO2              = CO2 + OH                    5.800E+13   0.00   22930.0  

 CH2 + O               = HCO + H                     8.000E+13   0.00       0.0  

 CH2 + OH              = CH2O + H                    2.500E+13   0.00       0.0  

 CH2 + O2              = CO2 + H2                    6.900E+11   0.00     500.0  

 CH2 + O2              = CH2O + O                    5.000E+13   0.00    9000.0  

 CH2 + O2              = CO2 + H + H                 1.600E+12   0.00    1000.0  

 CH2 + CH2             = C2H2 + H + H                1.200E+14   0.00     800.0  

 CH3 + HO2             = CH3O + OH                   2.500E+13   0.00       0.0  

 CH3 + O2              = CH3O + O                    4.670E+13   0.00   30000.0  

 CH3 + O2              = CH2O + OH                   3.800E+11   0.00    9000.0  

 CH3 + O2              = CH3O2                       3.020E+59 -15.00   17204.0  

 CH3 + O               = CH2O + H                    8.000E+13   0.00       0.0  

 CH3 + OH              = CH2 + H2O                   7.500E+06   2.00    5000.0  

 CH3 + OH              = CH2O + H2                   4.000E+12   0.00       0.0  

 CH3 + HCO             = CH4 + CO                    1.200E+14   0.00       0.0  

 CH3 + H               = CH4                         1.900E+36  -7.00    9050.0  

 CH3 + H               = CH2 + H2                    9.000E+13   0.00   15100.0  

 CH3 + CH3O            = CH4 + CH2O                  4.300E+14   0.00       0.0  

 CH3 + CH3 (+M)        = C2H6 (+M)                   2.120E+16  -0.97     620.0  

      LOW  /  1.770E+50   -9.670   6220.00/                                      

      TROE/  0.5325  151.00  1038.00  4970.00 /                                  

    H2/2.0/                                                                      

 H2O/6.0/                                                                        

 CH4/2.0/                                                                        

 CO/1.5/                                                                         

 CO2/2.0/                                                                        

 C2H6/3.0/                                                                       

 CH3 + CH3             = C2H5 + H                    4.990E+12   0.10   10600.0  

 CH3 + HCO             = CH2O + CH2                  3.000E+13   0.00       0.0  

 CH3 + CH3             = C2H4 + H2                   1.000E+15   0.00   31000.0  

 CH3 + CH2             = C2H4 + H                    3.000E+13   0.00    -570.0  

 CH3 + M               = CH2 + H + M                 1.000E+16   0.00   90600.0  

 CH4 + O2              = CH3 + HO2                   7.900E+13   0.00   56000.0  
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 CH4 + H               = CH3 + H2                    6.600E+08   1.60   10840.0  

 CH4 + OH              = CH3 + H2O                   1.600E+06   2.10    2460.0  

 CH4 + O               = CH3 + OH                    1.020E+09   1.50    8604.0  

 CH4 + HO2             = CH3 + H2O2                  1.000E+13   0.00   18700.0  

 CH4 + CH2             = CH3 + CH3                   4.000E+12   0.00    -570.0  

 HCO + OH              = H2O + CO                    1.000E+14   0.00       0.0  

 HCO + H               = H2 + CO                     1.190E+13   0.30       0.0  

 HCO + O               = OH + CO                     3.000E+13   0.00       0.0  

 HCO + O               = H + CO2                     3.000E+13   0.00       0.0  

 HCO + O2              = HO2 + CO                    6.600E+13  -0.30       0.0  

 HCO + M               = H + CO + M                  9.350E+16  -1.00   17000.0  

 HCO + HO2             = CO2 + OH + H                3.000E+13   0.00       0.0  

 CH2O + O2             = HCO + HO2                   6.200E+13   0.00   39000.0  

 CH2O + O              = HCO + OH                    1.800E+13   0.00    3080.0  

 CH2O + H              = HCO + H2                    2.190E+08   1.80    3000.0  

 CH2O + OH             = HCO + H2O                   2.430E+10   1.20    -447.0  

 CH2O + HO2            = HCO + H2O2                  3.000E+12   0.00    8000.0  

 CH2O + M              = CO + H2 + M                 6.250E+15   0.00   69540.0  

 CH2O + M              = HCO + H + M                 4.000E+23  -1.66   91120.0  

 CH2O + CH3            = CH4 + HCO                   5.500E+03   2.80    6000.0  

 CH2CO + H             = CH3 + CO                    1.100E+13   0.00    3400.0  

 CH2CO + O             = HCO + HCO                   1.000E+13   0.00    2400.0  

 CH2CO + M             = CH2 + CO + M                2.000E+16   0.00   60000.0  

 CH2CO + O             = HCCO + OH                   5.000E+13   0.00    8000.0  

 CH2CO + OH            = HCCO + H2O                  1.000E+13   0.00    2000.0  

 CH2CO + H             = HCCO + H2                   7.500E+13   0.00    8000.0  

 CH2CHO                = CH2CO + H                   3.094E+15  -0.26   50820.0  

 CH2CHO + O2           = CH2O + CO + OH              2.000E+13   0.00    4200.0  

 CH2CHO + O            = CH2CO + OH                  1.000E+13   0.00       0.0  

 CH2CHO + OH           = CH2CO + H2O                 5.000E+12   0.00       0.0  

 CH3O + CO             = CH3 + CO2                   1.570E+14   0.00   11800.0  

 CH3O + M              = CH2O + H + M                1.000E+14   0.00   25000.0  

 CH3O + H              = CH2O + H2                   2.000E+13   0.00       0.0  

 CH3O + OH             = CH2O + H2O                  1.000E+13   0.00       0.0  

 CH3O + O              = CH2O + OH                   1.000E+13   0.00       0.0  

 CH3O + O2             = CH2O + HO2                  1.200E+11   0.00    2600.0  

 CH3O + H              = CH3 + OH                    1.000E+14   0.00       0.0  

 CH3O2 + HO2           = CH3O2H + O2                 4.630E+11   0.00   -2583.0  

 CH3O2 + CH4           = CH3O2H + CH3                1.810E+11   0.00   18480.0  

 CH3O2 + CH3           = CH3O + CH3O                 2.410E+13   0.00       0.0  

 CH3O2 + O             = CH3O + O2                   3.610E+13   0.00       0.0  

 CH3O2 + CH2O          = CH3O2H + HCO                1.000E+12   0.00   11665.0  

 CH3O2 + CH3O2         = CH3O + CH3O + O2            2.800E+11   0.00    -780.0  

 CH3O2 + H2O2          = CH3O2H + HO2                2.400E+12   0.00   10000.0  

 CH3O2 + C2H4          = C2H3 + CH3O2H               7.100E+11   0.00   17110.0  

 CH3O2H                 = CH3O + OH                  3.000E+16   0.00   42920.0  
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 CH3O2H + OH            = CH3O2 + H2O                1.000E+13   0.00    -258.0  

 CH3O2H + O             = CH3O2 + OH                 2.000E+13   0.00    4750.0  

 C2H + O2              = HCCO + O                    3.000E+13   0.00       0.0  

 C2H + O2              = HCO + CO                    5.000E+13   0.00    1500.0  

 C2H + H2              = C2H2 + H                    4.900E+05   2.50     560.0  

 C2H + OH              = HCCO + H                    2.000E+13   0.00       0.0  

 C2H2 + O2             = HCO + HCO                   4.000E+12   0.00   28000.0  

 C2H2 + O              = CH2 + CO                    1.020E+07   2.00    1900.0  

 C2H2 + O              = HCCO + H                    1.350E+07   2.00    1900.0  

 C2H2 + O              = C2H + OH                    4.600E+19  -1.41   28950.0  

 C2H2 + OH             = C2H + H2O                   3.370E+07   2.00   14000.0  

 C2H2 + C2H            = C4H2 + H                    9.600E+13   0.00       0.0  

 C2H2 + HCCO           = C3H3 + CO                   1.000E+11   0.00    3000.0  

 C2H2 + C2H            = C4H3                      4.500E+37  -7.68    7100.0    

 C2H2 + OH             = CH2CO + H                   3.200E+11   0.00     200.0  

 C2H2 + M              = C2H + H + M                 4.300E+16   0.00  108000.0  

 C2H2 + O2             = HCCO + OH                   1.300E+09   1.60   30100.0  

 C2H2 + O2             = C2H + HO2                   1.200E+13   0.00   34520.0  

 C2H2 + CH3            = CH4 + C2H                   1.800E+11   0.00   17270.0  

 C2H2 + C2H2           = C4H2 + H2                   1.000E+14   0.00   52200.0  

 C2H2 + CH2            = H + C3H3                    1.200E+13   0.00    6620.0  

 C2H3 + H              = C2H2 + H2                   4.000E+13   0.00       0.0  

 C2H3 + O2             = CH2O + HCO                  4.000E+12   0.00    -250.0  

 C2H3 + OH             = C2H2 + H2O                  3.000E+13   0.00       0.0  

 C2H3 + O              = C2H2 + OH                   1.000E+13   0.00       0.0  

 C2H3                  = C2H2 + H                    4.600E+40  -8.80   46200.0  

 C2H3 + O2             = CH2CHO + O                  1.240E+14  -0.12    1696.0  

 C2H3 + O2             = C2H2 + HO2                  1.000E+12   0.00       0.0  

 C2H3 + CH3            = CH4 + C2H2                  1.000E+13   0.00       0.0  

 C2H4 + H              = C2H3 + H2                   1.100E+14   0.00    8500.0  

 C2H4 + O              = CH3 + HCO                   1.600E+09   1.20     746.0  

 C2H4 + O              = CH2O + CH2                  3.000E+04   1.88     180.0  

 C2H4 + O              = CH2CHO + H                  3.200E+10   0.63    1370.0  

 C2H4 + O              = C2H3 + OH                   1.510E+07   1.91    3790.0  

 C2H4 + OH             = CH2O + CH3                  6.000E+13   0.00     960.0  

 C2H4 + HO2            = C2H3 + H2O2                 7.100E+11   0.00   17110.0  

 C2H4 + OH             = C2H3 + H2O                  9.020E+13   0.00    5955.0  

 C2H4 + M              = C2H2 + H2 + M               1.500E+15   0.00   55800.0  

 C2H4 + M              = C2H3 + H + M                2.600E+17   0.00   96570.0  

 C2H4 + CH3            = C2H3 + CH4                  6.620E+00   3.70    9482.0  

 C2H4 + CH3 (+ M)      = C3H7 (+ M)                  2.550E+06   1.60    5700.0  

       LOW/ 3.00E+63  -14.6  18170./                                             

       TROE/ .1894  277.0  8748.0  7891.0 /                                      

    H2/2.00/                                                                     

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       
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 CO/1.50/                                                                        

 CO2/2.00/                                                                       

 C2H6/3.00/                                                                      

 C2H5 + O2             = C2H4 + HO2                  4.000E+10   0.00   -2200.0  

 C2H5 + HO2            = C2H4 + H2O2                 3.000E+11   0.00       0.0  

 C2H5 + CH3            = CH4 + C2H4                  2.000E+13  -0.50       0.0  

 C2H6 + O2             = C2H5 + HO2                  1.000E+13   0.00   48960.0  

 C2H6 + CH3            = C2H5 + CH4                  5.500E-07   6.00    6300.0  

 C2H6 + H              = C2H5 + H2                   5.400E+02   3.50    5210.0  

 C2H6 + O              = C2H5 + OH                   3.000E+07   2.00    5115.0  

 C2H6 + OH             = C2H5 + H2O                  8.700E+09   1.05    1810.0  

 HCCO + H              = CH2 + CO                    1.500E+14   0.00       0.0  

 HCCO + OH             = CO + CO + H2                1.000E+14   0.00       0.0  

 HCCO + O              = H + CO + CO                 1.000E+14   0.00       0.0  

 HCCO + O2             = OH + CO + CO                3.200E+12   0.00     854.0  

 HCCO + CH2            = C2H3 + CO                   3.000E+13   0.00       0.0  

 HCCO + CH3            = C2H4 + CO                   5.000E+13   0.00       0.0  

 C3H3 + O              = CH2O + C2H                  2.000E+13   0.00       0.0  

 C3H3 + C3H3           = C6H5 + H                  2.000E+12   0.00       0.0    

 C3H3 + C3H3           = A1                          2.000E+10   0.00       0.0  

 C4H2 + H              = C4H3                      1.100E+42  -8.72   15300.0    

 C4H2 + C2H            = C6H2 + H                    1.00E+14    0.00       0.0  

 C4H3 + H            = C2H2 + C2H2                 6.300E+25  -3.34   10014.0    

 C4H3 + H            = C4H2 + H2                   1.500E+13   0.00       0.0    

 C4H3 + OH           = C4H2 + H2O                  5.000E+12   0.00       0.0    

 C4H3 + M            = C4H2 + H + M                3.160E+15   0.00   45000.0    

 C4H3 + C2H2         = A1-                         1.900E+63 -15.25   30600.0    

 C4H3 + C2H2         = C6H5                      3.800E+21  -3.17    6400.0      

 C4H3 + C4H2         = A1C2H-                      1.900E+63 -15.25   30600.0    

 C6H5                  = A1-                       3.500E+46 -10.44   33600.0    

 A1 + H                = A1- + H2                    2.590E+14   0.00   16000.0  

 A1 + OH               = A1- + H2O                   1.060E+08   1.42    1450.0  

 A1 + C2H              = A1C2H + H                   5.000E+13   0.00       0.0  

 A1- + H               = A1                          1.000E+14   0.00       0.0  

 A1- + C2H2            = A1C2H2                    7.900E+29  -5.15   13700.0    

 A1- + C2H2            = A1C2H + H                   2.500E+29  -4.43   26400.0  

 A1- + C2H3            = A1C2H2 + H                9.400E+00   4.14   23234.0    

 A1C2H + H             = A1C2H2                    1.600E+32  -5.72   11090.0    

 A1C2H + H             = A1C2H- + H2                 2.500E+14   0.00   16000.0  

 A1C2H + OH            = A1C2H- + H2O                1.600E+08   1.42    1450.0  

 A1C2H2 + H            = A1C2H + H2                1.500E+13   0.00       0.0    

 A1C2H2 + OH           = A1C2H + H2O               2.500E+12   0.00       0.0    

 A1C2H- + C2H2         = A2-1                        5.100E+48 -10.53   28000.0  

 A1C2H- + C2H2         = A1C2H)2 + H                 2.100E+10   0.85   13700.0  

 A1C2H)2 + H           = A2-1                        1.500E+51 -10.77   25500.0  

 A1C2H + C2H           = A1C2H)2 + H                 5.000E+13   0.00       0.0  
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 A1C2H2 + C2H2         = A2 + H                    1.600E+18  -1.88    7400.0    

 A2 + H                = A2-1 + H2                   2.500E+14   0.00   16000.0  

 A2 + OH               = A2-1 + H2O                  1.600E+08   1.42    1450.0  

 A2-1 + O2             = A1C2H + HCO + CO            2.100E+12   0.00    7470.0  

 A2-1 + C2H2           = A2R5 + H                    1.100E+07   1.71    3900.0  

 A2R5 + OH             = A2R5- + H2O                 1.600E+08   1.42    1450.0  

 A2R5 + H              = A2R5- + H2                  2.500E+14   0.00   16000.0  

 A2R5- + O2            => A2-1 + CO + CO             2.100E+12   0.00    7470.0  

 A2R5- + H (+ M)       = A2R5 (+ M)                  1.000E+14   0.00       0.0  

       LOW/ 6.6E+75  -16.30  7000.  /                                            

       TROE / 1.0 0.1 584.9  6113.  /                                            

       H2/2.0/                                                                   

 H2O/6.0/                                                                        

 CH4/2.0/                                                                        

 CO/1.5/                                                                         

 CO2/2.0/                                                                        

 C2H6/3.0/                                                                       

 N + NO                = N2 + O                      2.700E+13   0.00     355.0  

 N + O2                = NO + O                      9.000E+09   1.00    6500.0  

 N + OH                = NO + H                      3.360E+13   0.00     385.0  

 N2O + O               = N2 + O2                     1.400E+12   0.00   10810.0  

 N2O + O               = NO + NO                     2.900E+13   0.00   23150.0  

 N2O + H               = N2 + OH                     3.870E+14   0.00   18880.0  

 N2O + OH              = N2 + HO2                    2.000E+12   0.00   21060.0  

 N2O (+M)              = N2 + O (+M)                 7.910E+10   0.00   56020.0  

     LOW  /  6.370E+14   0.00  56640.0 /                                         

     H2/2.00/                                                                    

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       

 O2/0.4/                                                                         

 N2/0.4/                                                                         

 CO/1.50/                                                                        

 CO2/2.00/                                                                       

 C2H6/3.00/                                                                      

 HO2 + NO              = NO2 + OH                    2.110E+12   0.00    -480.0  

 NO + O + M            = NO2 + M                     1.060E+20  -1.41       0.0  

     H2/2.00/                                                                    

 H2O/6.00/                                                                       

 CH4/2.00/                                                                       

 O2/0.4/                                                                         

 N2/0.4/                                                                         

 CO/1.50/                                                                        

 CO2/2.00/                                                                       

 C2H6/3.00/                                                                      

 NO2 + O               = NO + O2                     3.900E+12   0.00    -240.0  

 NO2 + H               = NO + OH                     1.320E+14   0.00     360.0  
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 CO + N2O              = CO2 + N2                    5.010E+13   0.00   44000.0  

 CO + NO2              = CO2 + NO                    9.030E+13   0.00   33800.0  

C2H5+O=CH3CHO+H                               1.09E+14    0.0        0.0         

   DUPLICATE                                                                     

C3H7+HO2=CH3CHO+CH3+OH                        2.41E+13    0.0        0.0         

C2H4+HO2=CH3CHO+OH                            6.03E+09    0.0     7949.0         

C2H5+O=CH3CHO+H                               6.62E+13    0.0        0.0         

  DUPLICATE                                                                      

C2H3+OH=CH3CHO                                3.01E+13    0.0        0.0         

CH3CHO=CH3+HCO                                7.00E+15    0.0    81674.0         

C2H4+CH3O2=CH3CHO+CH3O                        7.00E+13    0.0    14500.0         

C(S) + O2 = O + CO                       3.000E+11   0.00  26800.0               

 C(S) + H2O = CO + H2                     3.000E+11   0.00  42800.0              

 C(S) + OH = CO + H                       3.000E+12   0.00  32600.0              

END                                                                              
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