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ABSTRACT

DUAL FUEL ENGINE COMBUSTION ANDEMISSIONSI AN EXPERIMENTAL

INVESTIGATION COUPLED WITH COMPUTER SIMULATION

Alternative fuels have been getting more attention as concerns escalate over exhaust
pollutant emissions produced by internal combustion engines, higher fuel costs, depl¢tien
of crude oil Various solutions have been proposed, including utilizing alternative fuels as a
dedicated fuel in spark ignited engines, diesel pilot ignition engines, gas turbines, and dual fuel
and bifuel engines. Among these applications, of¢he most promising options is the diesel
derivative dual fuel engine with natural gas assingplemenfuel.

This study aims to evaluate diesel and dual fuel combustion in a natwdiegakdual
fuel engine.More dual fuel engines are being utilizeldie to stricter emission standards,
increasing costs of diesel fuel and decreasing costs of natural@aginally sold as diesel
engines, these units are converted to naturadgesel fuel engines using an aftermarket dual
fuel kit. As natural gas ignixed with air intake, the amount of diesel used is reduced. The
maximum natural gas substitution is limited by knock or emissions of carbon monoxide and total
hydrocarbons.

In this research a John Deere 6068H diesel engine is converted to dual fagbope
The engine is a Tier Il, 6 cylinder, 6.8 liter;sttoke compression ignition engine with a
compression ratio of 17:1 and a power rating of 168 kW at 2200 A natural gas fuel system
is installed to deliver fuel upstream of the turbocharger cessor. The engine operatg 1800
rom through five different load points in diesel and dual fuel operating modes. Crank angle

resolved high speed combustion pressure data is obtained and andlgeedatural gas



substitution values tested are represergaf standard dual fuel tuning, with a maximum diesel
displacement of 70%Datafor thermal efficiency, combustion stability,-aylinder pressure and
net heat release rate are also presented in this. $tudgidition, fuel consumption and pollutant
emissions are measured. Elevated CO and HC emissions are observed at low loads for dual fuel
operation. Overall, CO and unburned HC emissions increase for dual fuel opédfatieever,
the average levels of PM and NGubstantiallydecrease A series of natral gas and injection
timing sweep are conducted to optimize the combustion and emission in dual fuel engine.

To understand the location of emissions inside the cylinder, a model study of a natural
gasdiesel dual fuel combustion and emission is perforomdg the commercial CONVERGE
CFD code A reduced chemical kinetic mechanism with 86 species and 393 reactions for n
heptane, methane, ethane and propane is used. A preliminary hypothesis for these emissions is
formulated based on thealues of experimerg¢quivalence ratioFindings indicate thaa large
amount of CO and HC emissionsduoal fuel engines amaainly located on theylinderwall and
nozzle area High temperatures are not able to propagate through the lean mixture of natural gas
and air in dial fuel engine hence high unburned fuel trapped at wall.

It is concluded that dual fuel engines are capable of reducirggiens and cost saving
(through diesel displacement up ©8%) in diesel fuel enginesCO and unburned HC can be
reduced with the apipation of a dual fuel optimization mapFurther investigation using

oxidation catalyst is recommended in order to meet with emission regulations.
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1.0 INTRODUCTION

The internal combustion engine (ICE) is defined as a heat engine that converts chemical
energy of fuel into thermal energy and later transforms this thermal emgogynechanical
energy in aonfined space calle@mlcombustion chamber. There are two types ofd@&ary and
reciprocating enginedut the mosttommonlyused are the reciprocating internal combustion
engines. Reciprocating ICEs have pistons that move in a cylinddmi@aamotion and transmit
power through a connecting rod to a drive shaft. This reciprocating engine can have one or more
cylinders and operates on either faimoke which has four piston movements over two
resolutions for each cygler two-stroke cycle which has two piston movements over one
revolution for each cycle.

The ICE hasundergonevariousimprovementssince it was dmonstratesbver acentusy
ago. The focus had been on overcoming engine:u
large engine sizes.In 1882, the German engineer Rudolf Diesel invented the compression
ignition (CI) engine by injeting a liquid fuel into air heated by compression. Sitien the
diesel engine has becomdavorable enginalue to highfuel economy, reliability and power
output
11  Compression Ignition Engine Emissions

Emissions from a Cl engine age strong function of equivalence rat{a) (1) (2).
Common exhaust emissions frarCl engine areoxides of nitrogen (NQ, carbon monoxides
(CO), unburned hydrocarbons (HC) and particulate matters (R®).formation is dependent
on the oxidation of atmospheric nitrogen and is strongly affected by the cylinder charge
temperature. Total emission of N@ a CI engine is higher compared to lean sparkignition

(SI) engines because combustion takes placed#$uaion flame which occurs at close to 1.0.



In this region, the stoichiometric gwel ratio reaches very high temperatures accountinthér

high level of NQ. CI engines that operate at a very lean mixture with excess air can help to
control the NQ. Combustion gases in lean mixture continue to mix with excess air resulting in
lower temperatures that weakens the kinetics of fd@nation Sl engines that operate close to
stoichiometric produces higher N@vels than CI engines. Maximum flame temperature which
occurs at stoichiometric afuel ratio leads to the dissociation of nitrogen (N) which then
combines with oxygen to form NOn lean mixture Cl engines, because of the-homogeneity

of air-fuel mixture, some local spots in the cylinder will be too lean to burn, leading to misfire
and poor combustion. Other spots maytderich with not enough oxygen to react with all the
carlons. Both conditions of lean and rich mixture produce high HC emission. For CO emission,
it is formed when an engine runs rich, therefore its formation does not depend on the intake
mixture condition PM emission in Cl engine is formed mostly in the fuehrzonewherea is
higherthan 1.0within the cylinder during the combustion due to incomplete combustion of fuel
hydrocarbonsind some from lubricating (8).

12 The Effects of Exhaust Emission

Figurel.lrepresent@a breakdowno f count r y 0 globa energyelatdad@@ e o f
emissions from fuel combustion in 201The USAcontributes 17% of global CGQemissions
while the rest of the world (29%), China (26%), European Union (11%), India @&ssian
Federatio (5%) and Japan (4%)he effects ofjreenhousend other emissions are alarming.
These emissionsan result irunhealthy levels of air pollution, global climate change, acid rain
and respiratory problems$n China, the ones most directhiffected by its air pollution are the
citizens. Chinabés skies darken with pollution
a bike or playing outsiderigure 12 shows a Chinese woman wearing a mask as she rides a

bicycle though an area where the air is polluted by exhausts that are harmful to public health.

2



2% 1%

[l Rest of the World (8991 Mt)

W China (8000 Mt)

W United States (5287 Mt)

B European Union - 27 (3543 Mt)

W India (1745 Mt) 5
W Russian Federation (1653 Mt)

I Japan (1186 Mt) a
B Canada (530 Mt)

0 Brazil (408 Mt)

Figure 11: Global carbon dioxide emissions from fuehtbustion(in megatos of

carbon dioxide equivalen(4)

Figure 12: A woman protects herself from sm@d

Figure 13 displays aclean airdome built bythe International School of Beijing to
enclosehe playground and filter the aitntil the outside air is clean, students play and exercise

in this costlydome every dayThe health effects of these hazardous emissions are both acute



from shortterm and chronic for longerm and repeated exposure. Therefore, it ixial to
control theproduction ofair pollution One way to reduce the emissions is by eagiasign and
control of engine parameters but quite often, this will create other adverse effects. PM emission
in the CI engine cannot be reduced to an acceptable level solely by engine design and control. It
typically requires an after treatment systenréduce emission levels below regulator standards.
Emission limits are implemented to regulate and control emissions frorrdligyt heavyduty
and stationary engines.

Table 11 gives ®me of the emission standards fmnroad and stationargl engine
that were established by Envimmental Protection Agency (EPAJier 4 requires more than
90% reduction in NQemission. Tier 4 also requires substantial reduction in HC emission as
well as PM emissiorin natural gas engine, nonethane hydrocarbon (NMHC) is considered as
HC emissionCO emission limits are unchanged since Tier 2 arlcb8king at the data below,
the standards are significantly tightened over time. Therefore, it is crucial for the engine
manufacturers to continuously improve the engine efficiency and technology in order to meet the
regulations.

Another concern for manufactures and operators @ngines is the fuel cost. Diesel fuel
cost is generally high and increases when the high worldwide demand for diesel fuel and other
distillate oil is increased, especially in Europe, Clandthe USA(5). In the USA, orhighway
diesel fuel prices have been continuously higher than gasoline since Septembg).28ite
alternative fuel such as natural gas is considerably lower, utilizing natural gas in diesel

operations may promote fuel cost savings.
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Table 11: Emission standdrfor norrroad and stationary @ngineswith power more

than 900 kW
Tier 1 Tier 2 Tier 3 Tier 4
Year released 2004 2006 2011 2015
NOy Limit (g/kwWh) 9.2 Sum6.4 0.67 0.67
HC (NMHC) Limit (g/kwh) 1.3 0.4 0.19
CO Limit (g/kWh) 11.4 3.5 35 35
PM Limit (g/kWh) 0.54 0.2 0.1 0.03

Figure 14 shows price compaons betweeon-highwaydiesel fuel andity gatenatural
gasfuel in dollars per diesel equivalebétween year 2000 and 2018 2008, city gatenatural
gas prices reachethe highest at $1.5 per diesel gallon equivalent (DGE). The tame is
observed in othighway diesel fuetost at more than $4.5 per DGE. In recent yeztg,gate
natural gagrices are more stable at less than $1.0 per DGE, whileghwaydieselfuel price
remains higher &4.0 per DGEThe cost saving igity gatenatural gas is@roximately 80%

lower thanon-highway diesel fuel with diesel to natural gas ratio as more than 6.



In the effort to reduce undesirable emissiand expensive diesel fuel cost, many have
proposed alternative ways to combine cleanerlangr costgaseous fuelith diesel fuel as a
diesel fuelsupplementGaseous fuels are considered to be good alternative fuglsidsenger
cars, truck transptation and stationary engines that can provide bigtuced pollutant
emissions and energy seity (8). Most combustion devices are easily adaptable to the use of
gaseous fuels for power producti@aseous fuelsith high octanenumberssuch as natural gas
andbiogashave a knock resistance which makes tlsemable for engines with relatilyehigh
compression ratios. Gaseous fuels prodiess polluant exhaustemissionsif appropriate

conditions are satisfied for its mixirggd combustio (9).

—No. 2 Diesel, On-Highway Retail
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—Diesel/NG Cost Ratio
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Figure 14: Diesel fuel ad natural gas price comparisqi®g



13  Gaseous Fuels in CI Engines

There have been many published studies ongkef gaseous fuels in Cl engssuchas
biogas, produgegas, natural gas and liquefied petroleum gas (LP®)ese fuels vary in
chemical composition, which has a significant impactengineemissiors and grformance.
Therefore, the choice of fus important.

Biogas isalso known asswamp gas, sewer gas, fuelsganarsh gas and wet gas. It is
produced byfermenting organic material in alvese of air with the help of b&aria to break the
materials to intamediates such as alcohols datty acids and finally to methane, carbon dioxide
and water. Th@rocesss called anaerobic fermentati¢D). The main compoentsof biogasare
methane and carbon dioxide (@{11). Biogas hasa high octane number and auto ignition
temperature which nka&s it suitable for Clengines. When itis usedin diesel enging as a
primary fuel, it reduces NQ and PM emission level and increases premixed conaloust
However, it has negative effects on engine performance and HC and CO emissions due to longer
ignition delay and poor flame propagation of the gaséaeisair mixture especially at part load
(12). The presence d€0, in biogas reduces the burning velocity and peak pressure inside the
cylinder, which leals to a decrease in maximum pow¢€t3). And since biogas composition
varies depending on the origin of the anaerobic fermentation prdebssaryingheating valus
of biogas could bgroblematicin this engine whera larger amount of biogas is required to
displace diesel fuel

Producer gasalsoknown as syngain dual fuel applicatiosis reportedo lead b power
loss due to lower heating @ of the combustible mixtur@5). In one case¢he power deating
of engine was between BD% (16) attributing to the fact thahe producer gas is a low energy

density fuelwhen compared to natural gaShis fuel also has negative impacts on engine



efficiencyand CO emissiagwith longer ignition delay(17). The fuel is not readily availablea
gasifia where solid material is turned into producer gas is netdeontinuously supply the fuel
to the engine.

LPG is known as auto gasd is composed & mixture of propane and butaiwhen
LPG used in diesel engisgit producessubstantiallyless CO andNOy emission as well aa
smaller percemige ofCO, (18). LPG is described aa high octane number and a low cetane
number fuel. This characteristicales it suitable tde usal in Sl engines but difficult to self
ignite in conventional compression ignition engine. If LPG is to be used as alternativi® fuel
diesel fuel, the addition of cetane enhancer can improve theignitmn characteristic and
achieve stable engine operati¢l®) (20). LPG as a secondary fuel in diesel enginge a
fumigation approach where the LPG fuel is inducted to the intake eamstusingalow pressure
injector (21). Using this approach along with diesel aslatguel produceda low power output
and lower thermal efficiencthan pure methane amétural gaglue to its tendency to setjnite
earlier The combustion noise itme cylinder is reported # highest among those fué&). With
LPG fumigatedinto compression ignition engisenitric oxide (NO) and PMdecreaseput
significantincreasesn CO and HC emissionsccur (22). One way to improvehe performance
of thisfuel is to mix LPG withhydrogen in aratio of 70:30(23) (24). When this mixture is used
as a secondary fuel in diesel engiiteincreases the brake thermal efficiency and reduces HC
emission. It also increases the maximum pressige rate, heat release raadpeak cylinder
pressureas well ageducegshe combustion duration.

Interest innatural gageplacementf diesel fuelin compression ignition engindsve
substantiallyincressedin recent yearsNatural gasin dual fuel enging produce high output

torque anda better thermal efficiency comaped toLPG due toa largerheating valug8). It also



helps to reduce the N@missiors by lowering the charge temperatuvehich reduceghe NOy
formation (25) (26). Methane isthe main component in natural gasd hasa high octane
number greater than 12Qyhich makes iknock resistant ansuitable for high compression ratio
engine. Natural gass favorable becausé contairs minimal impurities such as sulfiandwhen

used with diesel as a dual fuel engine, tends to reduce PM compared to conventional diesel
engines (27) (28).

The natural gas composition varies based on geogréptation and the processing of
the gas as shown ifable 12. Typically natural gas contains methane, ranging eetnw8595%,
and a small percentage of ethane and propane.

The natural gas that is stored at high pressure is called compressed natural gas (CNG) and
as a sufrooled liquid is call liquefied natural gas (LNG). If CNG or LNG is to be used in
fumigated dieseéngines, a pressure regulator is required to bring down the pressure to a more
sufficient level.

Among these alternativeidls, natural gas considered very promising apamary fuel
in duakuel mode(29). It is abundantlow cost and reduces emissions of both,N@d PM. In
this research, natural gas is provided by the city supply network and the composition varies

slightly at each poin30).

Table 12: Variations & pipeline qualitynatural gas compdsns from around thevorld

(31)

Origin Methane% EthaneX Propanéb Butane% | Nitrogen%
Malaysia 89.8 5.2 3.3 1.4 0.3
Qatar 89.9 6.0 2.2 1.5 0.4
Australia 89.3 7.1 2.5 1.0 0.1
USA 94.0 3.14 0.45 0.11 1.0




14  Natural Gas

The natural gascontains a mixture of methane, ethane, propane, butanes, pentanes and
other hydrocarbons. It is formed from decayed animals and plants million years ago, built up
thick layers and trapped benedkie surface of the eartldver time, intense heat and pressure
changed these fossilsto black oils, coals and natural gashstural gass extracted from the
underground formatiothrougha well with other liquid hydrocdons and noimydrocarbons,
which later are filtered from these components and sent through pipelines for distribution.

Technology advances have enabled the domestic energy production to rapidly grow
Canada, China, NetherlandBoland, German and the USA (32). The developmest of
horizontal drilling and hydraulic fracturing technologiesvéhamproved the exploration of
natural gas from shale resensiShale gaswhich is a natural gas th& trapped withinthe
shale formationshas becomethe fastest growing source oétural gas in the USAn the USA,
at least 2 million wells of oil and shale gas have been hydraulically fractumesl 1860. Today
95% of new wellsare hydraulically fracturedhich account$or more than 43%f total U.S. oil
production and 6% of natural gas productidB3).

Even thoughnatural gasumigated Clengines can reduce the NCGand PM emissias) it
is also observed that CO and HC emissiaere higher especially at part load compared to
conventional d@sel enging€34) (26). The combustion imatural gasumigated diesel engines
slower at part lad but improved at higher loa@his way of reducing pollutiorfrom diesel
exhaust emissions is becomingpre common A diesel engindumigated withnatural gas is

calledadiesel derivative dual fuel engine.
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15 Engine Cycles

The dual fuel system is a retrofit to t6¢ engine. Thelual fuelengineworks usinga ClI
engine but operatesn a combustion process with characteristics from both Sl and CI engines.
To illustrate the process of theSl and Cl engine operating cycle, a pressueme (p-V)
diagram associated witan ideal aistandard cycle is considergdl heat addition term is used to
replace the combustion process since air alone cannot corfihesOtto cycle is the idealir
cycle for the Sl engingvhich is differs from the actual cycl&he cycleis divided into intake,
compression, combustion, expansion and exhaust procésgase 15 shows the pressure
volume diagram for th®tto cycle.This cycle consists an isétropic compression proces21
which compresssthe mixture of air and gas atlingsthe pistonto top dead center (TDCha
constant volume heat additigprocess 2B which raises the temperature of the mixture at
constant volume to point, 3an isenopic expansion process43to the bottom dead center

(BDC), andconstant volume heat rejectiorl4

Pressurep

[ 1
TDC Volume,V BDC
Figure 15: Otto Cyclep-V diagram(3)
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The working processes for Diesel cycle is presentdtigare 16. The processes for this
cycle are isentropic compressiof2 lconstant pressure heat additieB, 2sentropic expansion 3
4, and constant volume heat rejectiofh.All processes are the samg the Otto cycle except the
heat addition process2

The dual cycle contains features of both Otto and Diesel cycles. This can be considered a
model for dual fuel combustion since it contains features of the ideal cycle for the Sl engine
(Otto cycle) ad the ideal cycle for the Cl engine (Diesel cycle). The process of Dual cycle is
illustrated in Figure 1.7. The isentropic compression proce8s the isentropic expansion
process %, and the constant volume heat rejection procesai® the same as the Otto and
Diesel cycles with different numbering of states. The heat addition process is different for the
dual cycle. The heat addition process is composed of a dual mechanism, which is where the dual
cycle name comes from. Heat addition consistoktant volume heat additior3followed by
constant pressure heat additiod.3

Comparing the Otto, Diesel and Dual cycles at the same inlet conditions and compression
ratio (CR) shows that Otto has t h)ewhiteiDgdelest wo

has the lowest.

( dbrro>( dbuaL >  oigheL

However, since Cl engines have much higher CR values than Sl engines, Cl engines typically

have higher efficiencies than Sl engines.

( dbieses ( dbuaL > oo
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From these concepts, it is suggested that the most efficient engine would have combustion close
to constant volume as in the Otto cycle but operates at high compression ratios as with the Diesel

cycle(2).

Pressurep

TDC Volume,V BDC

Figure 16: Dieselcycle p-V diagram(3)

Pressurep

___________ -
TDC Volume,V BDC

Figurel.7: Dual cyclep-V diagram(3)

13



16  Dual Fuel Operation

The basic operation of dual fuehgines is shown inFigure 18. In the dual fuekengine,
natural gas is fumigated with air in the intake stream by a venturi installed before the
turbochargerNatural gas flow is controlled by a throttle. The amount déirah gas admitted
into the intake air stream is dependent on the engine load and speed. The mixture is compressed
and a small amount of diesel fuel is injected near the end of compression stroke to initiate
combustion. No modifications are made to thesrimél workings of the engine or the diesel
injection system. The natural gas will displace some of the diesel required to run the engine,

decreasing diesel fuel consumption for the same power o3t

Diesel fuel
injection

Air and natural
gas mixture

\’ a Exhaust

Figure 18: Basic dual fuel operation

1.7  Dual Fuel Advantagesand Applications
The major advantages tife dual fuelnatural gasliesel engine areeduced NQand PM

emissiors as well ageduced fuel cost due gubstantialljower cost of natural gas compared to

14



diesel Other potential advantages are increased thermal efficiency, which is load dependent, and
reduced fuel transport impactsnfturalgasis available locallyThe maintenance cost after the
conversion will not increase @he majority of the engin@arts remain unchange&ince a
significant amount of diesel is displaced tgtural gasup to 70% carbonizations reducedn
the dual fuel engine Therefore the number of times the engine needs taldearbonizd and
overhaukd is reduced(35). In the dual fuelnatural gasliesel engingthe transitiondbetween
diesel and dual fuehodes can be achieved wlithe engine is runningithout any interruption
to the required engine loatf natural gass not available, the control valve will be shut off and
theengine continuesn diesel fuehsa conventional diesel engine.

The dual fuel system is offered by several manufacturers such as Solaris, Green Fuel Pro,
Altronic, Hythane and_andi Renzo USAThe cost for a completdual fuel system by Green
Fuel Pro ranges from39,000 to $35,00@or heavy duty engineLower natural gasuel costs
(about half of diesel cost) help pay for a conversion.

The application of died engines employing natural gasnges from ossite power
production to transportation vehicldarious cities in the USA have been implemegtihe dual
fuel engine intrucks and heavy duty tractoas shown irFigure 19. Dual fuel technology has
also been used in lafzhsed oil, weldrilling and frackirg applications itselfDual fuel is
implemented on the engines that drive the hydraulic fracturing pumps, normally run on 100%
diesel. This reduces the truck traffic by requiring that less diesel be trucked in to run the
hydraulic fracturing trucksBy apgying dual fuel engines in tanker trucks and using natural gas
near the well site, truck traffic and fuel cost can be saved tremendously.

In addition, the natural gas from the formation is also useful to power the high pressure

pump and diesel engine inetliracturing trunks.Figure 110 shows a hydraulic fracturing truck
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and Figure 1.11 shows a well pad site with fracturing pumps that can be implemented with dual

fuel engine.

Figure 19: A diesel truck running on CNG and diesel. Conversion kit by Landi Renzo

USA

Diesel High Pressure

Heat Engine Pump

Exchanger

Transmission Hydraulic

Fracturing
Fluid

SRy

Figure 110: Potential fuel cost saving in equipment of a fracking truck
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18 Problem Statement and Research Objectives

Higher fuel costs and increasingly stringent emission regulations areerosnfor
manufacturers and operators of compression ignition engines. By converting the CI unit to dual
fuel operation andtilizing lower cost natural gavoth lower fuel costs and lower emissions can
be achieved. However, the cost savings through ldadisplacement and emission reductions
need to be quantified.Thus the main purpose of this research is to addresschallenges
associated with dual fuengines in order to improve efficiency and to obtain better control of
the exhaust emissions. Sicdual fuelengines produce higher HC and C®missionsthan
regulations allow concepts should be developed to advantageously control combustion and

emissionsin addition, n-cylinder combustion is very complex. While experimental data are able
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to approxmate incylinder combustionparameterssuch astemperature field, air fuel ratio
distributions and emission locatio@se not understood completely using experimental data.
Therefore, the detail analysis of combustion is one of the most important key factors to
det er mi ne e n gConseydently, admputatonat fluid dynamic<CFD) is proven to
be an efficient tooto predict combuson events and emission formatiamside the cylinder
Therefore, he primary challenges of this research and hypotheses to the questi@ssfalows
1) Does dual fuebperation save cost compared to diesel operation
Hypothesis: Over the past five years, natural gas fuel prices have remained well below that
of diesel fuel and have been more consistent compared to diesel fuel. When natural gas is
introduced in diesel engine, it should displace some of the diesel {Gkkimgine, herefore

reduce the fuel cost in dual fuel engine.

2) Do dual fuelengines reducBO, andPM emission compared to diesel engihes

Hypothesis: Being a lowest member in paraffin family, the diesel combustion with natural
gas in dual fuel engine iexpected to produce less PM. In addition, since the premixed
combustion happens, the opportunity for locally rich mixtures to fomadisced Therefore,

with lean conditions, the flame temperature should be Iowlus redudng the NQ
formation ina dud fuel engine.

3) Do dual fuelenginesemitexcessiveHC andCQO?

Hypothesis: The ratio for the natural gas and air entering the cylinder is not controlled. It is
speculated that at these load conditicimg natural gas air mixture is below the flammability
limit in the cylinderand the penetration of the diesel fuel jet does not extend across the

cylinder. Consequently, regions near the edge of the combustion chamber with natural gas

18



and air mixtures belw the flammability limit are either unburned (HC emission) or partially

burned(CO emission).

Given the problem statemegibove the research objectives are as follows
1) To evaluate the emissions and performance of a dual fuel engine and cahgraslits
with the diesel equivalent.
2) To develop an emissions control methodology in order to maintain applicable regulatory
standards on emissions levels.
3) To investigate ircylinder combustion by implementing ehCFD simulation using
CONVERGE code with aedued chemicakinetic mechanisnfor time saving The
location where the emissionfsrmed will be investigated as well.
19 Thesis Outline

An overview of previous researehpresented in chapter two. Chapter two begins with a
dual fué combustion description followed by emissions trends. Comparison with conventional
diesel engine is carried out where applicable. Chdpteedescribes the experimental procedure
and data analysis method used in this resedtttapter four discusses thesults of the
experimental and modeling study. A detailed discussion is presenfae &adscomparing
diesel and dual fuel engines tine experimental section and the development of the flow, heat
transfer and combustion phenomenathe modeling section. Chapter five discusses a CFD
technique for internal combustion engine simulations and desdtieestate of the art sub
models used in this research. Chapter six discusses the CFD results on combustion and emission
location in dual fuekngine.Conclusions of this research and future perspestare presented in

Chapter seven
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2.0 LITERATURE REVIEW

21 Natural Gas

Natural gas has been known for many centuries. It was first found by the people of
Mount Parnassus in ancient Gre¢86). Around 500 B.C.jt is known thatthe Chinese started
using natural gas that seeped to the surface to boil sea water for drinkingThatérst usage
of commercial natural gas was in Britain in the 1780s, where gasddrom coal or coal gas
was used for powering houses and streets. In the USA, Natural gas was discovered in the 1620s
when natives were sighted by French explorers igniting gases that seeped into and around Lake
Erie. Centuries later in 1821, the finsell was dug by William Hart in Fredonia, New York;
Fredonia Gas Light later became the first American Natural gas distribution company in the
USA.

During mostof the 19th century, Natural gass used almost exclusively as a source of
light, but the ivention of the Bunsen burner by Robert Bunsen in 1885 opened new
opportunities to use Natural gas. Since then, Natural gas applications have expanded to home
appliances such as stoves, clothes dryers, and furnaces and industrial applications such as
engines for electrical power generation, pumping, and compression and boilers for process
heating.

2.2  Dual Fuel Background

The discovery of the dual fuel engine is credited to Cave in 1929 and Helmore et al. in
1930 when hydrogen fuel was introduced as a lsupgntary fuel in diesel engind87).
However, at that time, dual fuel had limitationshich made it less popular for
commercialization. The challenges included mechanical complexity, expensive components,

large inefficienciesand significant knocking. Serious attention to dual fuel began during the
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Second World War when petroleum supplies were lacking, leading to new technology
exploration including the dual fuel engine. In their early days, many dual fuel engines, especially
heavyduty engines, ran on waste gas from the oil industry or sewage gas from sewage treatment
plants(38).

After the war, the market returned to fuel oil because of environmental concerns
associated with coal and the large dymd very inexpensive oil from Saud Arabia. This enabled
the petroleum gas industry to expand and many gas transport companies started to increase
production and expand pipeline systems during this time.

In recent engines, the development of dual fuehrietogy is motivated by emissions
regulations which require specific limits be met for pollutants released into the atmosphere.
Development is also motivated by the potential savings on operations costs for dual fuel engines
compared to diesel engines. Rbese reasons, many diesel engines are converted to run with
gaseous fuels such as natural gas and retain positive features of diesel operation. Natural gas is
preferred because it is cheap and widely available. It is also shown to reduce epnissiems
in diesel engines.

2.3 DieselEngine

The combustion process of a diesel engine starts when fuel is injected into the cylinder at
the end of compression stroke. During the compression stroke, pure air is compressed with a
high compression ratio, heatinget gas above the diesel sigifition temperature. A small
amount of diesel fuel is injected and ignited in the high temperature air. Just after the ignition
and before the combustion occuasshort ignition delay exists followed by a sudden and rapid
rise in cylinder pressure known as the premixed combustion ptéepvood, 1988Heywood

summarized four stages of the CI diesel combustion on the typicaldhease diagram iRigure
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2.1 and the ircylinder pressure diagramsd in Figure 22. The AB phaseis the ignition delay

period. This ignition delay is determined from the change in slope op-thdiagram. This data

is from a pumgine-injector mechanical system, as opposed to a high pressure common rail

system.The BC phasés described as a premixed or rapid combustion phaghisliphase, the

heat release rate has a high peak because the burning mixture is premixed. The burning mixture

is composed of the injected fuelthe start of injection (SOI), which has mixed with surrounding

air to within the flammability limits during griod AB. The premixed portion of the charge

undergoes rapid combustion. This phase is often referred to as chemically controlled combustion.
Period CD is the combustion phase where the heat release rate is controlled by the rate of

mixing, termed mixing entrolled combustion. At the end of combustion phase DE, during the

expansion stroke, the heat release rate becomes slower. This happens as the temperature of the

cylinder gases drop during this part of the stroke.
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Figure 21: Diesel combustion stages by Heywdad
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Figure 22: Cylinder pressureg of a conventional diesel engi(@)

There are several forms of diesel emissions that are created during the combustion
process, primarily PM, NQ CO, and HC. The PM is generated in ftieh zones where there is

insufficient oxygen to oxidize all carbon @0O..

C(s) + C, A CO;

Equation 2.1

In diesel engines, 90% of carbon particles that are originally generated early in the combustion
process are consumed later in the end of the combustion and powe(Xklroke

Exhaust gases of diesel engines also contaip @éissions, primarily NO, with lower
levels of NQ and other nitrogewexygen combinations. NOemissions do not form until the
cylinder charge temperature reaches about 2800°F (1540 °C) as shdwiguie 23. For

premixed Sl engines, HC emissions have a direct relation widds shown inFigure 24 (for
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premixed Sl engines). HC emissions are significant at richer conditions when there is not enough
oxygen to react with the excess fuel, resulting in a high concentration of HC emissions in the
exhaust products. HC emissions are algaiicant at low load when the mixture is too lean to

burn and the flame is quenched, leaving some fuel particles unreacted.

NO, concentration rate
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Figure 23: Theformation of NQ as a function of temperatu(g9)
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Figure 24: NO,, CO and HC missions as a function of equivalence (&jio
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2.4 Dual Fuel Operation

In dual fuel operation, combustion ideally consists of a diesel fuel flame progressing
through a lean premixed air and gaseous fuel mixture which is locally homogenous. The
premixed air and gaseous fuel burn in the presehtee diesel flame and a premixed flame is
initiated by the diesel flame and propagates through the remaining air and gaseous fuel mixture.
During the compression stroke, the premixed
increased, forming ther@ignition reaction environment. During this phase, partial oxidation
products can form at the end of compression to induce diesel fuel ignition and combustion. The
spread of the diesel flame front is greatly influenced by turbulence, swirl, and sqtnshtie
cylinder.

(Nwafor, 2001)The combustion process of a dual fuel engine is described by Nwafor
with five stages. The data is taken on a single cylindecipaenber diesel engine with a pump
line-injector mechanical diesel injection system. The loostion phases of a dual fuel engine are
illustrated with a cylinder pressure traceFigure 25. After diesel fuel is injected at point A, a
longer ignition delay p#d AB is observed in dual fuel combustion than in conventional diesel
engines due to the reduction in oxygen concentration resulting from the introduction of natural
gas to the intake charge. The premixed combustion phase BC in dual fuel is slowareddmpa
conventional diesel premixed combustion. This is because the dual fuel engine is injecting a
smaller amount of liquid fuel, therefore a smaller amount of burning mixture is added to the fuel.
Period CD shows a decrease in pressure until it rigesratd DE. Period CD is described as the
primary fuel (premixed air and natural gas fuel) delay peridie DE phase is the actual
combustion of the natural gas fuel starting with the flame propagation initiated by the

spontaneous liquid fuel ignition. Nufor described the period EF as a diffusion combustion
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stage starting at the end of gaseous fuel combustion. It is unclear why this phase of combustion is
characterized as diffusion combustion. It may be more appropriate to characterize it as the late

comlustion phase.
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Figure 25: Combustion process of a dual fuel engine

(Rajput, 2005)n diesel engines, higher peak cylinder pressures are observed compared
to dual fuel enginesThis is due to the CReingnot knocklimited ratio in Cl dual fuel engine,
while the CR value of Sl and dual fuel engines are knock limited. The conventional diesel engine
uses a heterogeneous mixture, where the cylinder charge is pure air. The mixtergoes a
non-premixed, or diffusion flame, combustion process except when rapid premixed combustion
occurs (period BC ifrigure 21 andFigure 22). In the diesel engine, the ignition starts at several
points in the chamber where a local stoichiomethiffuel ratio AF) is formed, regardless of the

overall AF in the cyinder. On the other hand, in the dual fuel engine the primary fuel
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combustion is homogeneous (premixed). The cylinder charge is a mixture of air and natural gas
and ignited by the injection of diesel fuel. It is characterized aspremixed combustion of

diesel fuel, followed by premixed combustion of the natural gas. The premixed combustion is
very sensitive to AF; therefore, in lean combustion as observed in dual fuel engines the in
cylinder pressure has a lower peak value.

Since the dal fuel operatestdean mixtures, the flame temperature is lowered, therefore
reducing the formation of NQ Other factors that affect the formation of N dual fuel
engines are the quantity of gaseous fuel @anaf the airfuel mixture (1). The effect ofd on
emissions is showm Figure 24. This figure is specific to S| engines but the general trends are
similar for Cl and dual fuel engines. This figishows that maximum N@s formed at slightly
lean conditions, aroundl = 0.95. As the mixture goes leaner, increasing excess air concentration
reduces the gas temperature. At low temperature, atmospheric nitrogen is a stable diatomic
molecule (N) and less oxides of nitrogen are produced. In contrast, at high temperaturesfsome
N, breaks down to reactive monotonic nitrogen radi¢a)s At high temperatures with excess
oxygen available oxygen can combine with the nitrogen to form nitric oxide:

O + N, A NO + N

N + O A NO + O

Oxygen radicals (O) are produced from the dissociation of oxygen molecyesr(O
from acollision between the H radical and @hese oxygen radicals combine with 8 start
the simple chain shown, called the Zeldovich mechanism. Nitric oxide can further oxidize to
form NGQ,. In order to minimize N@formation in ICEs, reducing flame tempenat is crucial,

which slows the reaction rates in the Zeldovich mechanism.
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Thereare substantial numbeo$ studies investigating emissions from dual fuel ergjine
(Uma et al., 2004Yma and associates published a paper on their study on achalbged C
engine with producer gas. They mentioned that the presence of gaseous fuels in dual fuel
operation reduces the amount of diffusion combustion and replaces it with lean premixed
combustion, which affects the rate of NfOrmation. This statement is supfexl byLounici et
al. in their study usingsingle cylinder, naturally aspirated Lister Pefl&1 diesel engine
(Lounici et al.,2014) However, the NQformation at high loads lower for the diesel engine as
shown inFigure 26. The author of this study attributes this to the combustion of liquid fuel near
TDC creating a high charge temperature which remains at a high temperature longer in gas
diesel dual fuel engathan in the diesel case.

Figure 27 compares CO and HC emissions for diesel and dual fuel by Lounici et al. at
2000 rpm. The data shows extremely lower CO emissfonthe dual fuel case at high load,

while HC emissions are significantly higher in the dual fuel case.
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Figure 26: Variations of NQ as a function of loa{40)
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Figure 27: HC and CO emissions as a function of load and type of40¢!

(Namasivayanet al.,, 2009HC emissions trend higher at all conditions in the dual fuel
natural gasliesel engine. This is consistent with the dat&igure 27. It is theorized that HC
emissons aresubstantiallyhigher because natural gas survives through the combustion process
and ends up in the exhaust gas stream. Flame quenching at the wall and very lean mixtures also
result in high levels of HC emissions.

(Bueno et al., 2012JAnot her i mportant par ameter i
performance is the heat release rate (HRR) calculation. The net HRR isitemldyy computing
the amount oénergy release from the fuel to obtain the experimentally observed pressure, while
the comlostion reaction extent is evaluated through the released fraction of the total fuel
chemical energy.(Abdelaal et al., 2012Abdelaal et al. in their study using naturally aspirated
diesel engine, describe that longer ignition delays in the dual fueleehgive a negative impact
on the HRR. Generally, the diesel engine exhibits better HRR trends than the dual fuel engine. In

the diesel engine, a large amount of diesel is utilized especially at high load resulting i high in
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cylinder temperatures. The reshd HRR in dual fuel operation is mainly due to the very lean
mixture of air and gaseous fuels. This affects the combustion in dual fuel; a portion of natural gas
usually escapes the combustion process resulting in low combustion efficiency and high HC
emissions.

Some experimental studies show similar trends in thermal efficiency between dual fuel
and diesel operation and some observed lower efficiencies in dual fuel than diesel @gines
(42). This suggests that the thermal efficiency comparison is dependent on engine design and
operating conditiongPapagiannakis et al., 200Bje authors identify that dual fuel experiences
lower thermal efficiencies because of the reduced combustion duratioch alsio reduces
cylinder charge temperature. This is exacerbated by very lean mixtures of air and gaseous fuels
at low load.(Abdelaal et al., 2012) As previously mentioned, in their work using a naturally
aspirated diesel engine, zdrt load some of thair and gaseous fuel mixture is burned but some
escape from the combustion process due to valve overlap. Increased valve overlap at part load
causes the intake charge to flow directly into the exhaust leading to poor combustion especially
during idling. The authors also define better fuel utilization in dual fuel engine at high loads.
This is due to larger amount of natural gas introduced leadibgtter combustion and higher
brake thermal efficiency at high loads. In contrast, at high loads diesaekermnbustion sees
incrementin heat loss to the cylinder wall, therefore negatively impacting the thermal efficiency.
As a consequence, more power may be produced in dual fuel combustion.

Brake specific fuel consumption (bsfc) depends on CRiafl). As mentioned earlier,

Lounici and associategseda naturally aspirated diesel engine to investigate dual fuel engine

performance at several engine speé&tyure 28 compares dual fuel and diesel totsl bsfc at 2000
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rom. The authors conclude an improvement in total bsfc in conventional diesel engine at low

load, but lower at high loads.
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Figure 28: Brake specit fuel consumption variationg0)

2.5 Improving Performance and Emissions

Performance and emissions in dual fuel can be reduced by engine design and controlling
operating parameters. The following parameters wergied by previous researchers in order to
improve engine performance and efficiency, along with the reduction of HC, CO, apd NO
emissions at high load.

2.51 Fuel Injection Timing

(Sayin et al., 2009) Sayin et al. sted the effect of injection timingon dual fuel
engi neds per f orThaiogjectioratimihg hasra sgysificamtneffect on the engine
performance and emissions of Cl engines. When injection timing is advanced, a large portion of
fuel is burned during the latter part of the compmsstroke. Consequently, more combustion

occurs earlier which increases cylinder temperature and results in higher pedinder
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pressure, occurring near TDC, as showrFigure 29. Since advancing the injection timing
results in high cylinder charge temperature, the formation of N@lso higherlf injection

starts later, or is retarded, the peak pressure and cylinder temperature occur after TDC where the
cylinder volume is larger. Retarding injection timing also continues to decrease ignition delays.

Further retarding the injection timingast TDC leads to low taylinder temperature and energy

losses resulting in low thermal efficiency and high bsfc.
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=--..” (*CABTDC)
—

Mean

Pressure (bar)

0-4[} -2II'J 0 ZIO 4I0
Crank Angle (degree)
Figure 29: Effect of injection timing to ircylinder pressure and mean tempera(éd)

2.5.2 Pilot Fuel Quantity

(Sombatwonget al., 2013)Sombatwong et al. in their investigation using a naturally
aspirated diesel engine descriheantity of pilot fué asan important parameter for controlling
the combustion procesd emissionsn a dual fuel engineln this study using me#ime and

diesel theauthorsexperimentean producer gas as primary fuel over diesel fuel. It is shown that
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by increasing the amount of pilot fuel, in this case the diesel fuel, resulted in Feghniher
temperatures due to the large energy release diesel fuel. Larger amounts of diesel fuel also
create a larger reaction zone with more ignition centers. Thus, the flame consumes the gaseous
air fuel mixture in a shorter timeFigure 210 shows the impact of pilot fuel quantity on HC
emissions.Improved combustion efficiency also decreases the CO emissions since the fuel is
more completely burned. This is again due to a larger pilot fuel envelope being created thus
increasing the burned fraction of the gaseous fuel and, subsequently, dedteagirggucts of

partial combustion emitted in the exhaust. However, while CO and HCs are reduces, NO

more likely to increase).

* —
550 # Pilot Fuel=0.15 kg/h
OPilot Fuel=0.19 kg/h

TE\ 500 [ A Piot Fuel=0.23 kgh ||
% 450 b
Z

400
(@]
e 350
8 Main Fuel : Methane
o 200 Inj. Timing=25 BTDC
S 250 Speed=1000 rpm
j>:\ Intake Temp. =301 K

200

150

100 -

0.2 0.3 0.4 0.5 0.5 0.7

Total Equivalence Ratio

Figure 210: Unburned HC as a function of pilot fuel quantity and equivalence (fstjo

2.53 Intake Manifold Temperature
(Krishnan et al., 2004)t is described that intake manifold temperature affects the
performance and emissions af engine. When the manifold temperature is increased to over

100°C, the mass burning rate during the flame propagation (period Bigune 25) is also
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increasedeading to more complete combustion at higher temperature. Improvements in bsfc are
observed and HC and CO emissions are reduced; however, this comes with a moderate increase
in NOy emission.

2.54 Exhaust Gas Recirculation

(Selim, 2003)Low load conditims in dual fuel engines suffer low efficiency and higher
emissions. By applying exhaust gas recirculation (EGR), the combustion improves and the
efficiency increases. By f@rculating exhaust gas into the combustion chamber, active radicals
in the exhausgas enhance the pflame activities and the exhaust gases ateurat. (Hussain et
al., 2012)NOy, emission is reducedubstantiallydue to reduced oxygen concentration (some
oxygen is displaced by EGR) and decreased flame temperature in the chambevetiow
increasingherate of EGR too high can deteriorate engine performance and result in increases in
HC and CO emissions, even though doing so can further redugéoN@ation. (Poonia et al.,
1999) The addition of EGR along with increasing intake maldiftemperature and pilot fuel
guantity can improve brake thermal efficiency considerably, but these measures also increase
ignition delay. At high load, no significant improvements on thermal efficiency or ignition delay
are observed at any EGR ratio.
26  Dual Fuel Technology

An engine where diesel displacement occurs by introducing natural gas as a concurrently
combusted fuel source is called a dual fuel engine dimal fuel engine with a conventional
injection system, up to 86% substitution rate bergg is reported by Mbawar@5). The
maximum diesel fuel displacement is limited by engine stability and knocking. Maximum diesel
displacement varies according to the engine parameter, but usually takes place when the dual

fuel engine runs at intermediate and high loads. In general, current displacement of diesel in dual
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fuel engines with conventional diesel fuel injectors is 70% by energy at high load. Current
manufacturers of OEM dual fuel engines for stationary applica@geasCummins, Wartsila,
Caterpillar,Waukesha, and Dres$tand Guascor.

Cummi ns l nc. produced Cummi rAbasedDil and gaBu el E
drilling applications Figure 211 shows their QSK50 dual fuel engine for well serviciQgK50
engine power rating is up to 1864 kW (2500 hp). The QSK50 engine offers 30% reduction in
NOx and 65% reduction in PM to meet Tier 2 emission standard. The engine provides up to 70%
substitution rates and is able to run solely on diesel fuel. Total fuel savings vary depending on
the natural gas type used (CNG, LPG or field gas). Annual cost sasimg CNG for a 2500hp
pressure pumping engine is almost 20%.

Other than Cummins Inc., Dresdeand Group Inc. is among the largest supplier of oil
and gas equipment. Guascor dual fuel engines by DtBsset run on diesel and natural gas
(Figure 212). The engine operation is based on diesel engine with maximum natural gas
substitution rate of 85%. Engine maximum power rating is up to 768 kW (1029 hp). The diesel
fuel is used to initiate combustion inside the cylinder.

Another technology in dual fuel engines is a mipilot injection system, where very
little diesel fuel is injected to ignite the @as mixtureMicro-pilot technology is currently being
developed ¥ Clean Air Power under the project name MicroPifott also has been developed
by Colorado State University as a retrofit diesel pilot ignition syg@sn(47). In a micropilot
injection engne, only 12% of total fuel is diesel fuel injected to ignite a premixed mixture of air
and natural gas. The2% pilot fuel can provide ignition power more than 5000 times than a

conventional Sl system. The miepdot injector has a very small nozzle opeg diameter to
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accommodate the small percentage of diesel fuel injection. The-pilotonjection engine is a

natural gas Sl engine with a small injection of diesel fuel acting as the spark plug.

Figure 212: DresserRandGuascor dual fuel engine
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3.0 EXPERIMENTAL SETUP AND TEST PLAN

The purpose of testing is to investigate performance and emiskaracteristics of the
engine when it runs on a diesel and a dual fuel naturadligasl system. The first goal of this
study is to examine the performance and emissions at different loads for both diesel and dual fuel
operatios. Then, the effect ofliesel injection timing and diesel fuel displacement on dual fuel
performance and emissions will be characterized. The gaseous fuel used in this experiment is
natural gas supplied by the Fort Collins, CO city distribution system. Experimental results will
serve as validation data for combustion modeling.

3.1  Experimental Apparatus

The engine used in this research is a John Deere diesel engine retrofitted with a dual fuel
system. A photograph of the engine test setup is illustrategjine 31and theschematic of the
system is shown ifrigure 32. From the @atural gas supply, the incoming gas first encounters
two pressure regulators. The first regulator regulates the pressure to 5 psi and the second
regulator reduces the pressure to approximately 2 psi. A gas filter is located in the gas train to
remove any articulates from the gas stream, thus protecting the control valves and engine
componentry. A gas shuaff solenoid valve is also included and is controlled by the
programmable logic controlldPLC). It must beenergizedor the gas control valve to opeA.
zeropressure regulator is located at the end of the gas train upstream of the control valve and
mixer. This regulator maintains a small vacuum to draw gas into the mixer and to ensure proper
air-fuel ratio is achieved, determined by the gas contralevabsition.This control valve is a
Woodward L-Series Air/Fuel Ratio Control which provides precisefa@l ratio control for
engines. It is a microprocesdoased actuator with builbh speed controbnd internal fault

detection The valve is directly wunted to the mixer, which is located between the clean air
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intake and turbocharger. The -gms mixture is then fed to the turbocharger, which facilitates

complete mixing of the natural gas with air before it is fumigated into the intake stream.
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Figure 32: The schematic diagram of John Deere diesel engine with a dual fuel kit
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The engine used is adylinder Tier Il, 6.8 liter John Deere 6068H diesel engine with
bowl-shaped pistons/combustion chamb@itse basic specifications of the engine are presented
in Table 31. It is equipped with a fixed geometry turbocharging system and aphggsure
common rail diesel fuel injection system. High diesel injection pressures at all engine speeds are
supplied by using a high pressure pump and a pressure accumulator which phogides
pressure fuel to the common rdihe engine is loaded wittn AC motoring dynamometewith
a maximum power of 300hp ataximum speed d2800rpm The dynamometer is manufactured
by Marathon Electric, model number JVN.idt controlledby a variable fequency driveby
Eaton Corporation that has a rating of 350hp at 480 VAC. A LabView Virtual Instrivihaat

programmed to remotely control the system

Table 31: John Deere diesel engine specification

Engine Model 6068HF475
Number of Cylinders 6

Bore and Stroke 106x 127mm
Connecting Rod 203 mm
Compression Ratio 17:1

Engine Type

In-line, 4cycle

Aspiration

Turbocharged andftercooled

Displacement

6.8 liters

Rated Power

205 kW (275 hp)

Rated Speed 2400 rpm
Normaloperation speed 1800 rpm
Inlet Valve Opening (measured) -156.75 °
Number ofinjector NozzleHoles 6
InjectorNozzleHole Diameter 1.75E04 cm
Nominal Start of InjectionTiming 6.5 bTDC
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The dual fuel system is a retrofit to the diesel engine. No modifications are made to the
internal workings of the engine or the diesel injection system. The natural gas will displace some
of the diesel required to run the engine, decreasing diesel foglimption for the same power
output. Theoriginal equipment manufactureDEM) engine control module (ECM) will detect
this discrepancy in power production and automatically reduce diesel quantity injected when
natural gas is present. Incoming natural gasposition to the laboratory varies and was slightly
different at each point. The typical composition is showihahle 32. Some of the sensors used
in this experinent are as follows:

1) The Omega gas flow meter measures natural gas fuel flow in mass basis.

2) K-type thermocouples sense temperature of the intake, exhaust, and gas supply.

3) Kistler PiezoStar Type 6056A -cylinder pressure sensors. The sensors measure
combusion pressure. These sensors rely on a piezoelectric crystal to detect changes
in pressure at measurement speeds below the natural frequency of 160 kHz
(measurement frequency further limited by data acquisition system (4@p)
Nominal operation lies betweeri ®50 bar up to 350 °C.

4) Motor, torque and engine speed sensors.

Table 32: Typical natural gas composition seen during testing. Percentages by volume

Methane 94%
Nitrogen 1%
Carbon dioxide 1.3%
Ethane 3.14%
Propane 0.45%
Butane 0.11%
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3.2  Flow Meters

3.21 AVL Fuel Balance and DevX Measurement

Diesel fuel mass flow is measured using an AVL flow meter. It is also calculated using
DevX softwareprovided by John Deere. AVL fuel balance works on a direct gravimetric
measurement technique with an accuracy of 0.1Z%e amount of fuel consumption is
determined directly by measuring the time related weight decrease of the measuring vessel by
means ofa capacitive sensdb0). Data from DevX based on the engine control system is also
available. DevX measusdaliesel fuel flowfrom a standard diesel fuel density, knowledge of
injector design, and duty cycle plilse width modiation (PWM) cycle feeding the injectors.

3.22 Natural Gas Flow Measurement

The natural gas throttling valve position was recorded for all dual fuel engine test data.
Upstream natural gas pressure was held constant throughoog.testi Omega FMAL700
series thermal mass flow meter was installed for a calibration engine test. The dual fuel system
was operated through the full range of natural gas flow while recording natural gas flow rate,
natural gas supply temperature, and theottalve position. Aflow fit was created from the
thermal mass flow meter data correlatethrottle valve positionto natural gas flow ratd-rom
this fit, natural gas flow rate was computed from the gas throttle valve position and temperatures
of the g& supply.Theequationused is

Qa ., —
Q0o
Equation 3.1

wheredm/dtis the natural gas mass flow rakejs the constanas a function of logdC, is the

coefficient as a function of plate angle &1@ is the specific gravity of gas.
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3.3  Emission Concentration Measurement

The exhaust emissions captured in this iredtude COtotal HC (THC), NGOy, CO,, O,,
PM, volatile organic compoundg/OCs), methane, and ethariéhe following devices are used
to measure thenespective emissions.

3.31 5-Gas Analyzer

The 5gas analyzer measures CO, £0,, NO,, andTHC concentrations. Originally the
entire panel comprised of Rosemount instruments; however, the COar@ONQ measuring
devices have simc been replacedvith Siemens instruments. The techniques used in this
measurement are presentedTible 3.3.Shown inFigure 33 is the 5gas analyzer rack with
Siemeas instruments in the Rosemount panel. Before the exhaust gas enters the analyzer, a
Peltiertype condenser is used to remove water from the exhaust sample. To measure CO and
CO, concentrations, infraed radiation (IR) adsorption technology is used. An#aionization
detection (FID) method is used to measure the THC concentration in the exhaust.

In the FID method, the sample gas flows through a hydrogen gadlgke inside the
instrument and any hydrocarbons in the sample are burnt. The combustion of organic compounds
produces ions which are collected by a negatively charged electrode called the collector plate.
The current induced across this collector platproportional to the rate of ionization which in
turn depends upon the concentration of THC in the sample gdserilominescence technique
is used to detect NdJormation. The chemiluminescence method for gas analysiS@f relies
on the measurement kght produced by the ggshasereactionof NO and 0zond€Os) (51). NO
is a relatively unstable molecule which widladily oxidize to NQ especially in the presence of
Os. This reaction produces a quantity of light for edd® molecule which is reacted and

measured by a photodiode. The concentration of iN@irectly proportional to the intensity of
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the chemiluminescencelhe Q concentration is measured using a paramagnetic technique. This

approach utilizes the strong paragnatic property of @compared to other gases.

Table 33: Specifications and measurement technology of tgassemissions bench

Measurement Minimum Maximum
Device Concentration| Concentration|  Linearity
Technology
Range Range
< 0.5% of
CO | Ultramat 6 IR 07 10.0 ppm 0110000 full-scale
ppm value
< 0.5% of
. . full-scale
0,
CO, | Ultramat 6 IR 0T 5.0 ppm 01 30 % value
. < +/- 1% of
THC NGA 2000, FID 07 1.0 ppm 07 10000 full scale
FID ppm
< 0.5% of
NO, MAT S . . full-scale
NOy 600 Chemiluminescence 07 1.0ppm | 07 3000 ppm value
NGA 2000, . . . +/- 1% of full
O, PMD Paramagnetic 0T 1.0 ppm 07 100 % scale

Figure 33: Rosemounb-Gas analyzer rack witBiemens analyzers
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3.32 Fourier Transform Infra-Red Spectrometer

The Fourier Transform InfrdRed Spectromete(FTIR) is used to measur¢he
concentration of hazardous air pollutants (HAPs). The primary HAPs of interest are
formaldehyde, acrolein, and acetaldehyde. Ammonia and hydrogamde can also be
measured. The FTIR spectrometer used at the EECL is a Nicolet Magna 560 FTIR shown in
Figure 34. FTIR spectroscopy is used to measure specieseotrations by analyzing the infra

red absorption spectra of the exhaust gas.

Figure 34: Nicolet Magna 560 FTIR spectrometer used in the research

3.33 PM Concentration Measurement

For PM measurenmt in the exhaust, a dilution tunnel is ugé&). The main purpose of
the dilution tunnel is to simulate the mixing of engine exhaust with ambient air by diluting the
exhaust gas sample. A schematic diagrafignre 3.5demonstrates the application of a dilution
tunnel. The dilution tunnel collectgarticulatessuspendedh the exhaust and migethemwith

clean laboratory ail.aboratory air is inducted by a pump and drawn through a High Efficiency
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Particulate Air (HEPAYilter. A secondary activated charcoal filter further purifies the incoming

air. The exhaust sample flow is measured using a venturi/differential pressure measurement and
the dilution air flow is measured with a turbine meter. The purified air and extemgie flow

are mixed in the dilution tunnel, then cooled down and equilibiatatargeresidence chamber.

The mixture is pulled from thbase ofresidence chamber by a pump grassedhrough the

filter assembly. Teflon or quartz filters designed tdlect particulate matter are held by filter
cassettesThe particulate sample is collectexhto a preweighed Tefloror quartzfilter which is

then weighed again to givthe mass of sample collecte®all valves located upstream and
downstream of the fiéir holder are used to stop the flow when a data point is not being taken and
to isolate the filter housing when filters are being changegire 3.6shows the dilution tunnel

used for PM measurement at the laboratory.
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Figure 35: Dilution tunnel schematic diagram
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Figure 36: Particulate matters dilution tunnel

The ISO Standard 8178:4 Cycle O&#ocedure for exhaust ersisn measurement for
nonroad engine applications is used. The engine operating modes and weighing factors for cycle

D2 is listed inTable 3.4

Table 34: Weighting factors of ISO 8174§pe D2 estcycles

Load 12% 25% 50% 5% 10¢%

Weighing factor 0.1 0.3 0.3 0.25 0.05

3.4 TestPlan
Tests were a@nducted for the diesel engiveith dual fuel systenturned off (diesel
baseline) and for normal dual fueperationsBaseline dual fuel operation corresponds to the

nominal natural gas substitution megcommended by the manufacturéable 35 shows the
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tests performed and the analyzers used on eachP@isits at ive engine loads were taken
corresponding to 12925%, 50%, 75% and 100% the 165kW maximum load attainable from

the test setup at altitud@he engine speedas maintained at 1800 rpm for all cases. These
testing parameters were determined after consulting ISO Standard 8178:4 Cycle D2.
Experiments wex carried out at steady state with intake manifold temperature of 43°C and block

coolant temperature reaching 88°C.

Table 35: Testing plan and analyzers used in each test

i8]

a1 8 5| 28

51 32| 3| 2| =

Test Test Description 3 @ S

No. 2 AR [

o c

> >

>

@

1 | Baseline diesel, ISO 8178 Cycle D2 V| iVv| Vv ]| A|lv
5-mode

2 | Baseline dual fuel, standard tuning, ISO8178| V | V | V | V | V
5-mode

3 | Final configuration, ISO 8178 D2 V| V|V |V |V

4 | Diesel displacement sweep, ISO 8178 Cyclell V | V | A | A | A
5-mode

5 | Injection timing sweep, ISO 8178 CycleD25 | V | V | V | V A

mode

During dual fuel operation, the power output of the engine is controlled by varying the
amount of natural gas induct@ato the system. This is achievég adjusting the gas control
valve. The injection timingvas left at stock configuration and is varied by the ECM according to

the amount of diesel fuel injected. At high loads for the diesel case, the engine automatically
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retards the timing to be nearter top dead center. However, in dual fuel operatiba, engine
automatically advancebé timing as shown ikigure 3.7 During dual fuel operation, the timing
does not retard until the full load point. This is because the ECM calculates engine load from
diesel fuel consumption and sets the timing as if the engine were at a lower load, consistent with
the reduced diesel consumption in dual fuel operation. During dual fuel operation, significantly
less diesel is injected, resulting in a low operating I@cutated by the ECM.

The air flow rate inducted to the system is not throttled. Because of this, the air and
natural gas mixture becomes leaner as the load is reduced. At lower loads it is expected that
combustion will degrade as the mixture becomesaledeaving large amounts of partial reaction

products in the exhaust (70).
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Figure 37: Dieselfuel injection timing at various loads
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Therefore, it is important to evaluate theof the air and natural gas mixture. This et at
each load entering the cylinder during the intake stroke is showalle 36. It is calculated

using Equation 2:

0.
@)
0.
(@)
Equation 3
Where6 O is theAF at stoichiometric conditions arfbl O is the actualAF. The

actual natural gadF was evaluated in several steps. The achid were calculated fodiesel
baselineusing exhaust gas analysis. Using measured fuel consumption afH,tthee air flow
through the engine was computed. The volumetric efficiency was determined from the air flow
and intake air properties. The volumetric efficiency values for dassiation at each load were
utilized to compute intake flow for dual fuel operatidfinally, the intake flow and measured
natural gas flow ratesere used to calculatetural gasi for dual fuel operation.

Diesel displacement isalculated usingequation 3.3 and is shown inTable 36. The

diesel displacement represents the percentage of natural gas substitution in the diesel engine.

$EAPRODI AMAT Aind

Equation 33

It is computed by measuring the diesel fuel mass flow rate for diesel baseline, :

and the tsel fuel mass flow rate in the dual fuel engine, . The difference

of these mass flow rates represents how much natural gas is substituted in the dual fuel engine. It
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is shown inTable 36 that the maximum displacement in the dual fuel engine is 70%, which is
limited by engine stability and knocking. Further increasing the natural gas flow in the system
caused engine instéiby, observed as significant vibrations in the test ceHcyfinder pressures

also dropped significantly. Considering these issues, maximum diesel displacement for this setup

is 70%.

Table 36: The diesel displacement oftneal gas by mass ard of air and natural gas

Load 12% 25% 50% 75% 100%
Diesel displacement (%) 35.0 59.6 70.0 69.4 58.7
Equivalence ratio 0.15 0.23 0.22 0.27 0.24

3.5 Combustion Analysis
In-cylinder data such as pressure &RR provide important insiglstabout combustion
behavior in the cylinder. This data can be used to obtain information about the combustion

process such as th#RR and burn durations. The method of analysis is adapted from Gatowski
et al., 1984(53). In a diesel engine, the combustion chamber is treated as closed system where
only flow of fuel is considered and the crevice flow is neglected. The overall heat release using
the energy balance equation is derived as:
Q0 60 Qw 0

Q— Y Q— Q

0 w QL
Y Q—

Equation 34

whereQ U,le, the heat transfer rate across the system with respect to crank angle degree,

and 0 are the gas specific heats at constant pressure and vdRiimehe specificideal gas
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constant d?Q _is the displaced volume across the system’%ﬁcb _is the differential pressure

as piston travels.

The indicated mean effective pressure (IMEP) is used to quantify indicated work per
piston displacement @k density), while e combustion stability is determined by the
coefficient of variance (COV). The COV represents $iendard deviation of the data as a
percentage of its mean valughe COV of IMEP is used to indicate the cyclic variability in
indicatad work per cycle. Crank angle locations of peak pressure and 10, 50, and 90% mass
fraction burned are analyzed to indicate combustion speed. Other parameters involved are
t her mal ¢g)f fancd etnscfyc (vfhi ch represent the engi ne
3.6 Effects of DieselDisplacement and Injection Timing

Effects of pilot fuel quantity and injection timing will be considered in order to improve
performance and to reduce the emissions. A diesel displacement sweep is conducted at each of
the five loads to findi mits of operation and formulate an optimized substitution schemwithat
maximize diesel displacemenf sweep of injection timing is also conductedniote the effects
of combustion phasingn combustion and emissions.this particular testing, thiaming is both
advanced and retarded arduheSOI until engine instability or extremely high emissions levels
wereobserved
3.7  Optimization Testing

The data in Section 3.6 is used as indicators for two major factors influencing the
decision of the optimed testing parameters. The testing is carried out to investigate the
optimized load map for minimizingTHC and CO emissions while maintaining loading

capabilities over the full range of operating conditions.
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4.0 RESULTS AND DISCUSSION

Measurementsvere taken under two different operational modesselinediesel and
dual fuel operation as described in the Experimental S&apon To examinethe phenomena
inside the combustion chamber, t@mbustion stabilitycylinder pressurejetheat releaseate,
and mass fraction burned data are preserfbd. raw net heat release data in sectighigl.
smoothed a running average of ten data poiBtsissions were collected according to the
appropriate ASM, EPA, and ISO standards and analyzed using thepegemt described
previously For the baseline conditions, the primary parameters presented heostaa@alysis,
bsfc, efficiency,NOy, PM, CO and THCAnN analysis is also presented showing the dual fuel
performance in terms of ISO weightesdterageemissons based on the appropriate ISO test
cycle Additionally, emissions and engine performance data are presented fatieted
displacemenand injection timing sweeps

Table 4.1showsoverdl cost saving aociated with dual fuetngine.It shows that dual
fuel engineprovides maximm cost saving at 50%ad with 61% fuel cost reductioand 60%

fuel costreductionat 75% load

Table 41: Cost analysis comparing diesel and dual engine in $/kWh at various loads

Load 12% 25% 50% 75% 100%
Diesel engine ($/kWh) 0.38 0.27 0.25 0.23 0.23
Dual fuel engine ($/kWh) 0.25 0.15 0.10 0.09 0.12
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41  Combustion Stability

4.11 Coefficient of Variance

The stability of enginecombustion is determined by the coefficient of variance (COV)
computed from combustion pressure daiae COV represents the standard deviabibtine data

as a percentage of its mean valsteown in Equation 4.1 and 4.2

60w PUMAR—————— , ..
QO Qi i 61 Q

Equation 41

00 w M ~
P ‘0L Ov
Equation 4.2
wherel is the standard deviation) Q ('@ Qi {isdthe Mean of peak pressure ai@ ‘Oid

the mean ofndicated mean effective pressut®EP). The COVof peak pressurand IMEPIn

cylinder forload variationare presented iRigure 4landFigure 42.
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Figure 41: COV of peak pressumdiesel and dual fuel enginasvarious loads
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Figure 42: COV of IMEP of diesel and dudliel engines as a function of brake power

Considering the COV foall five load casesFigure 41 and Figure 42 show generallylower

COVs during diesel operatiomxcept at low loadsor peak pressur€QV, implying thatthe
combustion process is more repeatable for diesel operdiimnpeak pressure COV in diesel
operation is lower than observed values during dual fuel operation. This is expected since diesel
combustion is highly stable and this reg@ets the stock, angineered operation for thresmgine

Two exceptionsre the two lower loads COV oépkpressure data points, where diesel is higher
than dual fuel.

In general for diesel the combustion process occurs at stoichiometric conditions as a
diffusion flame, which results in low COVs. For dual fuel operation, a significant fraction of the
heat released occurs as lean premixed combustion. The premixed air and fuel (natural gas) in the
combustion chamber just before diesel injection are ctemaed by leands below the
flammability limit of laminar premixed methane flames (0.46). Consequently, oxidation of

natural gas and air likely occurs as distributed reactions rather thanpacgeifating flame. As
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diesel is injectedthe temperaturenithe cylinder increases which accelerates oxidation of the
natural gas. The combustion stability ghd extensiorof reaction of natural gas are dependent
on the penetration of the diesel burning jets and subsequent mixing of hot combustion gases with
the lean premixed air and natural gas. At low loads K@ghand HC emissionsare observed.
This is probably due to poor diesel jet penetration at low loads since the diesel fuel mass injected
per cycle is significantly lower.

4.12 Combustion Duration

The speed of the initial phase of combustiorefgresented by the 0% burn duration
often referred to as the ignition delay peridthe 310% burn durations calculated using

Equation 4.3

0-10% Burn Duration=SO/l (°bTDC)+ mass fiaction burned at 10% (‘aTD&

Equation 43

The primary phase of combustion is represented by th@0%® burn durationsThe 1090%
burn duration is calculated using Equatié@. The 610% burn duration and 190% burn

duration are shown iRigure 43.

10-90%= 90% mass fraction burned location(‘aTDQgz10% mass fraction burned location( ‘aTD(Q

Equation 4.4

The general trend is for the-B0% burn duration to go up as load increases because the required
mass of fuel burned increases. However, the trend levels as load increases, indicating faster
combustion rate at higher loads. For diesel this comes abmat thia fuel injection system is

optimized for 100% load and combustion temperature increases with load, which also applies to
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dual fuel. The data show that at all loads dual fuel experiences sho®@2d@urn duration
compared to diesel. The premixedurat gas equivalence ratio shown earlierTeble 36 is

leaner at low loads and results in a slower combustion rate, which is supported by a larger
difference betweedual fuel and diesel 190% burn duration at low loadAdditionally, the dual

fuel injection timing is retarded at intermediate and high loads, which can slow combustion
during the latter stages of combustion due to volume expansion cooling.-T0% @un
duration data show a larger ignition delay for dual fuel at all loads except the highest load, where
dual fuel and diesel are about the same. Two possible reasons for the dual®elkurn

values being larger than diesel, 1) the mole percentage wf tie cylinder is smaller for dual

fuel because some of the air is displaced by natural gas (the decreased availability of oxygen
most likely slows ignition reactions), 2) the ratio of specific heats of natural gapssantially

lower than air, decessing the mixture average ratio of specific heats. A lower ratio of specific

heats reduces the compression temperature, which will reduce ignition reaction rates.
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Figure 43: 0-10% burn duration and 190% burn duration@mparisons
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4.2  Engine Performance

4.21 Thermal efficiencyand bsfc

The bsfcs calculated by dividing the total fuelassflow rate (dieselandnatural gagby
engine shafpoweras shown in Equation%l. The brake thermadfficiencyis calculatedby using
inverse proportion of bsfc and theeighted averagéower heating value (LHVRs shown in

Equation 4.6.
i QO —

Equation 45

P,
[ QL Ow

Q QUM QO

W

Equation 4.6

Comparisons of efficiency and bsfc of diesel and dual fuel engine are shdwguie 44 and

Figure 45. At low loads, the efficiency is lower fdhe dual fuel operation compared to normal

diesel operation while the bsfc is higher for dual fuel operation. This may be due to slower

combustion rate and poor utilization of the gaseduel in the combustion chamber.

Additionally, on a mass basis the specific heat of natural gas is higher than pure air and higher

than diesel vapor. This may also play a role by reducing combustion temperature and

consequently slowing the combustion mss. The trends are improved at intermediate and high

loads. It is observed that ignition deléfyigure 43) is decreased at high loads in dual fuel

operation, which pmotes faster combustiorAdditionally, the diesel injection timing is

advanced for dual fuel compared with diesel at the upper three loads by 2 to 3.5 degrees (see

Figure 3.7). Timings advanced and hassignificant impact on engine efficiency.
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Figure 44: E n g i bskeforsliesel and dual fuel operation as a function of brake power
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4.22 Combustion Pressure and Heat Release Profile

Figure 46 andFigure 47 show combustion pressures aret heat release rates vs. crank
angle atlow loads At low loads, the cylinder pressure is lemin dual fuel operation due
primarily to later heat releaseWhile the motoringpressurepeaks of both traces are nearly

identical, the dual fuel case fails to reach similar peak pressures as the diesel case due to a late
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pressure peak. Also at both loads, the diesel case reaches complete combustion more quickly.
Complete combustion is showrs a mass burn fraction valueafe In both low load casethe
mass burn fraction rises much faster for diesel than dual fuel.

Figure 4.8 shows pressure and heat release rate trend at 50% load. Dual fuel motoring
and peak combustion pressures are siidbtver than the diesel condition. The heat release rate
is also lower in dual fuel engine. The diesel case shows two heat release peaks, the first premixed
combustion and the second mixing controlled combustion. For dual fuel only one heat release
peak s observed.

The pressure and heat release rate profile at higher loads are presémngedei9 and
Figure 410. The motoring pressures for dual fuel are lower at 75 and 100% loads. Peak
combustion pressures double over the selected testing range. Although the compression ratio is
fixed, the intake air pressure is much highern@0% load compared to 12% load. Two heat
release peaks are present for diesel and dual fuel at the higher loads. At high loads, dual fuel and
diesel combustion appears similar, with dual fuel mass burn fraction rising slightly faster. Both

regimes haveampleted combustion by approximately 45° aTDC.
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Figure 46: Pressure trace and heat release rate profile at 12% load
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— Diesel Pressur 10

Dual Fuel Pres

=== Diesel HRR - g
=== Dual Fuel HRR 2
: 2
L 6 Ef
i IS
@
» 4 %
_ @
Q
[}
I -2
i ". M\“uq-. §
S T

_—;n.’a, -0

T T T '2

-20 -10 20 30 40

0 10
Crank Angle (Degree)

Figure 48: Pressure trace and heat release rate profile at 50% load
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43  Emission Analysis

4.31 NOxEmissions

NOy is the sum oNO andNO,. There are other oxides of nitrogen sometimes included,
but they are insignificant in diesel andtural gas engines. Figure 4.44ows measured NO
emissions at five loads for the two operating modée. figure indicates that dual fuel operation
emits less NQ throughout the load mapNOy formation is dependent on the oxidation of
atmospheric nitrogenThe most significant component, NO described by the extended
Zeldovich mechanispwhich isstrongly affected by cylinder charge temperatdimedual fuel
operation, part of the combustipnocess occurs in the lean, premixed regifoe.normal diesel
operation most of the fuel is burned as a diffusion flame near stoichiometric equivalence ratio.
Stoichiometric combustion produces higher \NdDe to higher combustion temperaturdoth
opeaating modes display minimum N@roduction at about 75 kW and follow similar trends.
Thus, it appears that the same combustion and engine operating phenomena are affecting both
operating modesAt low loads the GL0% burn duration is higher and-20% bun duration is
lower (Figure 43) for both operating modes. Consequently, the premixed diesel combustion
phase is more predominant, which produces morg. N@is is moe pronounced for diesel
mode. At high loads the overd@F ratio decreasesi(increases) due to turbocharger limitations.
For example, in the dual fuel case the ovenaliconsidering both fuels, is 0.55 at 68 kW and
0.71 at 135 kW. This effect impacts bobperating modes by increasing average combustion

temperatures at high loads, tending to increasg NO
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Figure 411: NOy formation comparison fattiesel and dual fuel operation

4.32 PM Emissions

Figure 412 shows the variation of PMvith load. Under dual fuel operation, PM
emissions are lowdor everyload except high load, which exhibits 60% higR& than rormal
diesel operation. In normal diesel operation, the PM emissions show a decreasing trend with
increasing load. TheeneralPM reduction in dual fuel operation is expectéthtural gas
contains primarily methanethe simplest hydrocarborwhich tends toproduce lower PM
emission PM formation is dependent on the fuel composition. The carbon content of diesel is
higher than natural gas and tends to produce morePRMiormationis also dependent on the
combustion regime. Cl diesel engines are characterized by mixing controlled combustion. In dual
fuel operation, the fraction of premixed natural gas combustion increases while the fraction of
mixing controlled diesel combustion @eases. Generally this tends to reduces PM emissions.
The high load data was unexpected, and the explanation is unclear. The high load data points

were subsequently repeated on a different test days, confirming the result.
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Figure 412: PM emissios comparison for diesel and dual fuel operation

4.33 CO Emissions

The relationship between CO emissions and load is showrigimre 413 for both
operating modes. Emission of CO is indicative of incomplete combustion. CO emissions are
dependent on equivalence ratio, partially burned gaseous fuel, and cylinder charge temperature.
According to the figure, it is revealed thdual fuel operation suffers from high CO emissions,
particularly at low loads.Diesel operations, on the other hand, produce low CO emisgibns.
low loads,duel fuel combustion is characterized sipwer combustionrates(Figure 46 and
Figure 47) compared to dieselyhich results inlower cylinder charge temperature and poor
guality conbustion. At intermediate loadsgual fuel combustion is improved witlower CO
emissionscomparedd low loads. This declining trend continues at high loads. However, even
with this reduction, CO emissions are still hegithan normal diesel operation. The extent of
diesel jetpenetration is another factor that likely influences incomplete combustdrCén

emissions at low loads. At low losdhe mass of diesel fuel injected is much smgféout 70%
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reduction)than high load for dual fuel operation. When less mass is injected the diesel jet

penetration is not as great and less likely to extend thomughe combustion chamber. This

reduces the probability of complete combustion of the eaitirand natural gas mixture.
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Figure 413: CO emissios comparison for diesel and dual fuel operation

4.34 THC Emissions

Figure 414 showsTHC levels in the exhaust for dual fuel and diesel operating modes

across the load mapTHC emissions fotboth cases decrease with increasing load and are

minimum at 100% loadTHC emssions are controlled by the quality of the combustions process

inside the cylinderThe trend in THC emissions is similar for dual fuel and diesel, but dual fuel

THC emissions are nearly 100X that of diesel THC emissions. An explanation can be made

similar to that made for CO emissions. The air and natural gas is very lean, especially at low

loads. Referring tdable 36, the natural gag varies from 0.15 to 0.27. At s this low, flame
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propagation is slow or neexistent. The extent of penetration of the burning diesel jet may play
a critical role in oxidizing the lean natural gas/air mixture.léw loads the natural gas and
diesel jet penetrations are the lowest, likely contributing to Tig& emissions at low load. The
high THC emissions for dual fuel are therefore a product of incomplete combustion, primarily, of

the learair andnatural gas mixture.
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Figure 414: THC emissionsomparison for diesel and dual fuel engine

4.35 Regulated Emissions

Figure 415 shows ISO 8178 welged emissions for diesel and dual fuel operafidre
John Deere Tier Il 6068H compression ignition engine is required to meet the US EPA limits at
sea level conditions. These limits are indicated in the figurg.ibNG@mbined with NMHCs. The
NMHC emissons are evaluated by subtracting methane measured with the FTIR from HC. In

normal diesel mode the engine meets the Tier Il limits with the exception gf+NIMHC,
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which is slightly above the limit. The test was carried out at an altitude of f6600rhe
turbocharger system does not provide as much boost at high altitude, which decreases the air fuel
ratio and increases NOThis is most likely why NQ+ NMHC is slightly above the limit. In

dual fuel mode NQ+ NMHC and CO limits are significantly exeded. PM emissions are
reduced further below the Tier Il limit. The limit for NG NMHC is exceeded because,

although NQis reduced, the increase in NMHC emissions is much larger.
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Figure 415: 1ISO 8178 weighted emissionsmpared t&EPATier Il limits

44  The Effects ofDieselDisplacement

Low and intermediate loads in dual fuel operation suffer from high CO and incredibly
high THC emission levels. In order to optimize diesel displacement over the load map, a natural
gas substitution sweep was conducted at each load in order to find ttsedfroperation and
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formulate an optimized substitution scheme that would maximize diesel displacement while
reducing emissions. Figure 416 andFigure 417 shows brake specific variations at low loads.
These figures show that THC and CO emissions increase with increasing diesel displacement at
low loads. NQ displays a slight decreasing trend with increasing diesel displacement. At 25%
load the THC emissions are reduced for the first diesel displacement point (~17.5%), but then
increases for further increases in diesel displacem®n60% load each emission espes
displays a different trend.

Figure 418 shows the brake specific emissions trend with diesel displacement. THC
emissions start below 1 g/blkWt at 0% diesel dplacement and increases to about 25 gAbkW
at maximum diesel displacement. CO emissions gradually increase as diesel displacement
increases, peaking near 60% diesel displacement, then significantly decrease as diesel
displacement increases further. N@missions display a gradual decreasing trend as diesel
displacement increases. As diesel displacement increases from 0% to maximum diesel
displacement NQemission are approximately cut in half.

Figure 419 shows the emissions trend when the amount of diesel replaced with natural
gas is varied at 75% loatlO4 emissions gradually dezase as diesel is replacwith natural
gas until about 4% replacement, at which p NOy increasesln an opposite fashionjressions
of CO significantly increase with increasidgesel replacement up to abouf40where the trend
reversesNatural gasi is shown earliem Table 36. The equivalence ratio steadily increases as
diesel replacement is incredsét an equivalence ratio between 0.16 and 0.21 the CO apd NO
trends are reversedHC emissions increase with increasing diesel replacement throughout the

entire sweep. As the mass of diesel injected decreases, it is likely that more regions in the
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cylinder are not ignited by the diesel jets. At high diesel replacement values abovh&@o,

trend reverses again and CO increases.
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Figure 416. Emissions as &unction of diesel displacement at 12% load
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Similar trends are noted for the 1008ad point, shown ifrigure 4.20. However, there

appears to be an outlier at 22% diesel displacement. Extremely¥HQremissionsre noted at
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this point.It is unclear why there would be such a large increase at this condition. However, a
corresponding increase in CO indicates that the increase may be a real effect since CO and THC
often trend in the same direction. N®missions gradually decrease with increasingsel
displacement, reaching a minimum at 40% diesel displacement, followed by a significant

increase in NQcontinuing to the maximum diesel displacement.
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Figure 4.20: Emissions trend as diesel displacement is varié@@8o load

45  The Effects ofDiesellnjection Timing

A sweep of injection timing was also conducted at each load to note the effects on
combustion and emissions. At each load, timing was both advanced and retardedtlagoun
stock SOI until engine instability (demonstrated by COV values greater than 8) or extremely
high emissions levels were noted.

Figure 421 presents emission variations agection timing is varied at 12% load. This
shows all emissions trend upward with advancing timing until 14° bTDC. At more advanced
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timings, emissions slightly decrease. It should be noted that at 12% load, it was occasionally
difficult to maintain the taget engine load of ~15 kW, and even a 5 kW deviation from the target
represents a 30% change in load. This uncertainty is a potential factor in the variation of the
brakespecific emissions at these loalshows that THC and NGemissions trend opposiyel
with advances in timing, HC emissions decrease angdihfPease. CO emissions are relatively
independent of injection timing. As injection is advanced, more time as allotted for the
production of NOx and peak pressure occurs earlier, producing hpgak pressure and
temperature. THC decreases as due to higher combustion temperature and more time for
combustion to occur before expansion.

Figure 422 illustratesemission variations as a function of injection timing at 25% load.
At intermediate loadFigure 423 shows that THC and CO trend similarly, while N@ends in
the opposite direction. Figure 4.24 and Figure 4.25 show brake specific emission variations when
injection timing is varied at 75% and 100%, respectively. These show the same trending pattern
as intermediate load, but at high loads all three emissions are sartteeorder of magnitude.
CO emissions overtake THC emissions at high loads, whereas previously THC emissions were
larger in magnitude. For all loads, it was observed that the idealdfletween minimizing
both THC and NQ emissions occurred at or yenear the stock SOI. For this reason, stock

timing was not changed during optimized testing.
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46  Optimization Testing
The two sweeps performed indicated two major factors influencing the decision of the
Aopti mi zedd testing parameters:

1) At low loads, the dual fuel system provides more gas than can be utilized, resulting in
very high THC and CO emissions.

2) Stock injection timing already represents a good compromise between THC and NO
emissions, which trend in opposite directions. Moving tijection timing setpoint to
improve one of these emissions would other emissions increasing.

Taking these factors into account, it was decided that the following loadsnstpown in Table
4.2 would represent an optimized profile. Because of the high @8R CO emissions at low
loads, it was decided that dual fuel would be turned off until intermediate loads were reached.
Subsequent target diesel displacements were determinedelbgting the highest diesel

displacement observed during the natural gasstution sweeps which maintained engine
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stability. Figure 426 showsemissions levelms diesel and dual fuel baseline, optimized dual fuel,
and Tier Il limit. Although emissions with optimized substitution map are still higher than limits,

it shows an improvement when compared with dual fuel baseline emission.

Table 42: Dual fuel baseline and optimized loading map

Load Baseline DuaFuel Target Diesel
Diesel Displacement Displacement

12% 35% 0%

25% 60% 0%

50% 70% 76%

75% 70% 66%

100% 59% 52%

N

= Tier Il Limit

e
o

m Diesel Baseline

®m Dual Fuel Baseline

(g/bkW-hr)

u Optimized

o N B~ O

NOx + NMHC PM * 100 CO

Figure 426. EPA regulated emissions for tHesel and dual fuel baselines @hd optimized
dual fuel map
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5.0 CFD MODELING

CFD is an essential research tool for simulating engine combustion. It is able to provide
information about combustion behavior and emissions formation in a cylinder with the help of
mathematical equations. CFD is more reliable and ateuhan before due to an increase in
computer performance, advances in numerical algorithms, and the development of physical
models. However, the physical and numerical processes involved are very complex. Therefore
achieving accurate and reliable reswi¢h this tool requires extensive experience and skills in
fluid dynamics and computation.

In this study, the CONVERGE CFD software is selected as the modeling tool for a
number of numerical advantages in simulating flows in IC engines. For example, EXIDE/
handles the moving boundaries in a completely automatic fashion and the deforming mesh issues
typically associated with the moving parts are eliminated. Moreover, the true geometry is
maintained during rgridding. CONVERGE includes advanced numeritathniques and
physical models describing processes of spray, turbulence and combustion, and the nonlinear
interactions of such processes. . These models have been examined and extensively validated in
IC engines. In this study, several models are in@udeorder to improve the accuracy of diesel
and dual fuel combustion using CONVERGE. The objective of modeling dual fuel combustion is
to gain better understanding of the combustion behavior and the emission formation process in
dual fuel engines. This ndeling is performed in conjunction with experimental studies and the
simulation results are validated by the experimental data.

51 Introduction
An investigation is performed on diesel and dual fuel combustion and emissions

formation using CONVERGE. To reduce computational time, the computational domain is a
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sector, 1/6 of the cylinder, with periodic boundaries. This sector includes one of the six nozzles
of the diesel injector. To further reduce computational time, the compressimbustion, and
expansion processes are simulated. The initial properties of residual gas, fuel, and air at intake
valve closed (IVC) are specified using information from the experimental observations. The
initial pressure, temperature, velocity and tlenge fields at IVC are iterated until it satisfies
the motored pressure from experiments (the pressure was within 1%). A set of reduced kinetic
mechanisms by Andrew et §b4) are adopted to further reduce the computatiorfattein this
study, the gas phase of diesel is modeled-hsptane because it has a Cetane number close to
that of diesel fuel. However, diesel in its liquid state is modeled using the properties of diesel
from the CONVERGE library. Natural gas is modklas a mixture of methane, ethane and
propane. The physical properties of the cylinder such as the dimension bore and stroke, injector
nozzle diameter, and shape of the piston crown are obtained from John Deere. The Adaptive
Mesh Refinement (AMR) is adojtebased on temperature and velocity minimum cell size of
0.25mm. Near nozzle region, fixed embedding is used with cell size of 0.25mm. Two cases at
low load and high load for each engine operating mode are modeled. Details about the physical
models, fuel poperties and mechanisms involved in this study are discussed in the following
sections.
52  Spray Modeling

In a Cl engine, liquid fuel spray is injected into the combustion chamber near the end of
the compression stroke. After injection, the fuel spray undergoes atomization and vaporization
processes, followed by fuair mixing. Ignition and combustion are égrated in time with those
processesSpray droplets are subject to several processes from the time of blob injection until the

time of atomizationTable 51 shows asummary of selected spray models used in this study.
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Table 51: Key spray processes used in this study using CONVERGE

Spray Model Physical Proceg Models

Liquid injection Blob injection

Spray breakup Modified KH-RT

Liquid spray distance 0.99 x total liquid mass

Spray cone angle 25°

Drop drag Dynamic drag models

Collision outcomes model Post

Turbulent Dispersion O6Rour ke model
Drop/wall interaction No Time Counter (NTC) collision

The primary breakup process of the liquid fuel is important as it influences downstream
processes such as mixing, ignition and combustion.sph@&ymodelused in this studis base
on the Lagrangian dropulerian type.The blob injection model is used ttescribe the initial
injected droplet size (parent) where it is equal to the nozzle diameter. The hybrid-Kelvin
Helmholtz RayleighTaylor (KH-RT) description by Beala and Reitz is used in the droplet
breakup mode55) . In thismodel, the primary atomization (child) process of the initial droplet
is due to aerodynamically induced breakup using the KH instability analysis. This primary
atomization is also encouraged by aerodynamics in thenoeate region and cavitation and
turbulence from the injector nozzle. This is modeled using the KételmholtzAerodynamics
Cavitation Turbulence (KFHACT) by Som and Aggarwgs6). In addition to the KH breakup
mechanism, RT instability is also believed to play immportant role in droplet breakup
mechanisms. The secondary breakup of these droplets is modeled as a competition between KH
and RT mechanisms due to the rapid deceleration of the droplets. As déguara 51, this
hybrid KH-RT model allows the RT accelerative instabilities to affect all child droplets and does

not use a breakup length to model primary breakup.
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The droplet collision model is based on No Time CoufdiC) model by Schmidt and
Rutland(57). This model involves stochastic parcels-sampling within a cell, which result in
faster and more accurate collision calculations. The spaedlyinteraction (liquid drops with
solid sufaces model used in this study is a hybrid wall film model. It includes the effect

associated with a drop splash based on the Weber number.

Blob

KH and RT

Figure 51: Schematic of the hybrid KIRT breakup model

53  Combustion Modeling

The detailed chemistry or SAGE by Seneg@dl) is used to model combustion. To solve
chemical reactions, SBE calculates the elementary reaction rate while CFD solves the transport
equation. However, to reduce the computational expense, this detailed chemistry is only
activated in cells that pass the minimum temperature and HC mole fraction specified in
CONVERCE. In addition, to expedite the detailed chemistry calculations, the multizone
chemistry model by Babajimopoul@S9) is also used. The multizone model groups cells that
have similar thermodynamic states in zones. In this sttitly, variables of interest are
temperature and reaction ratio. These zones are randomly distributed among different processors

to balance théad, therefore reducingpmputation time.
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Turbulence is modeled by the Renormalization Group (RKG)Reynolds Averaged
NavierStokes (RANS) model. This RN&Uis more robust than the standadedlmodel. The
model includes spray compressibility ath@ effect of turbulence interactiort provides better
predictions for streamline curvature, transitiorflows, wall heat and mass transfer. The
Turbulence Kinetic Energy (TKE) and Turbulent Dissipation (eps) initial values are provided
accordingly. The heat transfer model by Han and R6@}is considered and takes into accbun
the effect of compressible flow. This model is developed from the assumption of one
dimensional energy conservation equation so that the analytical solution of the temperature
profile can be obtained.

The shape of the injection rate for accurate corntrusnodeling is important. However,
this information is unavailable; therefore, data is gathered from literature. The rate shape used in
this study is based on the injector profile by Andrew e5dl), which was taken origirigt from
Perini et al.(61). In Perind study, a set of injection rate shape at different injection pressure is
published. Since the amount of the fuel injected and injection durations are different, the rate
shape from Andrew &tl. is modified according to the fuel amount and injection duration used in

this study as seen Figure 52.

5.00E-06

4.00E-06 -

3.00E-06 -

2.00E-06 -

Mass Injected (kg)

1.00E-06 -

OOOE+OO' T T T T T T T

1 2 3 4 5 6 7 8
Crank Angle (degree)

Figure 52: Injector rate shape used in this modeling
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54  Reduced Mechanism

To make efficient calculations, the reduced primary reference fuel mechanism known as
CSUS8E6 is used. This reaction mechanism consists of 86 species and 393 reactidreptane,
methane, ethane and propane. This reduced mechanism is a combined Vettsgodeatailed
mechanism from Healy et 462) and Yoo et al(63). Healy et al. The detailed methane through
n-pentane mechanism consists of 293 species and 1588 reactions. Yoo dteptane
mechanim with 88 species is a reduced version from the detaHedptane mechanism from
Curran et al.(64) with 561 species and 2539 reactions. Detailed description of the CSU86
mechanism is presented by Andrew et al. and will not eudsed in detail here.
55  Emissions Modeling

Emissions such as soot, NOx, HC and CO can be calculated in CONVERTE.
following section discusses the models of emissions used in this study.

5.51 SootModeling

The HiroyasuNSC model, proposed by Hiroyasu and Kadota is applied in the case of
soot emission$65). This model determines the production of soot madg, ljy a single step
competition between the soot mass formatiate € s) and soot mass oxidation raté ).

According to

Osf- Oso

Equation 5.1
the formation rate is proportional to the mass of soot formation sp&tigs Qiven by

a st= SF Mom
Equation 5.2
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and
YO & 0 8/’-\@93
Y'Y
Equation 5.3
P is the cell pressure in bdr, is the universal gas constantaal/Kgmol T is the cell
temperature inK, Eg is the activation energy iral/gmol and As is the Arrhenius pre
exponential factor with units of Kpaf-).
The soot oxidation is modeled using the Nagle and StrickGorstable (NSC) model
(66). Based on the oxidation experiments of carbon graphite in@m@ranment over a range
of partial pressures, the oxidation rate is modeled by two mechanisms whose rates depend on the
surface chemistry involving more reactive HAHAAQ
rate of soot is given by
O so= SOMs

Equation 5.4

where
YO 06 —Y OJw
Equation 5.5

o is the scaling factor” is the soot density ig/cn?, Dsis the nominal soot particle
diameter incm, andMW; is the molecular weight of carbon
5.52 NOy Modeling
I n this study, NO formation is modeled usi
presented by Heywood. This model consists of the following set of reactions:
O+N z NO + N

N+ O z NO + O
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N + OH 7 NO + H

From the equations above and a steady state assumption for N, the NO formation rate is

given as
Q0 0 0.5 6 p OVOjoo O
Qo YV ST 006 Qr 6 Qpf 00
Equation 56
where
O QRIQr QRiQ
Equation 57

with rate constants for reaction

Q

= 7.6x 10" exp(-38,000/T)

=1.6x 10"

Q

Q =6.4x10° T exp(-3150/T)

@)

=1.5x 10° T exp £19,500/T)

=4.1x10"

Q

Q (= 2.0x 10" exp(-23,650/T)

Subscforiepfterfis t o forwardoreéacot e andevebser
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6.0 CFD MODELING RESULTS AND DISCUSSION

The main objectives of CFD modeling are to understand dual fuel combustion and
identify the locations of the formation of emissions icyinder. Ultimately, the purpose of this
modeling is to prove the hypotheses made in the previous section. Test data is used to
demonstrate the validity of the physical models adopted in the CFD simulations. Motored
pressure, combustion pressure ancHRRR resulted from of the simulations model are compared
to the corresponding experimental resulisis chapter discusses results from a set of simulation
results for the 12% load and the 75% load, focusing on combustion behavior and emission
formation inthe dual fuel operation3.able 6.1andTable 6.2show some of the major results of

the dual fuel experiments and modeling at 12% and 75% loads, respectively.

Table 61: A comparison of the main values in a dual fegberiment and modeling at

12% load

Parameter Experiment Modeling
Start of Injection (°bTDC) -6.5 -3.0
Injection Duration (°) Not Measured 9.0
Peak Pressure (kPa) 4464 4379
Diesel Fuel Mass (kQg) 1.89e06 2.8e06
Temperature at IVC (K) 314.6 398
Pressure at IVC (kPa) 178 92.5

Table 62: A comparison of the main values in a dual fuel experiment and modeling at

75% load
Parameter Experiment Modeling
Start of Injection (°bTDC) -3.0 -5.5
Injection Duration (°) Not Measured 10.0
Peak Pressure (kPa) 4382 4290
Diesel Fuel Mass (kg) 3.5e06 4.5e06
Temperature at IVC (K) 315 398
Pressure at IVC (kPa) 208 134.8
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The mass injected is modified according to the injection rate shape and injection duration, as
discussedh the previous section.
6.1 In-cylinder Pressure Comparison

The initial pressure is based on the experiment but carefully adjusted and iterated to
obtain better results at peak motored pressure. The initial pressure valabtei®.1 and Table
6.2 starts low, but the pressures rise to approach the experimental \Fages. 61 shows the
comparison of motored pressure for experiment and simulation at 12% load, indicating that the
experimental pressure profile is reproduced and matched in order to carry out the simulations at
the same operating conditions.

Figure 62 compares the dual fuel experiment and simulation of motored pressure traces
at 75% load. As can be seen, the initial pressure in a dual fuel simulation is set a little lugher th
the experiment to obtain a better peak pressure match.

Figure 63 depicts corresponding pressure variations as a function of crank position in a
dual fuel experimet and simulation at 12% load. The dual fuel experiment curve represents an
average of more than 100 cycl&hile the motoredpeaks of both traces amatched the
simulationfails to reacha similar peak pressure as tegperimentThe simulation presserrises
slightly earlier and falls lower than the experiment. The results show there is an approximately
2% error between simulation and experiment results. The predicted delay period from the
simulation follows the experimental data.

Figure 64 shows the prediction of ircylinder pressure with the corresponding data from
the experiment at 75% load. The motoring pressure for both cases rise similarly. However, at 4°
aTDC the simulation pressure decreases slightly. Then, at 11° aTDC the simulation pressure

increases marginally higher than the experiment. This could be due to slightly high diesel mass
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injection in the simulation. After 17°aTDC, the simulation pressureedses earlier than
experiment pressur®espite this, the predicted results using the CSU86 mechanisngad
agreemento the experiment.

Figure 65 represents rieHRR with a crank position at 12% load. The dual fuel
simulation HRR shows slightly later development of combustion at 100 J/degree, while the
experiment peaks at less than 80 J/degree. At this load, there is no significantaontiogjed
combustion. RRR continues at a lower rate for both conditions into the expansion stroke. At this
point, a small amount of natural gas anthieptane may have not yet burned as a result of
incomplete combustion. Excess fuels end up in the exhaust as HC emission addca @iro
fuel-rich combustion such as CO. The results from the dual fuel experiment at this load show a
higher amount of HC and CO emissions. The simulajmes beyond the predictedt HRR of a

dual fuel in the experiment.
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Figure 61: Motored pressure variations as a function of crank angle at 12% load
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Figure 62: Motored pressure as a function of crank position at 75% load

5000
4500 -
4000 = = Simulation

— 3500

©

£ 3000

()

5 2500

[%)]

© 2000

(o
1500
1000

500
0

Experiment

-50 -30 30 50

-10 10
Crank Angle (degree)
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12% load
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Figure 64: A comparison of pressure traces in a dual fuel experiment and simulation at
75% load

120

[EEY
o
o
k]

Experiment
=== Simulation

o
o

N
o

N
o
\
]
!
]
[}
]
]
]
]
]
]
/]
]
]
]
]
]
]
]
]

Net Heat Release Rate (J/degree)
(o)
o

o

-20

0 10 20 30 40 50
Crank Angle (degree)

Figure 65: Net HRRfor dual fuel experiment and simulation at 12% load
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Figure 6.6shows netHRR as a function of a crank angle at 7%8ad. At this load, both
cases show two substantial phases. In diesel combustion, these peaks are identified as premixed
and mixingcontrolled combustion phaseslowever, in dual fuel combustion with natural gas as
the primary fuel, these combustion phases should be reversed. The first peak is elevated shortly
after diesel fuel injection. Since diesel combustion is primarily diffusion flahexefore the
combustion phase is described as mixaogtrolled. The second peak rises due to natural gas
combustion. Since natural gas is premixed, thus describes the second [regliréen66 as
premixed combustion phase. In a dual fuel simulation, the heat release rises until it peaks at 170
J/degree. The experiment showsteady increase of HRR which theeaks at 100 J/degree.
After that, it decreases gradually into the lower rate of mixing controlled combustion phase. The
more pronounced combustion during the premixed phase realf ne high temperature which
leads to a higher NQ As seen in Table 6.2he injected diesel msa in simulation models is
higher than the experiment. In this case, the HRR of the simulation goes beyond the values of the
experiment. In dual fuel simulation, the heat release continues latver rate into late
combustion phase at approximately 20DC while, in dual fuel experiment the late combustion
phase occurs at 25°aTDC. At approximately 30° aTDC both operations reach complete

combustion.
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Figure 66: Net HRR as a function of a crank position at 75% load

6.2  Simulation Results

In this section, only dual fuel simulations at 12% and 75% loads are considered. As
mentioned before, the purpose of this modeling study is to conduct an initial guide to better
understand natural gadesel dual fuel comistion and emissions. Therefore, temperature
contours, equivalence ratio, NOsoot, HC and CO emission mass fraction in dual fuel
simulations at 12% and 75% loads are presented and discussed here.

6.21 Temperature Distributions

The temperature distributions in dual fuel engines at various crank positions are predicted
using CONVERGE code as shownhkigure 67. The temperature profile is sfid through the
spray axis. The temperature distribution at 12% load is presented on the left column, while the
right column represents the distribution at 75% load. The green contours represent natural gas

flame or premixedvhile diesel flames or neprenixed is illustrated by the red contours. The
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data presented here is at odd crank starting at 5° ufitiaPDC. The 5°is chosen due to the
significant temperature profile and emissions formation that occur in this stage. At crank angle of
27°aTDC, most disociated product gases that appear at this crank position are assumed to exist
in the exhaust as emissions.

The general flame structure in each load remains similar during the crank positions i.e. a
flame is initially grow rapidly as a result of diesekfugnition and nofpremixed combustion,
then slows down as a result of natural gas premixed combustion. Comparing both loads at all
crank positions, higher temperature flames are observed in 75% load than in 12% load. At 75%
load, more diesel fuel massimgected, therefore more volume charge is affected by diesel fuel
combustion increasing the burning of natural gas and air mixture. At 12% load in contrast, many
low temperature regions (blue contours) are observed as a result of incomplete combustion and
fuel-rich combustion. Lower temperatures are expected in 12% load operation due to a leaner
mixture and a smaller amount of diesel injected. This phenomenon is supported by lower net
HRR at 12% load compared to 75% load, as showkigare 65 andFigure 66. At the end of
the combustion at 29° aTDC, many regions are still urdzideading to higher HC and CO

emissions in 12% load.
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Figure 67: A set of temperature profiles at various crank anglé2%t and75% load




6.22 Equivalence Ratio Distributions

0 is an important parameter that describes the formation of emissions insaydirder.
HC, CO and N@emissions are affected ly. As the mixture goes richer, there is not enough
oxygen to react with all the carbon and hydrogen, thus resulting in higher HC and CO emissions.
HC is also high in very lean mixtures due to misfire andrgcombustion. Peak N@s formed at
0 =0.95, which isaslightly leaner mixture. At this stage, the combustion temperature is high and
not all G reacts with N. Figure 68showsl distributions across the cylinder at crank angle 5° to
29° aTDC at 12% and 75% loads.Figure 68, the rich region behavior is presented by red and
green contours. It is clearly shown that the locations of rich region are different between the two
cases. In 12% load, the rich region is identified mostly at piston bowl wall and near the clearance
height wall. While, in 75% load the rich regions are ledanostly at cylinder head. Thetrend
follows the diesel temperature flame propagations. For this reason, it is expected that the

formations of HC and CO are high in these regions.
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6.23 CO Formatiors

The variations of CO emissions waérious crank angles fat2% and 75% loadare
presented ifrigure 69. At 12% load, the formation of CO is mainly located near the piston bowl
wall. At 75% load, CGemissionis observednostly at cylindehead As presented ifrigure 68,
the locations of high CO is observed at highwhich explains the direct relationship @wfand

CO formation.
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Figure 69: Predicted CO mass fraction locatioria®o and75%loads

6.24 HC Formations

HC emissions are presented by unburned okl during the combustion processgure
6.10 shows the contours of GHnass fraction for 12% and 75% loatl various crank angle
degreesThe view from on top of the-And spray axis is presented to illustrate HC emissions in
a cylinde. At a crank position of 9° aTDC, a high amount of G$iburned at 75% load, while
some are left unburned near the cylinder and piston head. Compared to the 12% load, most of
CH, is unburned during the combustion process at nozzle area, piston ancercyigatl.
Towards the ed of the combustion phase at’2¥TDC, a very small amount of HC is observed
in the 75% load while a large amount of OiHass fraction is 8t unburned. At 75% load, two

plane sections are shown to illustrate the location of HCstonis.
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From the figure, it shows that the formation of HC in dual fuel combustion occurs due to
the leaner mixture, and not the rich mixture. The effect is substantial in 12% load where the
mixture is below the flammability limits. At 75% load, more @iess injected even though the

mixture is lean, thus promag the combustion of the natural gas and air mixture.
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Figure 610: Predicted HC emissions as gidass fraction across the cylindel2®o and

75% load

6.25 NOx Formations

The incylinder NO distributionin dual fuel is presented irigure 611 at various crank
positions starting at 11°aTD@s seen, the NQocationsare different between both cas@sth
results depict thathe NOy location follows the temperature and trends inFigure 67 and
Figure 68. As discused in Chapter 2.0, NOs mostly formed at maximum flame temperature,
therefore high NQformation at these locatiormse expectedA very small mass fraction of NO
(maximum of 0.00Ris formed during the dual fuel combustion process as observed at 2% an
75% loads. The reason for the low formation of,NiDdual fuel is due to the very lean mixture,
with O ranging from 0.15 to 0.27. This statement is supported by the experimental values in

Figure 411.
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Figure 611: NO, formation as a function of crank positions at 12% and 75% loads

6.26 PM Formations

The location of PM formation for both 12% and 75% loads is illustratédguare 612.
The PM formation in dual fuel simulation is modeled using Hiroyasu Soot models as described
in Chapter 5.0. Atl1° aTDC in 12% load, there is no significant Rd8/formed. High mass
fraction of PM (red contours) is observed in the region wheretithe more than 1.0. These
richer regions are identified at the piston bowl rim, cylinder head and clearance height.
Therefore, it is concluded that the soot is generated in thei¢hetone duringhe combustion
where less oxygen is available to react with all carbons. Although the mass fraction of soot is
high in this figure, the total soot formation is considered low with mass fraction ofosalig

less than 0.003
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Figure 612: Predicted PM locations in a dual fuel combustion at 12% and 75% load

Figure 613: Emission comparisons in mg of experiment with simulation at 12% load

Emission HC (mg) CO (mg) NOy (mQ) PM (mg)
Dual Fuel Experiment 4.60 1.55 0.33 0.01
Dual Fuel Simulation 17.78 2.61 0.03 0.03

Figure 614: Emission comparisons in mg experiment with simulation at ¥bload

Emission HC (mg) CO (mg) NOy (mg) PM (mg)
Dual Fuel Experiment 1.46 1.35 1.40 0.01
Dual Fuel Simulation 17.87 5.99 0.43 0.03
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6.3  Conclusions

Findings from the CFD simulations using the CONVERGE software indicate that high
CO and HC emissions in dual fuel operation at 12% and 75% loads. These formations are
located mostly at the piston bowl wall, nozzle area, cylinder head andeafliston head area.
HC emissions are created where the mixture is lean. HC emission is significant at 12% load due
to the excessive lean mixture and combustion flame from diesel fuel cannot propagate
throughout the cylinder. For CO emission, it is obedriiigh where the mixture is rich. In this
region, less oxygen is available to combine with all the carbon. PM emission also increases with
0. However, it is considered as low in dual fuel operation with 3 decimals mass fraction. On the
other hand, NQis observed high irmaximumflame temperature regions astbichiometric
mixture Theseregiors areillustrated aged contours irFigure 67 andgreen contours ifigure
6.8.

It is concluded that th€SU86 mechanism is able to predict pressure and HRR profiles in
dual fuel combustion. The simulation pressuf€, CO, NQ and PM emissions are good
agreement with experimenflthough he simulation HRRis over predicted than in the

experiment, it showed the same feature of a premixed angreamxed combustion phase.
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7.0 CONCLUSIONS AND FUTURE WORK

7.1  Overview
An experimental evaluation of the combustion characteristics, fuel cost savings through
diesel displacement, efficiency and emissions benefits of a naturdieged dual fuel engine
have been performedhis research provides solution for hifylel costanda high NQ and PM
emission associated with diesel engine as well as addtessksy challengeselatedto natural
gasdiesel dual fuel engirse
The findingshave addressed the research objectives:
1) Evaluate the emissions and performance of a dual fuel engine and cahgrasailts
with the diesel equivalent.
2) Develop an emissions control methodology in order to maintain applicable regulatory
standards on emissions levels.
3) Investigate ircylinder comlustion by implementing & CFD simulation using
CONVERGE code with aeduced chemicatinetic mechanisnfior time saving The

location where the emission is formed will be investigated as well.

The completed work supports the earlier hypotheses:

1) Dual fuel operation saves cost compared to diesel operatimough diesel
displacementNatural gas fuel prices have remained well below that of diesel fuel and
have been more consistent compared to diesel Tinetefore, vaen natural gas is
introduced in diesekngine, it displace some of the diesel fuehicompression

ignition engine.
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2) Dual fuelengines reducBlOx and PM emission compared to diesel engindstural
gas combustion with methane adowest member in paraffin familysiexpected to
produce less PM. In addition, the premixed combustiodual fuel engine reduces
the formation of locally rich mixturesTherefore, with lean conditions, the flame
temperatures lower, thusreduces the NQ, formation in dual fuel engine.

3) Dual fuel enginesemit excessiveHC and CO. The u for the natural gas and air
entering the cylinder is below the flammability linaihdthe penetration of the diesel
fuel jet does not extend across the cylindieraddition, the flame temperatudees
not propagate through the lean mixtu@onsequently, regions near the edge of the
combustion chamber with natural gas and air mixtures below the flammability limit
are either unbured (HC emission) or partially burnédO emission).

7.2 Conclusions

An expemmental evaluation of theost, performancand emissions benefitf a diesel
dual fuel engine has been performefignificant diesel diglacement is achieved all fads,
with the maximum o¥70% at 506 loadand61% cost reduction associated with dualfengine.
Dual fuel reductions in NEand PM emissions are demonstrated but considerably higher CO and
THC emissions results from dual fuel operatiespecially at low loadst is observed that HC
emission is formed where the mixture ratio is lattow loads. On the other har@® emission
is formedwhere the mixture is richEPA regulated NOx + NMHC and CO emissions are
exceeded for dual fuel operation.

Conclusionsfrom the experimentalvork comparing diesel and dual fuel baseline and

optimizaton testingare given below:
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1)

2)

3)

4)

5)

6)

7)

8)

Significant diesel displacement is achieved at all loads with a maximum of 7508t
and 75%loads.The maximum fuel cost savingith up to 8% of cost reductiorcan be
achieved whethe dual fuelengineoperates at 50%ad Maximum58% cost saving can
be accomplishe@hen runningn optimized dual fuel mode &6% load.

The natural gas and air obtained ranges from 0.15 to 0.27, which is well below the
limit of laminar flammability(0.46 for methane).

Higher levels ofCOV of peak pressure are observed at intermediate and high loads with
maximum of 3.08or dual fuel engine

The dual fuel engine exhibits high@OV of IMEP compared to diesel at all loads.
Maximum COV of IMEP is observed at 25% load w@®V is 8.9for dual fuel engine

The ignition delayn dual fuel engindased on 10% burn duration analysis is higher at
all loads. The primary phase of combustion whgpresented as 190% burn duration

is also higher in dual fuel engine than diesel at all loads.

At 12% and 25% loads, the dual fuel enginecytinder pressure is lower than diesel
baseline. At 12% load, the peak HRR reduction in dual fuel engine is 11&at125%
load, the reduction of peak HRR is approximately 40%.

At 50%, 75% and 100% loadshet incylinder pressure for dual fuel operatias
improvedwith a slightly higher tharthe diesel engineThe HRR profiles showed two
peaks in both operationxaept at 50% load where one peak is observed in dual fuel
engine. The dual fuel HRR rising earlier than diesehese loads.

Diesel operation produséiigher brake thermal efficiency at low load whereas dual fuel

achieves higher brake thermal efficiency at intermediate and high loads.

111



9) NOx and PM emissions are demonstrataddual fuel operationwhile considerably
higher CO and HC emissiomsereresuled from dual fuel operation.

10)EPA regulated NQ+ NMHC and CO emissions are exceeded for dual fuel operations.
dual fuel baseline, the EPA regulated NMONMHC emission is doubled than in diesel
baselineThis was due to the NMHC increasing by 97% wiI@, was reduced by 34%.
The dual fuel engine also produces EPA regulated CO emission seven times higher than
in diesel engine. On the contrathe EPA regulated PM emissian dual fuel engine
shows 50% reduction than diesel engine.

11)In order to optimize dual fuel performance and emissiodjeael displacemerand
injection timing sweep were conductddking these factors into account, it is suggested
to turn off dual fuel at low loads and increasing the diesel displacement atadiaten

and high loads.

Conclusions for the investigation into dual fuel combustion and emissions using
CONVERGE and CSU86 reduced mechanism at 12% and 75% loads are as follows:

1) Overall, he peak pressuren dual fuel simulationis slightly higher than dual fuel
experiment. The HRI& over predicted compared to the experiments.

2) Findings showed tha O formationin 12% load of dual fuel engine mainly located at
the piston bowlrim. While in 75% load, the formation of CO is obsefveostly at
cylinder head.

3) At low load, HC emission is observed higher than at high keskcially around the
injector. From the simulation results, it is revealed that HC formation in dual fuel

operationoccurs due to lean mixture of natural gas and air
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4) From the CFD results, low PM and N@ass fraction is observed in dual fuel engine.
5) TheCSU86 reduced mechanismaiBle to predict experimental pressure and HRR in dual
fuel engine for two different loads and injection timings
7.3  ResearchRecommendations
In order to develop general overview of dual fuel engine combustion and emission,
additional work on simulation at 25%, 50% and 100% is recommended. The effort should
include the injection timing and diesel displacement variations, andeffieets of these
parameters on combustion and emission in dual fuel engmeeduce and control further the
CO and HC emissions in dual fuel engine, the use of oxidation catalyst is recomntamnglad.
testing incorporating the use of oxidation catalysuld allow further optimization of the dual

fuel system.

113



REFERENCES

1. Pulkrabek, Willard W. Engineering Fundamentals of the Internal Combustion Engine.
Upper Saddle River (New Jerseygearson Prentiedall, 2004 .

2. Gupta, H. N. Fundamentals of Internal Combustion Engir@selhi : PHI Learning Private
Limited, 2013.

3. Heywood, John B.Internal Combustion Engine Fundamentdiew York: Tata McGraw
Hill, 1988.

4. Moore, Malcolm. China considers introducing carbon emission targ&bkanghai The
Telegraph, 2009.

5.NACS. The Association for Convenience & Fuel Retailing. [Online] 2013.
www.nacsonline.com.

6. U.S. Department of Energy. [Online] 2014. www.eia.gov.

7. Doane, SethBejing pollution forces students to play under domeijing : CBN News,
2013.

8. Sensitivity of dual fuel engine combustion and knocking limits to gaseous fuel composition.
Selim, Mohamed Y.E.2004, Energy Conversion and Management, pp-42BL

9. Effectof engine parameters and type of gaseous fuel on the performance-bialgds
diesel engings A critical review.Sahoo, B.B., Sahoo, N. and Saha, U.R009, Renewable and
Sustainable Energy Reviews, pp. 115184.

10. Effect of compression ratio on penfnance, combustion and emission characteristics of a
dual fuel diesel engine run on raw biog&haskor J. Bora,Ujjwal K. Saha, Soumya
Chatterjee and Vijay Veerb. 2014, Energy Conversion and Management, pp. i10@@8.

11. Effects of chemical compositioasd ensiling on the biogas productivity and degradation
rates of agricultural and food processing-psoducts.Kafle, Gopi Krishna and Kim, Sang
Hun. 2013, Bioresource Technology, pp. 55&1.

12. Effects of mixing system and pilot fuel quality on dibsedas dual fuel engine performance.
Bedoya, Ivan Dario, Arrieta, Andrés Amell and Cadavid, Francisco Javier2009,
Bioresource Technology, pp. 668629.

13. Effect of carbon dioxide on the performance of biogas/dieselfdekeéngineBari, Saiful.
1996,Renewable Energy, pp. 10aD10.

14. Wikipedia. [Online] 2014. http://en.wikipedia.org/wiki/Biogas.
114



15. Performance and emission comparison of a superchargedfdela¢éngine fueled by
producer gases with varying hydrogen contdfarari Mohon Roy, Eiji T omita, Nobuyuki
Kawaraha, Yuji Hadara and Atsushi Sakane.2009, International Journal of Hydrogen
Energy, pp. 781117822.

16.Comparative performance studies of-atdoke Cl engine operated on dual fuel mode with
producer gas and Honge oil and its methstiee (HOME) with and without carburetor.
Banapurmath, N.R. and Tewari, P.G.2009, Renewable Energy, pp. 160@15.

17. Effect of Pilot Fuel Quantity on the Performance and Emission of a Dual Producér Gas
Diesel EngineSombatwong, Pisarn, Thaiyasuit, Prachsanti and Pianthong, Kulachate.
2013, Energy Procedia, pp. 2287.

18. Experimental Investigation on Attenuation of Emission with Optimized LPG Jet Induction in
a Dual Fuel Diesel Engine and Prediction by ANN Mo&anald, C.J. Thomas and
Somasundaram,P. 2012, Energy Procedia, pp. 142438.

19. Experimental studies on homogeneous charge CI engine fueled with LPG using DEE as an
ignition enhancerJothi, N.K. Miller, Nagarajan, G. and Renganarayanan, S2007,
Renewable Energy, pp. 1581593.

20. Shinichi Goto, Daeyup Lee, Joseph Shakal, Naoya Harayama, Fumitaka Honyo and
Hiroki Ueno. Performance and Emissions of an LPG L&ann Engine for Heavy Duty
Vehicless.l.: SAE Technical Paper, 1999. 198@9-1513.

21. Effect of variation in LPG composition omessions and performance in a dual fuel diesel
engine.Saleh, H.E.2008, Fuel, pp. 3033039.

22.Performance and gaseous and particle emissions from a liquefied petroleum gas (LPG)
fumigated compression ignition engideC.Surawski, B.Miljevica,T.A. Bodisco, R.Situ,
Z.D.Ristovski and R.J. Brown.2014, Fuel, pp. 125.

23. Effect of hydrogen and LPG addition on the efficiency and emissions of a dual fuel diesel
engine Lata, D.B., Misra, Ashok and Medhekar, S2012, International Journal of Hydrogen
Energy, pp. 60846096.

24. Investigations on the combustion parameters of a dual fuel diesel engine with hydrogen and
LPG as secondary fuelsata, D.B., Misra, Ashok and Medhekar, S2011, International
Journal of Hydrogen Energy, pp. 13823819.

25. Towards improvement of natural gaisesel dual fuel mode: An experimental investigation
on performance and exhaust emissidvishand Said Lounici,Khaled Loubar, Lyes Tarabet,
Mourad Balistrou, Dan-Catalin Niculescu and Mohand Tazerout2014, Energy, pp. 200
211

115



26.Combustion and exhaust emission characteristics of a dual fuel compression ignition engine
operated with pilot Diesel fuel and natural g&apagiannakis, R.G and Hountalas, D.T.
2004, Energy Conversion and Management, pp. i229d7.

27.Experimentalnvestigation concerning the effect of natural gas percentage on performance
and emissions of a DI dual fuel diesel englP@pagiannakis, R.G and Hountalas, D.T2003,
Applied Thermal Engineering, pp. 353%5.

28.Emission characteristics of high speddal fuel, compression ignition engine operating in a
wide range of natural gas/diesel fuel proporti®apagiannakis, R.G., et al., et ak010, Fuel,
pp. 13971406.

29. Experimental study of the effects of natural gas injection timing on the combustion
performance and emissions of a turbocharged common raitfdeakengineBo Yang, Xing
Wei, Chengxun Xi, Yifu Liu, Ke Zheng and Ming-Chia Lai. 2014, Energy Conversion and
Management, pp. 29304.

30. Emissions and efficiency evaluations of a 6.8 literalidsrivative dual fuel enging&/an
Mansor, Wan Nurdiyana, Vaughn, Jennifer S. and Olsen, Daniel Bloronto: s.n., 2014.
Proceedings of The Canadian Society for Mechanical Engineering International Congress.

31.Laboratory, National Energy Technology andEnergy, U.S. Department of U.S.
Department of Energy. [Online] 2005.
http://energy.gov/sites/prod/files/2013/04/f0/LNG_primerupd.pdf.

32.The Expansion of Unconventional Production of Natural Gas (Tight Gas, Gas Shale and
Coal Bed MethaneAlonso, Alejandro Suarez.s.l.: Intech, 2012, Advances in Natural Gas
Technology, pp. 12346.

33.Perry, Kent F. Hydraulic Fracturingi A Historical and Impact Perspectivéexas. Gas
Technology Institute, 2010. Slide 33.

34.Combustion and emissions characteristics of a dual fuel engine operated on alternative
gaseous fueldMustafi, Nirendra N., Raine, Robert R. and Verhelst, Sebastiar013, Fuel,
pp. 669 678.

35. System, ComADWPPON Elektric[Online] 2009. http://www.dwpon.com/bifuel.pdf.

36.Association, American Public GasA Brief History of Natural GasVashington DC
American Public Gas Association, 2012.

37.Liu, Zhigang. An examination of the combustion characteristics of compression ignition
engines fuelled witgaseous fuel€algary, CanadaUniversity of Calgary, 1995. PhD Thesis.

116



38.The DualFuel Engine and Its Application to Sewage Treatment Pl@mntsoks, W. R. 1949,
Sewage Works Journa, pp. 9961.

39. Steel Reheat FurnacedJse of OxyFuel in Steel Bheat FurnaceBrown, A., Ekman, T.
and Axelsson, C.L.2002, Steel Times International, pp-3®.

40. Towards improvement of natural gdgesel dual fuel mode: An experimental investigation
on performance and exhaust emissidmainici, Mohand Said, etal., et al.2014, Energy, pp.
200-211.

41. Assessment of combustion in natural gas fuelled compression ignition engines with DME and
RME pilot ignition.Namasivayam, A.M., et al., et als.l.: International Journal of Engine
Research, 2009, Internatiordlurnal of Engine Research, pp. 1651.

42.Weaver, Christopher S. and Turner, Sean HDual Fuel Natural Gas/Diesel Engines:
Technology, Performance, and Emissiddacramento Engine, Fuel, and Emission Enginerring,
Inc, 1994. SAE Technical Paper 940548

43. Effect of injection timing on the exhaust emissions of a diesel engine usingrdetkahol
blends.Sayin, Cenk, et al., et al2009, Renewable Energy , pp. 126369.

44 Effect of Pilot Fuel Quantity on the Performance and Emission of a Dual Peo@&a$
Diesel EngineSombatwong, Pisarn, Thaiyasuit, Prachasanti and Pianthong, Kulachate.
2013, Energy Procedia, pp. 2227.

45. An Examination the Maximum Possible Natural Gas Substitution Diesel Fuel in a Direct
injected Diesel EngineMbarawa, M. and Milton, B.E. 2005, R&D Journal.

46.0GJ. Micropilot tests progress, durability an issueexas: Oil and Gas Journal, 2006.
Article.

47.Power, CAP Clean Air.Dual Fuel R&D. [Online] 2013.
http://lwww.cleanairpower.com/rd.html.

48.Cannon, ShaneCummingQSK50 Dual Fuel Engine.l.: Cummins, 2013.

49.Kistler Group. Type 6056A PiezoStar Pressure Sensor for Combustion Engines. [Online]
2013. [Cited: Feb 19, 2014.] http://www.kistler.com/us/en/product/pressure/6056A.

50. AVL. AVL Fuel Balance Product Desption. [Online] January 21, 2009.
https://www.avl.com/c/document_library/get_file?uuid=19cf6@65k42f7-8607
3f9cd06acf4e&groupld=10138. AVL_PD_733S_Fuel Balance ENG.doc.

51.K2BW. Signal USA.K2BW.[Online] K2BW Environmental Equipment Co., 2013.
http//www.k2bw.com/chemiluminescence.htm.

117



52. A dilution stack sampler for collection of organic aerosol emissiatesign,
characterization and field testsliidemann, L. M., Cass, G. R. and Markowski, G. R1,
1989, Aerosol Science and Technology, Vol.d, 193204.

53.Heat release analysis of engine pressure da&towski, J. A., et al., et al1984, SAE
841359.

54. An Experimental and Multidimensional Computational Study on Uncontrolled Combustion
Rates in a Light Duty Natural Gas/Diesel Dual Fuel ExegHockett, Andrew G., et al., et al.
s.l.: Submitted, 2014, Journal Submission for Combustion Science and Technology.

55.Modeling Spray Atomization with the Kehttelmholtz/RayleigiTaylor Hybrid Model.
Beale, J. and Reitz, Rs.l.: Atomization andSprays, 9 (1999) 62850, 1999, Atomization and
Sprays, pp. 62850.

56. Effect of primary breakup modeling on spray and combustion characteristics of compression
ignition enginesSom, S. and Aggarwal, S. K2010, Combustion and Flame, pp. 111793.

57.A New Droplet Collision Algorithnschmidt, D. P. and Rutland, C. J2000, J. Comp.
Phys, p. 62.

58. Multi-Dimensional Modeling of Diredhjection Spray Liquid Length and Flame Laiif
Lenght using CFD and Parallel Detailed Chemis®gnecal, P.K.Pomraning, E. and
K.J.Richards. 2003, SAE Paper.

59. A coupled computational fluid dynamics and mudithe model with detailed chemical
kinetics for the simulation of premixed charge compression ignition efi@abgjimopoulos,
A., et al., et al.2005, Inernational Journal of Engine Research, p. 497.

60. A Temperature Wall Function Formulation for Variable Density zturbulence Flow with
Application to Engine Convective Heat Transfer Modelitan, Z. and Reitz, R.D.1997, Int. J.
Heat and Mass Transfer.

61. A Computational Investigation of the Effects of Swirl Ratio and Injection Pressure on
Mixture Preparation and Wall Heat Transfer in a Ligbtty Diesel EnginePerini, F., et al., et
al. s.l.: SAE Technical Paper, 2013, SAE Technical Paper.

62. Oxidation of C1C5 Alkane Quinternary Natural Gas Mixtures at High Pressufesly, D.,
et al., et al.2010, Energy and Fuels, pp. 152328.

63. Direct numerical simulations of ignition of a learheptane/air mixture with temperature
inhomogeneities atonstant volume: Parametric stud§oo, C. S., Lu, T. and J. H. Chen and
C. K. Law. 2011, Combustion and Flame, pp. 172741.

118



64.A Comprehensive Modeling Study dflaptane OxidationCurran, H. J., Gaffuri, P. and
Westbrook, W. J. Pitz and C. K.s.l.: Combustion and Flame, 1998, Combustion and Flame,
pp. 149177.

65. Models for Combustion and Formation of Nitric Oxide and Soot in DI Diesel Engines.
H.Hiroyasu and T.Kadota. 760129, s.I: SAE Paper, 1976.

66. Oxidation of Carbon Betweem 162000 C.J.Nagle and Strickland-Constable, R.F.1962,
Proc. of the Fifth Carbon Conf., p. 154.

67. Chevron. [Online] 2014. http://www.chevron.com/deliveringenergy/naturalgas/shalegas.

68.C2ES.org.Center for Climate and Energy Solutions. [Online]
http://lwww.c2es.orgéchnology/factsheet/naturgés.

69. Wikipedia. United States Department of Energy. [Online]
http://en.wikipedia.org/wiki/List_of countries_by carbon_dioxide_emissions.

70.Knock characteristics of dudiel combustion in diesélwafor, O.M.l. 2001, Sadhaa, pp.
375 382.

71.Prediction of stratified charge divided chamber engine performavoeafari, M Tiourad
and A. 2009, Sci. Iran. Trans. B, pp.@m00.

72.Rajput, R. K. Internal Combustion Enginellew Delhi, India: Laxmi Publications, 2005.

73.Bueng, André V., Velasquez, José A. and Milanez, Luiz Anternal Combustion Engine
Indicating Measurements Federal University of Ceara, UFC,2Bt2zil : Intechopen, 2012.

74.Combustion and emission characteristics of a naturatfgated diesel engine withGR.
Abdelaal, M.M. and Hegab, AH.H.2012, Energy Conversion and Management, pp-3(2L

75.Natural Gas Fueled Spatiignition (SI) and Compressieignition (Cl) Engine Performance
and EmissionKorakianitis, T., Namasivayam, A.M. and Crookes, R.J2011,Prog. Energy
Combust. Sci, pp. 8212.

76. Strategies for reduced NOx emissions in pigptited natural gas enginekrishnan, S.R.,
et al.,, et al.s.l.: Proc. ICEF, 2004, J. Eng. Gas Turbines Power , pp668&5

77.Effect of exhaust gas recirculation on some combustion characteristics of dual fuel engine.
Selim, Mohamed YE.2003, Energy conversion and management, pp.72a7

78. Effect of Exhaust Gas Recirculation (EGR) on Performance and Emission characteristics of
a Three Cylinder Direct Injection Compression Ignition Enghessain, Jaffar, et al., et al.
2012, Alexandria Engineering Journal, pp. 2247.

119



79. Experimental Investigation of the Factors Affecting the Performance of a Diésel Dual
Fuel EnginePoonia, M.P., Ramesh, A. and Gaur, R.Rs.l.: SAE Technical Paper, 1999.
International Congress & Exposiiton.

80. Emission characteristics of an electricity generation system in diesel alone and dual fuel
modesUma, R., Kandpal, T.C. and Kishore, V.V.N.2004, Biomass Energy, pp. 1:283.

81. Effects of pilot fuel quantity on the emissions characteristics of a CNG/diesel dual fuel
engine with optimized pilot injection timinigu, Jie, et al., et al.2013, Applied Energy, pp.
2017 206.

82.Bennett, Maren R.Emissions from a Diesel Engine Operating with-Baged Biodiesel
Fuel. Fort Collins: MS Thesis, Colorado State University, 2007.

83.Andrew H., Barta G, Hampson J and Anthony M.An Experimental and Multidimensional
Computational Study on Uncontrolled Cloastion Rates in a Light Duty Natural Gas/Diesel
Dual Fuel Engines.|.: Submitted, 2014.

120



APPENDIX A TEST PROCEDURES
Diesel Testing Procedure
Engine setpoints

Intake Manifold Temperature43°C

Block Coolant Temperature= 88°C

Engine governor should be set to Gat mode and isochronous
o Switch 2 and 3 should be turned on

Engine speed should be 1800rpm

Fuel return temperature post fuel cooler should be maintained as close to fuel inlet

temperature as possible

1 Engine LoadPoints
o 100% = 164kwW
0 75% =123kW
o 50% =82kW
o 25% =41kwW
o 12% =20kW
91 Dual fuelsystem turned off and powered down
9 Dilution Tunnel dilution ratio = 15:1
Steady State Engine Testing:
9 Startup and warmup of emissions analyzers and engine [Time 5 R6r]
1 100% bad point
o Take engine to 100% load [164kW] and allow to stabilize [Time = 15 min]
A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

0 Record a 10 min data point
A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data

A Combustion
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1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 mindata point is likely

1 75% load point
o Take engine to 75% load [123kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measureneio the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

o Record a 10 min data point

A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data

A Combustion

1 Record 3 1000 cycle data pointstach 1000 cycle data point
should be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 min data point is likely

1 50% load pont
o Take engine to 50% load [82kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the pant control tab (this measurement is used to calculate the space
velocity through the catalyst)

0 Record a 10 min data point
A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data
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A Combustion
1 Record 3 1000 cycle data points. Each 1000 cycle data point
shauld be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 min data point is likely

1 25% load point
o Take engine to 25% logd1kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the plant control tab (this measuarent is used to calculate the space
velocity through the catalyst)

o Record a 10 min data point

A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data

A Combustion

1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 min data point is likely

1 12% load point
o Take engine to 12% load [20kW] and allow to stabilize [@m15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate e spa
velocity through the catalyst)

0 Record a 10 min data point
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A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data
A Combustion
1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length
A Fuel flow data
1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during

the 10 min data point is likely

Dual Fuel Testing Procedure

Engine Setpoints:
1 Intake Manifold Temperature 43°C
1 Block Coolant Temperature= 88°C
1 Engine governor should be set to @at mode and isochronous
o Switch 2 and 3 should be turned on
Engine speed should be 1800rpm
Fuel return temperature post fuel cooler should be maintained as close to fuel inlet
temperature as possible
1 Engine Loa Points
0o 100% = 164kwW
0 75% =123kW
o 50% =82kwW
o 25% =41kwW
o 12% =20kw
Dual fuelsystem turned on and powered up
Dilution Tunnel dilution ratio = 15:1
During this round of testing the combustion data should be monitored closely noting any
interesting results
Steady State Engine Testing:

9 Startup and warrap of emissions analyzers and engine [Time = 225r]
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1 100% load point
0 Take engine to 100% load [164kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

0 Record a 10 min data point
A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data
A Combustion
1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance vate is small so a refill period during
the 10 min data point is likely

1 75% load point
o Take engine to 75% load [123kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/h

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

o Record a 10 min data point

A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data

A Combustion

1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length

A Fuel flow data
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1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill periodgingdu
the 10 min data point is likely

1 50% load point
o Take engine to 50% load [82kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuflw measurement into the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

0 Record a 10 min data point

A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data

A Combustion

1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 mindata point is likely

1 25% load point
o Take engine to 25% load [41kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurenigotthe JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

0 Record a 10 min data point

A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data

A Combustion

1 Record 3 1000 cycle data point€E=ach 1000 cycle data point

should be about 2 min in length
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A Fuel flow data
1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 min data point is likely
1 12% load pait
o Take engine to 12% load [20kW] and allow to stabilize [Time = 15 min]

A During this time take 2 2 min diesel fuel flow measurements and
average the results [Units = kg/hr]

A Input the averaged diesel fuel flow measurement into the JD6068 DAQ VI
in the plant control tab (this measurement is used to calculate the space
velocity through the catalyst)

o Record a 10 min data point
A Analyzersi DAQ, FTIR, Dilution Tunnel, and DeX data
A Combustion
1 Record 3 1000 cycle data points. Each 1000 cycle data point
should be about 2 min in length

A Fuel flow data

1 Record 3 2 min data points during this time, be mindful that the
fuel flow meters balance volume is small so a refill period during
the 10 mindata point is likely

Dual Fuel Systems Optimization
Testing Plan
1 Baseline Diesel Testing
o Initial shakedown of entire skid. Theudl fuel system OFF. ISO 8178 Cycle D2

5-mode load map plus transient engine testing.

A Cycle D2:
1 Engine Speed 1800 RPM
1 % Toque Modes:
1- 100%
2- 75%
3- 50%
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4- 25%
5- 10%
Each mode held for >10 minutes.
o Decision whether 1800 RPM will produce exhaust temperatures high enough for
light off and emissions reductions within catalyst.
91 Dual Fué Testing with Standard Tuning
o Allow dual fuelsystem to autotune throttle map. Repeat ISO 8178 Cycle D2 and

transient testing.

A Cycle D2:

1 Engine Speed 1800 RPM

1 % Torque Modes:
1- 100%
2- 75%
3- 50%
4- 25%
5- 10%

Each mode held for >10 minutes.
9 Catalyst Sample :5 min precatalyst, 5 min postatalyst @
each mode
1 Dual Fuel System Optimization for low CO and £#inissions
0 % Natural Gas substitution sweep. Obse@®, CH, emissions real time as

substitution levels are swept at constant load. Continue until knock index reaches

SUOISSIWA HD "0D

Knock

% Natural Gas
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a predetermined (arbitrary) factor. Approx. 30 min data point.

A Engine Parameters
1 Engine Speed 1800 RPM
1T % Torque 50%
100%
Injection timing alterations. With access to ECU, advance injection timing in 2°

0
increments. Repeat %NG sweep above at each increment to observe knock onset

and emissions response.
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APPENDIX B CSU86 REDUCED MECHANISM

ELEMENTS

C HN O ARHE

END

SPECIES

H H2 O 02 OH H20 N2 |
H202 CO CO2 CH20 HCO HOCHO CH
DIL

CH302H CH302 CH4 CH3 CH C2H6 Cc2
C2H4 C2H3 C2H2 CH3CHO CH3CO CH2CHO
HCCO CH2

HCCOH C2H50 C2H502H C2H502 C2H3CHO C3H8
IC3H7

NC3H7 C3H6 C3H600831 C3H600HZL C3H600H4302

C3H600H2102 NC3H702

IC3H702 C3KET13 C3KET21 IC3H6CHO

!

Ifrom 68 species nhept skeletel mech reduced via DRGEP from 88
Ispec uconn mech, which was a reduction of LLNL nc7 mech

|

CH3COCH2 C3H50 C2H5COCH2 C7H#5C7H1400H3®% NC7KET24
C2H5CHO C4H70 NC3H7COCH2 C7HB4 C7H1400H4 NC7KET35
C3H4A C5H161 C3H5A NC4H9CO C7H1502 C7H1400H2402
NC7KET42 C3H3 NC7H16 C7H15&2 C7H1400H3%02 CH2CO
C3H2 C7H151 C7H15023 C7H1400H402 C4H81 NC3H7CHO
C7H152 C7H15024 C7H14013 PC4H9 NC3H7CO C7H13 C7H1400H24

C7H14024

END

REACTIONS

H+02=0+0OH 3.54700E-+4166000E01 1.66000E+04
REV/1.02700E+131.50000E02 -1.33000E+02/

O+H2=H+OH 5.08000E+04 2.67000E+00 6.29200E+03
REV/2.63700E+04 2.65100E+00 4.88000E+03/

OH+H2=H+H20 2.16000E+08 1.51000E+00 3.43000E+03
REV/2.29000E+09 1.40400E+00 1.83200E+04/

O+H20=0OH+OH 2.97000E+06 2.02000E+00 1.34000E+04
REV/1.45400E+05 2.10700E+0R.90400E+03/

H2+M=H+H+M 4.57700E+13%10000E+00 1.04400E+05

H2/2.5000E+00/ H20/1.2000E+01/ CO/1.9000E+00/ CO2/3.8000E+00/
REV/1.14500E+201.67600E+00 8.20000E+02/
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02+M=0+0+M 4.42000E+d.34000E01 1.18900E+05
H2/2.5000E+00/ H20/1.2000E+01/ CO/1.9&3>00/ CO2/3.8000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/
REV/6.16500E+155.00000E01 0.00000E+00/
OH+M=0+H+M 9.78000E+1.A3000E01 1.02100E+05
H2/2.5000E+00/ H20/1.2000E+01/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/
REV/4.71400E+181.00000E+00 0.00000E+00/
H20+M=H+OH+M 1.90700E+283000E+00 1.18500E+05
H2/7.3000E01/ H20/1.2000E+01/ CH4/2.0000E+00/ C2H6/3.0000E+00/
REV/4.50000E+222.00000E+00 0.00000E+00/

H+02(+M)=HO2(+M) 1.47500E+12 6.0000DB.00000E+00
LOW /3.48200E+164.11000E01 -1.11500E+03/
TROE/  5.0000081 1.0000080 1.00000E+30 1.00000E+10 /

H2/1.3000E+00/ H20O/1.4000E+01/ CO/1.9000E+00/ CO2/3.8000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

HO2+H=H2+02 1.66000E+13 0.00000E+00 8.23000E+02
REV/3.16600E+12 3.48000&1 5.55100E+04/
HO2+H=0OH+OH 7.07900E+13 0.00000E+00 2.95000E+02
REV/2.02800E+10 7.20000&1 3.68400E+04/
HO2+O=0H+02 3.25000E+13 0.00000E+00 0.00000E+00
REV/3.21700E+12 3.29000&1 5.32800E+04/
HO2+OH=H20+02 2.89000E+13 0.00000£+9P000E+02
REV/5.84400E+13 2.42000&1 6.90800E+04/
H202+02=H0O2+HO2 1.13600E+163.47000E01 4.97300E+04
REV/1.03000E+14 0.00000E+00 1.10400E+04/
DUPLICATE
H202+02=H0O2+HO2 2.14100E814/000E01 3.72800E+04
REV/1.94000E+11 0.00000E+00.40900E+03/
DUPLICATE

'Bumped up per Patel et al. SAE260%0558
lincreased A from 2.95100E+14 to 8E+14
lincreased Ea from 4.84300E+04 to

[

H202(+M)=OH+OH(+M) .0B000E+16 0.00000E+00 5.80000E+04

LOW /1.20200E+17 0.00000E+00 4.55000E+04/
TROE/ 5.0000081 1.00000£80 1.00000E+30 1.00000E+10 /

H2/2.5000E+00/ H20/1.2000E+01/ CO/1.9000E+00/ CO2/3.8000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

H202+H=H20+0OH 2.41000E+13 0.00000E+00 3.97000E+03
REV/1.26500E+08 1.31000E+00 7.14100E+04/
H202+H=H2+HO2 2.15000E+10 1.00000E+00 6.00000E+03
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REV/3.71600E+07 1.69500E+00 2.20000E+04/

H202+0=0H+HO2 9.55000E+06 2.00000E+00 3.97000E+03
REV/8.56800E+03 2.67600E+00 1.85600E+04/
H202+0OH=H20+HO2 2.00000E+12 0.00000E+00 4.27200E+02
REV/3.66500E+10 5.89000€1 3.13200E+04/
DUPLICATE
H202+OH=H20+HO2 1.70000E+18 0.00000E+00 2.94100E+04
REV/3.11500E+16 5.89000€1 6.03000E+04/
DUPLICATE
CO+O(+M)=CO2(+M) 1.80000E+10 0.00000E+00 2.38400E+03

LOW /1.35000E+242.78800E+00 4.19100E+03/
H2/2.0000E+00/ O2/6.0000E+00/ H20/600E&+00/ CO/1.5000E+00/ CO2/3.5000E+C
CH4/2.0000E+00/ C2H6/3.0000E+00/

CO+02=C0O2+0 1.05000E+12 0.00000E+00 4.25400E+04
REV/8.03500E+158.00000E01 5.12300E+04/

CO+OH=CO2+H 1.78400E+05 1.89000E+00.15800E+03
REV/4.71700E+11 6.99000&1 2.42600E+04/

CO+HO2=C0O2+0OH 1.57000E+05 2.18000E+00 1.79400E+04
REV/1.18900E+08 1.71000E+00 7.99100E+04/

HCO+M=H+CO+M 4.75000E+11 6.60006&1 1.48700E+04

H2/2.0000E+00/ H20O/1.2000E+01/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

REV/3.58200E+10 1.04100E+068.57300E+02/

HCO+02=CO+HO2 7.58000E+12 0.00000E+00 4.10000E+02
REV/1.19800E+12 3.09000&1 3.39500E+04/

HCO+H=CO+H2 7.34000E+13 0.00000E+00 0.00000E+00
REV/2.21200E+12 6.56000&1 8.82300E+04/

HCO+0O=CO+OH 3.02000E+13 0.00000E+00 0.00000E+00
REV/4.72500E+11 6.38000&1 8.68200E+04/

HCO+0=CO2+H 3.00000E+13 0.00000E+00 0.00000E+00
REV/1.24100E+185.53000E01 1.12200E+05/

HCO+OH=CO+H20 1.02000E+14 0.00000E+00 0.00000E+00
REV/3.25900E+13 5.51000€&1 1.03100E+05/

HCO+CH3=CH4+CO 2.65000E+13 0.00000E+00 0.00000E+00C
REV/728600E+14 2.1100081 8.97700E+04/

HCO+HO2=CH20+02 2.49900E-6140000E02 1.39200E+04
REV/8.07000E+15 0.00000E+00 5.34200E+04/

HCO+HO2=CO2+H+OH 3.00000E+13 0.000006-60000E+00
REV/0.00000E+00 0.00000E+00 0.00000E+00/

CH20+CO=HCO+HCO 9.18600E+13 3.7G0Q0E30400E+04
REV/1.80000E+13 0.00000E+00 0.00000E+00/

HCO+HCO=H2+CO+CO 3.0up612 0.00000E+00 0.00000E+00
REV/0.00000E+00 0.00000E+00 0.00000E+00/
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HCO+H(+M)=CH20(+M) 1.09000E+12 4.80600E2.60000E+02
LOW /1.35000E+242.57000E+00 1.42500E+03/

TROE/ 7.8240081 2.71000E+02 2.75500E+03 6.57000E+03 .
H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

CO+H2(+M)=CH20(+M) 4.30000E+07 1.50000E+00 7.96000E+04
LOW /5.07000E+273.42000E+00 8.43480E+04/
TROE/  9.3200081 1.97000E+02 1.54000E+03 1.03000E+04

H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

CH20+0H=HCO+H20 7.82000E+07 1.630008+08500E+03
REV/4.89600E+06 1.81100E+00 2.90300E+04/

CH20+H=HCO+H?2 5.74000E+07 1.90000E+00 2.74000E+03
REV/3.39000E+05 2.18700E+00 1.79300E+04/

CH20+0=HCO+OH 6.26000E+09 1.15000E+00 2.26000E+03
REV/1.91900E+07 1.41800E+00 1.60400E+04/

CH20+CH3=HCO+CH4 3.83000E3.86000E+00 4.31200E+03
REV/2.06300E+02 3.20100E+00 2.10400E+04/

CH20+HO02=HCO+H202 7.10008&.51700E+00 6.58000E+03
REV/2.42600E02 4.10800E+00 5.76900E+03/

HOCHO=CO+H20 2.45000E+12 0.00000E+00 6.04700E+04
REV/2.25500E+03 2.09300E+00 5.28900E+04/

HOCHO=CO2+H2 2.95000E+09 0.00000E+00 4.85200E+04
REV/6.77200E+05 1.00800E+00 5.14700E+04/

HOCHO=HCO+OH 3.47100E+221.54200E+00 1.10700E+05
REV/1.00000E+14 0.00000E+00 0.00000E+00/

HOCHO+OH=H20+CO2+H 2.62000E+06 2.06000E+00 9.16000E
REV/0.00000E+00 0.00000E+00 0.00000E+00/

HOCHO+OH=H20+CO+OH 1.85000E+07 1.510008+6BO00E+02
REV/0.00000E+00 0.00000E+00 0.00000E+00/

HOCHO+H=H2+CO2+H 4.24000E+06 2.10000E+00 4.86800E+0
REV/0.00000E+00 0.00000B® 0.00000E+00/

HOCHO+H=H2+CO+OH 6.03000E-8130000E01 2.98800E+03
REV/0.00000E+00 0.00000E+00 0.00000E+00/

HOCHO+CH3=CH4+CO+OH 3.90000E5.80000E+00 2.20000E+03
REV/0.00000E+00 0.00000E+00 0.00000E+00/

HOCHO+HO2=H202+CO+0OH 1.00000E+12 0.00000E+00 1.19200
REV/0.00000E+00 0.00000E+00 0.00000E+00/

HOCHO+O=CO+OH+OH 1.77000E-41800008-00 2.97500E+03
REV/0.00000E+00 0.00000E+00 0.00000E+00/

CH30(+M)=CH20+H(+M) 6.80000E+13 0.00000E+00 2.61700E+0

LOW /1.86700E+253.00000E+00 2.43070E+04/
TROE/  9.0000081 2.50000E€@  1.30000E+03 1.00000E+99 /
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H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

CH30+02=CH20+HO?2 4.3800980.50000E+005.50100E+03
REV/1.41600E20 9.81600E+00 2.10800E+04/
CH30+CH3=CH20+CH4 1.20000E+13 0.00000E+00 0.00000E-+(
REV/6.74900E+13 2.18000€1 8.28100E+04/
CH30+H=CH20+H2 2.00000E+13 0.0000@B00000E+00
REV/1.23300E+11 6.64000€L 8.12700E+04/
CH30+H02=CH20+H202 3.01000E+11 0.00000E+00 0.00000E+
REV/1.07400E+123.10000E02 6.52700E+04/
CH3+H(+M)=CH4(+M) 1(M0E+16-6.00000E01 3.83000E+02
LOW /1.98160E+334.76000E+00 2.44400E+03/
TROE/  7.8300081 7.40000E+01 2.94000E+03 6.96000E+03
H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/
CH4+H=CH3+H2 6.14000E+05 2.50000E+00 9.58700E+03
REV/6.73000E+02 2.94600E+00 8.04700E+03/
CH4+OH=CH3+H20 5.83000E+04 2.60000E+00 2.19000E+03
REV/6.77600E+02 2.94000E+00 1.55400E+04/
CH4+0O=CH3+0OH 1.02000E+09 1.50000E+00 8.60000E+03
REV/5.80400E+05 1.92700E+00 5.64800E+03/
CH4+HO2=CH3+H202 1.13000E+01 3.74000E+00 2.10100E+0¢
REV/7.16600E+00 3.49100E+00 3.46800E+03/
CH3+OH=CH20+H2 8.00000E+09 5.00000E. 75500E+03
REV/1.06600E+12 3.22000€1 6.82100E+04/
CH3+OH=CH30+H 6.94300E+07 1.34300E+00 1.12000E+04
REV/1.50000E+12 5.00000€1 -1.10000E+02/
CH3+HO2=CH30+OH 1.00000E+12 2.690Q00E.87500E+02
REV/6.19000E+12 1.47006€L 2.45500E+04/
CH3+HO2=CH4+02 1.16000E+05 2.2300083+0P200E+03
REV/2.01800E+07 2.13200E+00 5.32100E+04/
CH3+0=CH20+H 54)00E+13 5.00006H2 -1.36000E+02
REV/3.83000E+151.47000E01 6.84100E+04/
CH3+02=CH30+0 7.54600E+12 0.00000E+00 2.83200E+04
REV/4.71800E+144.51000E01 2.88000E+02/
CH3+02=CH20+OH 2.64100E+00 3.28300E+00 8.10500E+03
REV/5.28500E01 3.47700E+00 5.99200E+04/
CH302+M=CH3+02+M 4.34E+27-3.42E+00 3.05E+04
REV/5.44E+25 -3.30E+00 0.00000E+00/
ICH3+02(+M)=CH302(+M) 7.81200E+09 '9.00006H1 0.00000E+00
| LOW /6.85000E+243.00000E+00 0.00000E+00/
|  TROE/  6.0000081 1.00000E+03 17.00000E+01 1.70000E+0:
CH302+CH20=CH302H+HCO .99D00E+12 0.00000E+00 1.16600E+
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REV/1.32300E+148.53000E01 9.25900E+03/

CH4+CH302=CH3+CH302H 1.81000E+11 0.00000E+00 1.84800t
REV/2.23300E+126.94000E01 -6.55000E+02/

CH302+CH3=CH30+CH30 5.08000E+12 0.00000&+400100E+03
REV/1.96700E+12 1.760060&1 2.80700E+04/

CH302+HO2=CH302H+02 2.47000E+11 0.00000&+0DO0E+03
REV/5.30200E+147.92M0E01 3.55200E+04/

CH302+CH302=02+CH30+CH30 1.40000E3X13 000E+00

1.86000E+03
REV/0.00000E+00 0.00000E+00 0.00000E+00/

CH302+H=CH30+OH 9.60000E+13 0.00000E+00 0.00000E+0!
REV/1.72000E+09 1.01900E+00 4.07800E+04/

CH302+0=CH30+02 3.60000E+13 0.00000E-+00 0.00000E+0(
REV/2.22900E+11 6.28000€L 5.75200E+04/

CH302H=CH30+0H 6.31000E+14 0.00000E+00 4.23000E+04
REV/2.51400E+06 1.88300E+02.87500E+03/

CH+02=HCO+O 3.30000E+13 0.00000E+00 0.00000E+00
REV/9.37100E+12 1.610@301 7.12100E+04/

CH+0=CO+H 5.70000E+13 0.00000E+00 0.00000E+00
REV/2.77400E+15 0.00000E+00 1.76000E+05/

CH+OH=HCO+H 3.00000E+13 0.00000E-+00 0.00000E+00
REV/5.06900E+14 0.00000E+00 8.81100E+04/

CH+H20=H+CH20 1.71300E+13 0.00000E4BB000E+02
REV/8.37200E+14 0.00000E+00 5.75200E+04/

CH+CO2=HCO+CO 1.70000E+12 0.00000E+00 6.85000E+02
REV/2.56500E+11 0.00000E+00 6.64600E+04/

CH3+CH3(+M)=C2H6(+M) 9.21400E+167000E+00 6.35800E+02

LOW /1.13500E+365.24600E+00 1.70500E+03/

TROE/ 4.05000£1 1.12000E+03 6.96000E+01 1.00000E+10
H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

C2H5+H(+M)=C2H6(+M) 5.21000E+1#9.90000E01 1.58000E+03
LOW /1.99000E+417.08000E+00 6.68500E+03/
TROE/ 8.4200081 1.25000E+02 2.21900E+03 6.88200E+03

H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

C2H6+H=C2H5+H2 1.15000E+08 1.90000E+00 7.53000E+03
REV/1.06200E+04 2.58200E+00 9.76000E+03/

C2H6+0=C2H5+0OH 3.55000E+06 2.40000E+00 5.83000E+03
REV/1.70200E+02 3.06300E+00 6.64800E+03/

C2H6+0OH=C2H5+H20 1.48000E+07 1.90000E+00 9.50000E+0.
REV/1.45000E+04 2.47600E+00 1.80700EA404

C2H6+02=C2H5+HO2 6.03000E+13 0.00000E+00 5.18700E+0-
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REV/2.92100E+10 3.34000&1 -5.93000E+02/

C2H6+CH3=C2H5+CH4 5.48000.00000E+00 8.28000E+03
REV/4.61800E02 4.23600E+00 1.20500E+04/

C2H6+HO2=C2H5+H202 6.92000E+01 3.61000E+00 1.69200E+
REV/3.69900E+00 3.59700E+00 3.15100E+03/

C2H6+CH302=C2H5+CH302H 1.94000E+01 3. 1.71000E+04
REV/2.01700E+01 3.18200E+00 1.73400E+03/

C2H4+H(+M)=C2H5(+M) 1.08100E+12 4.54000H.82200E+03

LOW /1.20000E+427.62000E+00 6.97000E+03/

TROE/ 9.7500081 2.10000802 9.84000E+02 4.37400E+03 /

H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

H2+CH302=H+CH302H 1.50000E+14 0.00000E+00 2.60300E+(
REV/1.68800E+181.14000E+00 8.43400E+03/

H2+C2H502=H+C2H502H 1.50000E+14 0.00000E+00 2.60300E-
REV/1.69100E+181.14000E+00 8.43800E+03/

C2H5+C2H3=C2H4+C2H4 6.85900E+11 0(MWO1 -4.30000E+03
REV/4.82000E+14 0.00000E+00 7.15300E+04/

CH3+C2H5=CH4+C2H4 1.18000E+04 2.450002+2®100E+03
REV/2.39000E+06 2.40000E+00 6.66900E+04/

C2H5+H=CH3+CH3 9.69000E+13 0.00000E+00 2.20000E+02
REV/2.02900E+09 1.02800E+00 1.05100E+04/

C2H5+H=C2H4+H2 2.00000E+12 0.00000E+00 0.00000E+00
REV/4.44000E+11 3.96000&1 6.80700E+04/

C2H5+0O=CH3CHO+H 1.10000E+14 0.00000E+00 0.00000E+0(
REV/1.03300E+175.00000E01 7.74200E+04/

C2H5+H0O2=C2H50+0OH 1.10000E+13 0.00000E+00 0.00000E+
REV/9.68000E+157.23000E01 2.76500E+04/

CH302+C2H5=CH30+C2H50 8.00000E+12 0.00000& AOOE+03
REV/4.40400E+144.25000E01 3.08900E+04/

C2H50+02=CH3CHO+HO2 4.28000E+1000@E+00 1.09700E+03
REV/1.32200E+08 6.15000&1 3.41300E+04/

C2H50=CH3+CH20 1.32100E2201800E+00 2.07500E+04
REV/3.00000E+11 0.00000E+00 6.33600E+03/

C2H50=CH3CHO+H 5.42800E-6187000E01 2.22300E+04
REV/8.00000E+12 0.00000E+00 6.40000E+03/

C2H502=C2H5+02 1.31200E16%7840E+01 4.91800E+04
REV/2.87600E+561.38D0E+01 1.46200E+04/

C2H502+CH20=C2H502H+HCO 1.99000E+12 0.00000E+00

1.16600E+04
REV/1.32500E+148.53000E01 9.26300E+03/

CH4+C2H502=CH3+C2H502H 1.81000E+11 0.00000E+00 1.8480(
REV/2.23700E+126.94000E01 -6.51000E+02/
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C2H502+H0O2=C2H502H+02 1.75000E+10 0.000008:2¥500E+03
REV/3.76300E+137.92000E01 3.38200E+04/

C2H6+C2H502=C2H5+C2H502H 8.60000E+00 3.76000E+00

1.72000E+04

REV/8.95700E+00 3.30200E+00 1.83800E+03/

C2H502H=C2H50+0H 6.31000E+14 0.00000E+00 4.23000E+C
REV/5.66100E+08 1.0330680-1.70500E+03/

C2H5+02=C2H4+HO2 3.78000E11@1.000E+00 4.74900E+03
REV/4.40100E+149.62000E01 1.81300E+04/

DUPLICATE

C2H5+02=C2H4+HO2 4.0000QE3.88000E+0 1.36200E+04

REV/4.65600E01 3.92800E+00 2.70000E+04/
DUPLICATE

C2H5+02=CH3CHO+0OH 8.26500E+02 2.41000E+00 5.28500E+
REV/2.24700E+03 2.30100E+00 6.59700E+04/

C2H502=CH3CHO+OH 2.52000E4402000E+01 4.37100E+04
REV/1.50200E+369.34500E+00 6.98400E+04/

C2H502=C2H4+HO?2 1.81500E838000E+00 3.78900E+04
REV/4.63200E+327.43800E+00 1.67000E+04/

CH3CHO=CH3+HCO 7.68700E-4284200E+00 8.69500E+04
REV/1.75000E+13 0.00000E+00 0.00000E+00/

CH3CHO+H=CH3CO+H2 2.37000E+13 0.00000E+00 3.64200E+
REV/1.63900E+10 6.330060&1 1.76000E+04/

CH3CHO+0O=CH3CO+0OH 5.94000E+12 0.00000E+00 1.86800E-
REV/2.13300E+09 6.14000&1 1.44100E+04/

CH3CHO+OH=CH3CO+H20 3.37000E+12 0.(0600-6.19000E+02
REV/2.47200E+10 5.27000&1 2.82300E+04/

CH3CHO+02=CH3CO+HO2 3.01000E+13 0.00000E+00 3.91500¢
REV/1.09200E+11 2.85000&1 -1.58800E+03/

CH3CHO+CH3=CH3CO+CH4 7.08000E04 4.58000E+00 1.96600E+03
REV/4.46800E04 4.76700E+00 1.74600E+04/

CH3CHO+HO2=CH3CO+H202 3.01000E+12 0.00000E+00 1.19201
REV/1.20500E+126.20000E02 9.87700E+03/

CH302+CH3CHO=CH302H+CH3CO 3.01000E+12 0.00000E+00

1.19200E+04
REV/2.34400E+135.07000E01 8.28200E+03/

CH3CHO+OH=CH3+HOCHO 3.00000E-2167600E+00 0.00000E+0
REV/2.37100E+161.27D0E+00 2.37500E+04/
CH3CHO+OH=CH2CHO+H20 1.72000E+05 2.40000E+00 8.1500!
REV/1.33200E+05 2.51100E+00 2.49500E+04/
CH3CO(+M)=CH3+CO(+M) 3.00000E+12 0.00000E+00 1.67200E+
LOW /1.20000E+15 0.00000E+00 1.25180E+04/
CH2CHO+02=CH20+CO+0OH 8.95000E6130000E01 1.01200E+04
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REV/0.00000E+00 0.00000E+00 0.00000E+00/
HCCO+OH=H2+CO+CO 1.00000E+14 0.00000E+00 0.00000E+
REV/0.00000E+00 0.00000E+00 0.00000E+00/
HCCO+0O=H+CO+CO 8.00000E+13 0.00000E+00 0.00000E+0(
REV/0.00000E+00 0.0000680 0.00000E+00/
HCCO+02=0H+CO+CO 4.20000E+10 0.00000E+00 8.50000E+
REV/0.00000E+00 0.00000E+00 0.00000E+00/
HCCO+M=CH+CO+M 6.50000E+15 0.00000E+00 5.88200E+0
REV/1.39100E+11 1.03300E+0Q.37200E+04/
CH+HCCO=CO+C2H2 5.00000E+13 0.00000E+00 0.00000E+0
REV/1.72100E+17 0.00000E+00 1.64600E+05/
C2H3+H(+M)=C2H4(+M) 6.08000E+12 2.700002.80000E+02
LOW /1.40000E+303.86000E+00 3.32000E+03/
TROE/ 7.8200081 2.07500E+02 2.66300E+03 6.09500E+03
H2/2.00E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

C2H4(+M)=C2H2+H2(+M) 8.00000E+12 4.4000DB.87700E+04
LOW /7.00000E+509.31000E+00 9.98600E+04/
TROE/  7.3480E01 1.80000E+02 1.03500E+03 5.41700E+03

H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/

CH4/2.0000E+00/ C2H6/3.0000E+00/

C2H4+H=C2H3+H2 5.07000E+07 1.93000E+00 1.29500E+04
REV/1.60200E+04 2.43600E+00 5.19000E+03/

C2H4+0=CH3+HCO 8.56400E+06 1.88000E+00 1.83000E+02
REV/3.29700E+02 2.6020680 2.61400E+04/

C2H4+0=CH2CHO+H 4.98600E+06 1.88000E+00 1.83000E+0:
REV/1.54100E+09 1.20100E+00 1.87800E+04/

C2H4+0OH=C2H3+H20 1.80000E+06 2.00000E+00 2.50000E+0.
REV/6.02900E+03 2.40000E+00 9.63200E+03/

C2H4+CH3=C2H3+CH4 6.62000E+00 3.70000E+00 9.50000E+C
REV/1.90800E+00 3.76000E+00 3.28000E+03/

C2H4+02=C2H3+HO2 4.00000E+13 0.00000E+00 5.82000E+0¢
REV/6.62600E+10 1.58000&1 -4.24900E+03/

C2H4+CH302=C2H3+CH302H 2.23000E+12 0.00000E+00 1.7190(
REV/7.92900E+126.340ME-01-8.16700E+03/

C2H4+C2H502=C2H3+C2H502H 2.23000E+12 0.00000E+00

1.71900E+04
REV/7.94300E+126.34000E01 -8.16300E+03/

CH+CH4=C2H4+H 6.00000E+13 0.00000E-+00 0.00000E+00
REV/3.57300E+14 0.00000E+00 5.54800E+04/
C2H3(+M)=C2H2+H(+M) 3.86000E+08 1.62000E+00 3.70500E+0:

LOW /2.56500E+27%3.40000E+00 3.57990E+04/
TROE/ 1.98160E+00 5.38370E+03 4.29320E+007.95000E02 /
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H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

C2H3+02=C2H2+HO?2 5.19000E+151.20000E+00 3.31000E+03
REV/2.66100E+161.29500E+00 1.78600E+04/

C2H3+02=CH20+HCO 8.50000E-5281200E+00 6.50000E+03
REV/3.99400E+274.88300E+00 9.34500E+04/

C2H3+02=CH2CHO+0 5.50000E+146.11000E01 5.26000E+03
REV/3.00000E+181.38600E+00 1.63000E+04/

CH3+C2H3=CH4+C2H2 3.92000E+11 0.00000E+00 0.00000E+Q
REV/3.49700E+141.93000E01 7.07800E+04/

C2H3+H=C2H2+H2 9.64000E+13 0.00000E+00 0.00000E+00
REV/9.42700E+13 2.53000€L 6.92400E+04/

C2H3+OH=C2H2+H20 3.01100E+13 0.00000E+00 0.00000E+0
REV/3.12200E+14 1.47000€L 8.41300E+04/

C2H2+02=HCCO+OH 2.00000E+08 1.50000E+00 3.01000E+0.
REV/2.03900E+06 1.54100E+00 3.22700E+04/

C2H2+0=HCCO+H 5.30000E+04 2.68000E+00 2.36000E+03
REV/1.86700E+05 2.33000E+00 2.12600E+04/

C2H2+OH=CH3+CO 4.8300@E.00000E+062.00000E+03
REV/3.49500E06 4.63800E+00 5.21200E+04/

OH+C2H2=H+HCCOH 5.04000E+05 2.30000E+00 1.35000E+0
REV/3.85200E+09 1.43600E+00 4.38200E+03/

C2H3CHO=C2H3+HCO 2.00300E-2213500E+00 1.03400E+05
REV/1.81000E+13 0.000@3-00 0.00000E-+00/

C3H8(+M)=CH3+C2H5(+M) 1.29000E+3B4000E+00 9.73800E+04

LOW /5.64000E+741.57400E+01 9.87140E+04/
TROE/ 3.1000081 5.00000E+01 3.00000E+03 9.00000E+03
H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/
C3H8=NC3H7+H 3.75000E-8137000E01 1.01200E+05
REV/1.00000E+14 0.00000E+00 0.00000E+00/
C3H8=IC3H7+H 2.37700E-46L81000E01 9.86800E+04
REV/1.00000E+14 0.00000E+00 0.00000E+00/
C3H8+02=IC3H7+HO2 2.00000E+13 0.00000E+00 4.96400E+0¢
REV/1.76400E+09 5.990@801 -1.69000E+02/
C3H8+02=NC3H7+HO2 6.00000E+13 0.00000E+00 5.22900E+(
REV/3.35400E+10 2.85000&1 -5.90000E+01/
H+C3H8=H2+IC3H7 1.30000E+06 2.40000E+00 4.47100E+03
REV/2.18600E+01 3.34700E+00 9.35100E+03/
H+C3H8=H2+NC3H7 3.49000E+05 2.69000E+00 6.45000E+03
REV/3.72000E+01 3.32300E+00 8.79000E+03/
C3H8+0=IC3H7+0OH 5.49000E+05 2.50000E+00 3.14000E+03
REV/4.79300E+00 3.42800E+00 6.60800E+03/
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C3H8+O=NC3H7+0OH 3.71000E+06 2.40000E+00 5.50500E+0<
REV/2.05300E+02 3.01400E+00 6.43300E+03/

C3H8+OH=NC3H7+H20 1.05400E+10 9.70000E58600E+03
REV/1.19100E+07 1.49700E+00 1.88200E+04/

C3H8+OH=IC3H7+H20 4.67000E+07 1.688600-3.50000E+01
REV/8.32700E+03 2.45100E+00 1.97400E+04/

C3H8+HO2=IC3H7+H202 6.32000E+01 3.37000E+00 1.37200E+
REV/6.14900E01 3.62200E+00 2.59800E+03/

C3H8+HO2=NC3H7+H202 4.08000E+01 3.59000E+00 1.71600E-
REV/2.51600E+00 3.52800E+00 3.50000E+03/

CH3+C3H8=CH4+IC3H7 6.40000E+04 2.17000E+00 7.52000E+0
REV/9.81900E+02 2.6710680 1.39400E+04/

CH3+C3H8=CH4+NC3H7 9.04000E3.65000E+00 7.15400E+03
REV/8.79100E02 3.83700E+00 1.10300E+04/

IC3H7+C3H8=NC3H7+C3H8 3.00000E+10 0.00000E+00 1.29000E
REV/3.00000E+10 0.00000E+00 1.29000E+04/

C2H3+C3H8=C2H4+IC3H7 1.00000E+11 0.00000E+00 1.04000E+
REV/1.31000E+11 0.00000E+00 1.78000E+04/

C2H3+C3H8=C2H4+NC3H7 1.00000E+11 0.00000E+00 1.04000E
REV/1.31000E+11 0.00000E+00 1.78000E+04/

C2H5+C3H8=C2H6+IC3H7 1.00000E+11 0.00000E+00 1.04000E+
REV/3.63000E+10 0.0000680 9.93400E+03/

C2H5+C3H8=C2H6+NC3H7 1.00000E+11 0.00000E+00 1.04000E
REV/3.63000E+10 0.00000E+00 9.93400E+03/

CH302+C3H8=CH302H+NC3H7 1.38600E+00 3.97000E+00

1.82800E+04
REV/166300E+00 3.46300E+00 3.02400E+03/

CH302+C3H8=CH302H+IC3H7 1.01900E+01 3.58000E+00 1.4810(
REV/1.92800E+00 3.38700E+00 2.09000E+03/
C2H502+C3H8=C2H502H+NC3H7 1.38600E+00 3.97000E+00

1.82800E+04
REV/1.66600E+00 3.46300E+00 3.02800E+03/

C2H502+C3H8=C2H502H+IC3H7 1.01900E+01 3.58000E+00

1.48100E+04
REV/1.93100E+00 3.3870680 2.09400E+03/

IC3H7=H+C3H6 6.91900E+2130000E02 3.76900E+04
REV/2.64000E+13 0.00000E+00 2.16000E+03/

IC3H7+H=C2H5+CH3 2.00000E+13 0.00000E+00 0.00000E+00
REV/4.34400E+07 1.17600E+00 8.62000E+03/

IC3H7+02=C3H6+HO2 4.5000@E0.00000E+00 5.02000E+03
REV/2.00000E19 0.00000E+00 1.75000E+04/

IC3H7+OH=C3H6+H20 2.41000E+13 0.000008-:60000E+00

REV/2.98500E+12 5.70000&1 8.38200E+04/
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IC3H7+0=CH3CHO+CH3 4.81800E+13 0.00000E+00 0.00000E+
REV/1.27900E+11 8.00000€L 8.64800E+04/

NC3H7=CH3+C2H4 9.9078640-8.60000E+00 4.14300E+04
REV/1.89800E+346.99000E+00 1.71000E+04/

NC3H7=H+C3H6 8.78000E-8390000E+00 4.65800E-+04
REV/2.07000E+377.39000E+00 1.20200E+04/

NC3H7+02=C3H6+HO2 3.000098.00000E+00 3.00000E+03
REV/2.00000E19 0.00000E+00 1.75000E+04/

C2H3+CH3(+M)=C3H6(+M) 2.50000E+13 0.00000E+00 0.00000E+

LOW /4.27000E+581.19400E+01 9.76980E+03/
TROE/ 1.7500081 1.34060E+03 6.00000E-+04 1.01400E+04

C3H6+0=C2H5+HCO 1.58000E+07 1.76000&+20600E+03
REV/9.18®0E+01 2.72500E+00 2.31100E+04/

C3H6+H=C2H4+CH3 2.30000E+13 0.00000E+00 2.54700E+03
REV/7.27200E+07 1.27100E+00 1.12000E+04/

NC3H702=NC3H7+02 2.40000E-£281600E+00 3.5960084
REV/4.52000E+12 0.00000E+00 0.00000E+00/

IC3H702=IC3H7+02 3.13200E-8226700E+00 3.81600E+04
REV/7.54000E+12 0.00000E+00 0.00000E+00/

NC3H702=C3H600HB 1.12500E+11 0.00000E+00 2.44000E+0:
REV/2.71600E+115.07000E01 8.93600E+03/

IC3H702=C3H600H2L 1.80000E+12 0.00000E-+00 2.94000E+04
REV/1.12200E+10 1.190@501 1.18100E+04/

C3H600H21=C3H6+HO?2 3.23900E+180000E+00 1.89700E+04
REV/1.00000E+11 0.00000E+00 1.17500E+04/

C3HB600H13=0H+CH20+C2H4 3.03500E+180000E01

2.74000E+04
REV/0.00000E+00 0.00000E+00 0.00000E-+00/

C3H600H1302=C3HB600H13+02 2.85300E+2062600E+00

3.56900E+04
REV/4.52000E+12 0.00000E+00 0.00000E+00/

C3HB600H2102=C3H600H2L+02 5.22700E-+2224400E+00

3.78200E+04
REV/4.52000E+12 0.00000E+00 0.00000E+00/

C3H600H1302=C3KET13+OH 7.50000E+10 0.00000E+00 2.14000
REV/4.10100E+03 1.496@3-00 4.47400E+04/

C3H600H2102=C3KET21+0OH 3.00000E+11 0.00000E+00 2.38500
REV/1.39700E+03 1.83400E+00 4.97500E+04/

C3KET13=CH20+CH2CHO+OH 1.00000E+16 0.00000E+00

4.30000E+04
REV/0.00000E+00 0.00000E+00 0.00000E+00/

C3KET21=CH20+CH3CO+OH 1.00000E+16 0.00000E+00 4.3000C

REV/0.00000E+00 0.00000E+00 0.00000E+00/
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IC3H702=C3H6+HO2 1.19600E-0483000E+00 4.15300E+04
REV/2.30200E+337.31000E+00 1.67100E+04/

NC3H702=C3H6+HO2 4.30800E¥30000E+00 3.95100E+04
REV/1.02300E+285.61700E+00 1.94400E+04/

IC3H6CHO=C3H6+HCO 1.03100E-6180000E01 2.31700E+04
REV/1.00000E+11 0.00000E+00 7.80000E+03/

IC3H6CHO=C2H3CHO+CH3 2.42500E2130000E01 2.24700E+04
REV/1.00000E+11 0.00000E+00 7.80000E+03/

|

|

T

ICH2 reactions added to improve CO predictions
e,

CH4+CH2=CH3+CH3 2.46000E+06 2.00000E+00 8.27000E+03

REV/1.73600E+06 1.86800E+00 1.29800E+04/
CH3+OH=CH2+H20 5.60000E+07 1.60000E+00 5.42000E+03
REV/9.22400E+05 2.0720680 1.40600E+04/
CH2+H(+M)=CH3(+M) 2.50000E+8@0000E01 0.00000E+00
LOW /3.20000E+273.14000E+00 1.23000E+03/
TROE/  6.80000B1 7.80000E+01 1.99500E+03 5.59000E+03

H2/2.0000E+00/ H20/6.0000E+00/ CO/1.5000E+00/ CO2/2.0000E+00/
CH4/2.0000E+00/ C2H6/3.0000E+00/

CH2+02=CH20+0 2.40000E+12 0.00000E+00 1.50000E+03
REV/5.95500E+143.65000E01 6.09800E+04/
CH2+02=CO2+H+H 5.80000E+12 0.00000E+00 1.50000E+03
REV/0.00000E+00 0.00000E+00 0.00000E+00/
CH2+02=CO+0OH+H 5.00000E+12 0.00000E+00 1.50000E+03
REV/0.00000E+00 0.00000E+00 0.00000E+00/
CH2+0=CO+H+H 5.00000E+13 0.00000E+00 0.00000E+00
REV/0.00000E+00 0.00000E+00 0.00000E+00/
CH2+H=CH+H2 1.00000E41186000E+00 0.00000E+00
REV/5.16000E+181.80000E+00 3.46000E+03/
DUPLICATE
CH2+OH=CH+H20 1.13000E+07 2.00000E+00 3.00000E+03
REV/6.18300E+08 1.65500E+00 2.13500E+04/
CH2+H=CH+H2 2.70000E+11 6.70@00E57000E+04
REV/1.89700E+11 6.70000&1 2.87300E+04/
DUPLICATE
C2H6+CH=C2H5+CH2 1.10000E+14 0.00000£2+680000E+02
REV/1.96900E+09 9.210006&1 -1.49000E+03/
C2H2+0O=CH2+CO 8.20000E+09 1.10000E+00 2.37000E+03

142



REV/4.78600E+04 2.298E+00 4.88300E+04/
!
!
e

Irxns added from 68 spec skeletal nhept mech (reduced from 88

Ispec skeletelal uconn mech)
TEEREEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e

CH2CO+H=CH3+CO 1.10E+13 O0.00E+00 3.40E+03
REV/2.40E+12 0.00E+00 4.02000E+04/
CH2CO+0O=HCCO+OH 1.00E+13 0.00E+00 8.00E+03
REV/1.43E+10 0.00E+00-1.25500E+03/
CH2CO+OH=HCCO+H20O 1.00E+130.00E+00 2.00E+03
REV/1.41E+11 0.00E+00 9.99500E+03/
CH2CO+H=HCCO+H2 2.00E+14 0.00E+00 8.00E+03
REV/6.52E+11 0.00E+00 8.40000E+02/
HCCO+OH=HCO+HCO 1.00E+13 0.00E+00 0.00E+00
REV/2.41E+14 0.00E+00 4.03600E+04/
C2H6=C2H5+H 2.78E+21-1.56E+00 1.04E+05
REV/3.61E+13 0.00E+00 0.00000E+00/
C3H6=C2H3+CH3 2.73E+62-1.33E+01 1.23E+05
REV/4.71E+59 -1.32E+01 2.954008D4/
C3H6=C3H5A+H 2.01E+61 -1.33E+01 1.19E+05
REV/4.89E+56 -1.23E+01 2.80800E+04/
C3H6+0=CH2CO+CH3+H 2.50E+07 1.76E+00 7.60E+01
REV/1.00E+00 0.00E+00 0.00000E+00/
C3H6+HO2=C3H5A+H202 1.50E+11 O0.00E+00 1.42E+04
REV/5.87E+05 1.33E+00 9.75900E+03/
C3H6+OH=C3H5A+H20 3.12E+06 2.00E+00-2.98E+02
REV/6.19E+06 2.01E+00 3.18800E+04/
C3H6+0=C3H5A+0OH 5.24E+11 7.00E01 5.88E+03
REV/1.06E+11 7.1081 2.08200E+04/
C3H6+H=C3H5A+H2 1.73E+05 2.50E+00 2.49E+03
REV/7.93E+04 2.51E+00 1.95200E+04/
C4H81=C3H5A+CH3 5.00E+15 O0.00E+00 7.10E+04
REV/5.00E+12 0.00E+00 0.00000E+00/
C4H81=C2H3+C2H5 1.00E+19-1.00E+00 9.68E+04
REV/9.00E+12 0.00E+00 0.00000E+00/
PC4H9=C2H5+C2H4 7.50E+17-1.41E+00 2.96E+04
REV/3.30E+11 0.00E+00 7.20000E+03/
PC4H9=C4H81+H 1.16E+17 -1.17E+00 3.82E+04
REV/1.00E+13 0.00E+00 2.90000E+03/
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PC4H9+02=C4H8+HO2 3.00El9 0.00E+00 3.00E+03
REV/2.00E19 0.00E+00 .Z5000E+04/
CH3COCH2=CH2CO+CH3 1.00E+14 0.00E+00 3.10E+04
REV/1.00E+11 0.00E+00 6.00000E+03/
C2H5CHO=C2H5+HCO 9.85E+18-7.30E01 8.17E+04
REV/1.81E+13 0.00E+00 0.00000E+00/
C5H101=C2H5+C3H5A 9.17E+20 -1.63E+00 7.40E+04
REV/4.00E+12 0.00E+00-5.96000E+02/
C5H101+O=PC4H9+HCO 1.00E+11 0.00E+00 0.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
C5H101+O=NC3H7+CH3CO 00E+11 0.00E+00 0.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
C5H101+OH=PC4H9+CH20 1.00E+11 0.00E+00 0.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
C5H101+OH=NC3H7+CH3CHO 1.00E+11 0.00E+00.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
CH3CO+H=CH2CO+H2 2.00E+13 0.00E+00 0.00E+00
REV/5.63E+17 -1.13E+00 6.37000E+04/
CH3CO+0O=CH2CO+OH 2.00E+13 0.00E+00 0.00E+00
REV/5.95E+18 -1.13E+00 1.20700E+05/
CH3CO+CH3=CH2CO+CH4 5.00E+13 0.00E+00 0.00E+00
REV/8.20E+17 -6.70E01 7.98300E+04/
C2H50+M=CH3+CH20+M 1.35E+38-6.96E+00 2.38E+04
REV/6.44E+36 -6.99E+00 1.68500E+04/
C3H2+02=HCCO+CO+H ©5.00E+13 0.00E+00 0.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
C2H50+M=CH3CHO+H+M 1.16E+35-5.89E+00 2.53E+04
REV/3.06E+30 -4.78E+00 6.10000E+03/
C3H50=C2H3CHO+H 1.00E+14 0.00E+00 2.91E+04
REV/7.71E+11 4.80B1 1.77500E+04/
C3H50=C2H3+CH20 2.03E+12 9.002 2.36E+04
REV/1.50E+11 0.00E+00 1.0@0E+04/
C3H50+02=C2H3CHO+HO2 1.00E+12 0.00E+00 6.00E+03
REV/1.29E+11 0.00E+00 3.20000E+04/
C3H5A+HO2=C3H50+OH 7.00E+12 0.00E+001.00E+03
REV/2.04E+13 -1.60E01 1.22600E+04/
C3H5A+CH302=C3H50+CH30 7.00E+12 0.00E+04L.00E+03
REV/1.99E+15 -7.40E01 1.70200E+04/
C3H6+CH302=C3H5A+CH302H 3.24E+11 0.00E+00 1.49E+04
REV/2.00E+10 0.00E+00 1.50000E+04/
C4H70=CH3CHO+C2H3 7.94E+14 0.00E+00 1.90E+04
REV/1.00E+10 0.00E+00 2.00000E+04/
C4H70=C2H3CHO+CH3 7.94E+14 0.00E+00 1.90E+04
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REV/1.00E+10 0.00E+00 2.00000E+04/
C4H81+OH=NC3H7+CH20 1.00E+12 0.00E+00.00E+00
REV/1.62E+12 0.00E+00 1.32300E+04/
C4H81+0=C3H6+CH20 7.23E+05 2.34E+0601.05E+03
REV/2.00E+05 2.34E+00 8.02800E+04/
C4H81+0O=CH3CHO+C2H4 1.30E+13 0.00E+00 8.50E+02
REV/207E+12 0.00E+00 8.51000E+04/
C4H81+0=CH3CO+C2H5 1.30E+13 0.00E+00 8.50E+02
REV/2.35E+12 0.00E+00 3.81500E+04/
C4H81+OH=CH3CHO+C2H5 1.00E+12 0.00E+00 0.00E+00
REV/9.33E+12 0.00E+00 1.99HH04/
C4H81+OH=CH3CO+C2H6 5.00E+11 O0.00E+00 0.00E+00
REV/9.83E+12 0.00E+00 3.24300E+04/
C4H81+OH=C2H5CHO+CH3 1.00E+12 0.00E+00 0.00E+00
REV/4.95E+10 0.00E+00 1.69400E+04/
C3H4A+HO2=C2H4+CO+OH 1.00E+12 O0.00E+00 1.40E+04
REV/1.00E+00 0.00E+00 0.00000E+00/
C3H4A+HO2=C3H3+H202 3.00E+13 0.00E+00 1.40E+04
REV/1.55E+16 -1.38E+00 4.40000E+04/
C3H6+02=C3H5A+HO2 4.@WE+12 0.00E+00 3.99E+04
REV/3.33E+10 3.40€1 -5.56000E+02/
C3H6+CH3=C3H8A+CH4 2.21E+00 3.50E+00 5.68E+03
REV/2.65E+01 3.51E+00 2.31800E+04/
C3H6+C2H5=C3HRA+C2H6 1.00E+11 0.00E+00 9.80E+03
REV/5.37E+05 1.33E+00 1.64400E+04/
C3H5A+HO2=C2H3+CH20+OH 1.00&#8 0.00E+00 0.00E+00
REV/1.00E30 0.00E+00 0.00000E+00/
C3H5A+H=C3H4-A+H2 181E+13 0.00E+00 0.00E+00
REV/1.23E+13 1.2001 4.72300E+04/
C3H5A+CH3=C3H4A+CH4 1.00E+11 0.00E+00 0.00E+00
REV/4.92E+12 5.0002 4.77800E+04/
C3H5A+C2H5=C2H6+C3H4A 4.00E+11 0.00E+000.00E+00
REV/1.80E+12 5.00802 4.03300E+04/
C3H5A+C2H5=C2H4+C3H6 4.00E+11 0.00E+00 0.00E+00
REV/6.94E+16 -1.33E+00 5.28000E+04/
C3H5A+C2H3=C2H4+C3H4A 1.00E+12 0.00E+00 0.00E+00
REV/1.62E+13 5.00802 4.81900E+04/
C3H4A+C3H6=C3H5A+C3H5A 8.39E+17 -1.29E+00 3.37E+04
REV/1.00E+12 0.00E+00 0.00000E+00/
C3H5A+02=C2H3CHO+OH 2.47E+13-4.40E01 2.30E+04
REV/1.90E+14 -8.0CE-01 7.48800E+04/
C3H4A+M=C3H3+H+M 1.14E+17 O0.00E+00 7.00E+04
REV/1.80E+15 -3.80E01 1.06100E+04/
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C3H4A+02=C3H3+HO2 4.00E+13 0.00E+00 3.92E+04
REV/1.18E+11 3.00€©1 3.80000E+01/

C3H3+H=C3H2+H2 5.00E+13 0.00E+00 0.00E+00
REV/3.85E+10 3.808©1 4.60000E+03/
C3H4A+OH=C3H3+H20 1.00E+07 2.00E+00 1.00E+03
REV/7.00E+06 1.97E+00 3.45200E+04/
C3H4A+0O=C2H4+CO 7.80E+12 @®ME&+00 1.60E+03
REV/8.28E+13 -2.10E01 1.24800E+05/

C3H5A=C3H4-A+H 6.66E+15 -4.30E01 6.32E+04
REV/2.40E+11 6.90©1 3.00700E+03/

C3H4A+H=C3H3+H2 2.00E+07 2.00E+00 5.00E+03
REV/3.24E+06 1.97E+00 2.33600E+04/
C3H4A+CH3=C3H3+CH4 3.67®2 4.01E+00 6.83E+03
REV/1.55E01 3.98E+00 2.56700E+04/
C3H4A+C3H5-A=C3H3+C3H6 2.00E+11 0.00E+00 7.70E+03
REV/2.64E+19 -2.71E+00 4.21400E+04/
C3H3+OH=C3H2+H20 1.00E+13 0.00E+00 0.00E+00
REV/1.34E+15 0.00E+00 1.56800E+04/
C3H3+02=CH2CO+HCO 3.01E+10 O0.00E+00 2.87E+03
REV/4.88E+11 0.00E+00 5.94700E+04/
CH2CHO=CH2CO+H 3.09E+15-2.60E01 5.08E+04
REV/5.00E+13 0.00E+00 1.23000E+04/
C3H5A+02=C3H4A+HO2 2.18E+21 -2.85E+00 3.08E+04
REV/2.69E+19 -2.40E+00 2.05000E+04/
C3H5A+02=CH2CHO+CH20O 7.1485 -1.21E+00 2.11E+04
REV/4.94E+16 -1.40E+00 8.86200E+04/
HCCO+02=CO2+HCO 2.40E+11 0.00E+0€8.54E+02
REV/1.47E+14 0.00E+00 1.33600E+05/
C2H4+H2=CH3+CH3 3.77E+12 8.3@H 8.47E+04
REV/1.00E+14 0.00E+00 3.20000E+04/
NC3H7CHO+0O2=NC3H7CO+HO2 2.00E+13 5.60E 4.22E+04
REV/1.00E+07 5.008©1 4.00000E+03/
NC3H7CHO+OH=NC3H7CO+H20 2.69E+10 7.60E -3.40E+02
REV/1.85E+10 7.50E01 3.12200E+04/
NC3H7CHO+H=NC3H7CO+H2 4.00E+13 0.00E+00 4.20E+03
REV/1.80E+13 0.00E+00 2.40000E+04/
NC3H7CHO+O=NC3H7CO+OH 5.00E+12 0.00E+00 1.79E+03
REV/1.00E+12 0.00E+00 1.90000E+04/
NC3H7CHO+HO2=NC3H7CO+H202 2.80E+12 0.00E+00 1.36E+04
REV/1.00E+12 0.00E+00 1.00000E+04/
NC3H7CHO+CH3=NC3H7CO+CH4 1.70E+12 0.00E+00 8.44E+03
REV/1.50E+13 0.00E+00 2.80000E+04/
NC3H7CHO+CH302=NC3H7CO+CH302H 1.00E+12 0.00E+00 9.50E+03
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REV/2.50E+10 0.00E+00 1.00000E+04/
NC3H7CO=NC3H7+CO 5.33E+15-8.60E01 1.34E+04
REV/1.50E+11 0.00E+00 4.80000E+03/
C2H5COCH2=CH2CO+2H5 1.57E+13 0.00E+00 3.00E+04
REV/2.11E+11 0.00E+00 7.35000E+03/
NC3H7COCH2=NC3H7+CH2CO 1.23E+181.40E+00 4.35E+04
REV/1.00E+11 0.00E+00 1.16000E+04/
NC4H9CO=PC4H9+CO 1.00E+11 0.00E+00 9.60E+03

REV/1.00E+11 0.00E+00 0.00000E+00/
LT T LT T

In-hept destruct small rxn rates

NC7H16=H+C7H151 1.34E88 -2.12E+01 1.43E+05
REV/3.37E+82 -2.02E+01 3.96100E+04/
NC7H16=H+C7H15% 6.50E+87 -2.10E+01 1.40E+05
REV/5.21E+80 -1.97E+01 3.88900E+04/
NC7H16=H+C7H183 6.50E+87 -2.10E+01 1.40E+05
REV/5.21E+80 -1.97E+01 3.88900E+04/
NC7H16=H+C7H15%4 3.25E+87 -2.10E+01 1.40E+05
REV/5.19E+80 -1.97E+01 3.88900E+04/
NC7H16=PC4H9+NC3H7 1.42E+781.77E+01 1.21E+05

REV/1.36E+68 -1.61E+01 3.24600E+04/
LT T LT T T T

In-hept destruct large rxn rates; attack by h and o
|

NC7H16+H=C7H1=®2+H2 2.60E+06 2.40E+00 4.47E+03
REV/3.93E+03 2.7E+00 1.12600E+04/
NC7H16+H=C7H183+H2 2.60E+06 2.40E+00 4.47E+03
REV/3.93E+03 2.74E+00 1.12600E+04/

!

NC7H16+H=C7H1%4+H2 1.30E+06 2.40E+00 4.47E+03
REV/3.91E+03 2.74E+00 1.12600E+04/

I

NC7H16+H=C7H151+H2 1.88E+05 2.75E+00 6.28E+03
REV/8.93E+03 2.70E+00 1.05500E+04/

!

!

NC7H16+0O=C7H1581+OH 1.93E+05 2.68E+00 3.72E+03
REV/4.03E+03 2.63E+00 5.89300E+03/
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NC7H16+O=C7H1®2+0OH 9.54E+04 2.71E+00 2.11E+03
REV/6.33E+01 3.05E+00 @®800E+03/
NC7H16+O=C7H18+0OH 9.54E+04 2.71E+00 2.11E+03
REV/6.33E+01 3.05E+00 6.79800E+03/

!

NC7H16+O=C7H14+OH 4.77/E+04 2.71E+00 2.11E+03

REV/6.31E+01 3.05E+00 6.79800E+03/
LT T LT T

In-hept attack by oh radical

!

NC7H16+OH=C7H15l+H20 1.05E+10 0.97E+00 1.59E+03
REV/1.50E+10 1.05E+00 2.33300E+04/

!

Iraised A from 9.4E+07 to 1.00E+10

llowered n from 1.61 to 1.00

llowered Ea from3.50E+01 to5.0E+02

!

NC7H16+OH=C7H182+H20 9.40E+07 1.61E+063.50E+01
REV/6.15E+05 1.95E+00 2.19100E+04/

!

Iraised A from 9.4E+070 1.00E+10

llowered n from 1.61 to 1.00

llowered Ea from3.50E+01 t0-5.0E+02

!

NC7H16+OH=C7H183+H20 9.40E+07 1.61E+003.50E+01
REV/6.15E+05 1.95E+00 2.19100E+04/

!

!

NC7H16+OH=C7H1%+H20 4.70E+07 1.61E+003.50E+01

REV/6.13E+05 1.95E+00 2.19100E+04/
e

NC7H16+HO2=C7H18+H202 1.68E+13 0.00E+00 2.04E+0
REV/2.05E+13 -3.80E01 8.39900E+03/
NC7H16+HO2=C7H122+H202 1.12E+13 0.00E+00 1.77E+04
REV/4.35E+11 1.00©2 8.16500E+03/
NC7H16+HO2=C7H18+H202 1.12E+13 0.00E+00 1.77E+04
REV/4.35E+11 1.00©2 8.16500E+03/
NC7H16+HO2=C7H154+H202 5.60E+12 0.00E+00 1.77E+04
REV/4.33E+11 1.0082 8.16500E+03/
NC7H16+CH3=C7H181+CH4 9.04ED1 3.65E+00 7.15E+03
REV/1.12E+00 &OE+00 1.19100E+04/
NC7H16+CH3=C7H18+CH4 5.41E+04 2.26E+00 7.29E+03
REV/2.14E+03 2.60E+00 1.45500E+04/
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NC7H16+CH3=C7H18+CH4 5.41E+04 2.26E+00 7.29E+03
REV/2.14E+03 2.60E+00 1.45500E+04/
NC7H16+CH3=C7H181+CH4 2.71E+04 2.26E+00 7.29E+03
REV/2.13E+03 2.60E+00 1.45500E+04/
NC7H16+02=C7H18+HO2 6.00E+13 0.00E+00 5.28E+04
REV/5.18E+10 2.80€1 -4.06000E+02/
NC7H16+02=C7H182+HO2 4.00E+13 0.00E+00 5.02E+04
REV/1.10E+09 6.70€1 -5.41000E+02/
NC7H16+02=C7H18+HO2 4.00E+13 0.00E+00 5.02E+04
REV/1.10E+09 6.70€1 -5.41000E+02/
NC7H16+02=C7H181+HO2 2.00E+13 0.00E+00 5.02E+04
REV/1.09E+09 6.70€1 -5.41000E+02/
NC7H16+C2H5=C7H18+C2H6 1.00E+11 0.00E+00 1.34E+04
REV/3.20E+11 0.00E+00 1.23000E+04/
NC7H16+C2H5=C7H12+C2H6 1.00E+11 O0.00E+00 1.04E+04
REV/1.00E+11 0.00E+00 1.29000E+04/
NC7H16+C2H5=C7H18+C2H6 1.00E+11 0.00E+00 1.04E+04
REV/1.00E+11 0.00E+00 1.29000E+04/
NC7H16+C2H5=C7H18+C2H6 5.00E+10 .00E+00 1.04E+04
REV/1.00E+11 0.00E+00 1.29000E+04/
NC7H16+C2H3=C7H18+C2H4 1.00E+12 0.00E+00 1.80E+04
REV/2.57E+12 0.00E+00 2.54000E+04/
NC7H16+C2H3=C7H12+C2H4 8.00E+11 0.00E+00 1.68E+04
REV/2.00E+12 0.00E+00 2.42000E+04/
NC7H16+C2H3=C7H18+C2H4 8.00E+11 0.00E+00 1.68E+04
REV/2.00E+12 0.00E+00 2.42000E+04/
NC7H16+C2H3=C7H1&8+C2H4 4.00E+11 O0.00E+00 1.68E+04
REV/2.00E+12 0.00E+00 2.42000E+04/
NC7H16+CH302=C7H18+CH302H 1.21E+13 O0.00E+00 2.04E+04
REV/3.60E+12 0.00E+00 9.80000E+03/
NC7H16+CH302=C7H12+CH302H 8.06E+12 0.00E+00 1.77E+04
REV/2.38E+11 0.00E+00 3.70000E+03/
NC7H16+CH302=C7H18+CH302H 8.06E+12 0.00E+00 1.77E+04
REV/2.38E+11 0.00E+00 3.70000E+03/
NC7H16+CH302€7H154+CH302H 4.03E+12 0.00E+00 1.77E+04
REV/2.38E+11 0.00E+00 3.70000E+03/
NC7H16+C7H151=C7H152+NC7H16 1.00E+11 0.00E+00 1.04E+04
REV/1.50E+11 0.00E+00 1.23000E+04/
NC7H16+C7H151=C7H153+NC7H16 1.00E+11 0.00E+00 1.04E+04
REV/1.50E+11 0.00E+00 1.23000E+04/
NC7H16+C7H151=C7H154+NC7H16 5.00E+10 0.00E+00 1.04E+04
REV/1.50E+11 0.00E+00 1.23000E+04/
NC7H16+C7H152=C7H153+NC7H16 1.00E+11 0.00E+00 1.04E+04
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REV/1.00E+11 0.00E+00 1.04000E+04/
NC7H16+C/H152=C7H154+NC7H16 5.00E+10 0.00E+00
REV/1.00E+11 0.00E+00 1.04000E+04/
NC7H16+C7H153=C7H154+NC7H16 5.00E+10 0.00E+00

REV/1.00E+11 0.00E+00 1.04000E+04/
LT T LT T

In-hept breakup to smaller species

llower rxnrates than +hept + h and o

!

!

Iraised A from 2.22E+16 to

llowered n from-0.89 to

llowered Ea from 3.01E+04 to

!

C7H152=PC4H9+C3H6 2.22E+16-8.90E01 3.01E+04
REV/1.00E+11 0.00E+00 8.20000E+03/

!

Iraised A from 9.63E+17 to

llowered n from-1.42 to

llowered Ea from 3.06E+04 to

!

C7H153=C4H81+NC3H7 9.63E+17 -1.42E+00 3.06E+04
REV/1.00E+11 0.00E+00 7.70000E+03/

!

Iraised A from 5.43E+16 to

llowered n fom-0.89 to

llowered Ea from 3.06E+04 to

!

C7H154=C2H5+C5H1061 5.43E+16 -8.90E01 3.06E+04

REV/1.00E+11 0.00E+00 8.20000E+03/
T

Iraised A from 1.0E+11 to

llowered n from 0.0 to

llowered Ea from4.00E+03 to
|

1.04E+04

1.04E+04

C7H143+OH=C2H5CHO+PC4H9 1.00E+11 0.00E+0&.00E+03

REV/0.00E+00 0.00E+00 0.00000E+00/
!
Iraised A from 1.0E+11 to
llowered n from 0.0 to

llowered Ea from1.05E+03 to
I
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C7H143+O=CH3CHO+C5H14d 1.00E+11 0.00E+00-1.05E+03

REV/0.00E+00 0.00E+00 0.00000E+00/
ELLEEE LR T

C7H153=C7H143+H 2.02E+15 -6.60E01 3.77E+04
REV/1.00E+13 0.00E+00 2.90000E+03/
C7H154=C7H143+H 4.02E+15 -6.60E01 3.77E+04
REV/1.00E+13 0.00E+00 2.90000E+03/
C7H153+02=C7H143+HO2 3.00ED9 0.00E+00 3.00E+03
REV/5.09E09 -1.00E02 1.81800E+04/
C7H154+02=C7H143+HO2 6.00ED9 0.00E+00 3.00E+03
REV/5.11E09 -1.00E02 1.81800E+04/
C7H151=C7H153 1.39E+09 9.80B1 3.38E+04
REV/4.41E+07 1.38E+00 3.62800E+04/
C7H151=C7H154 2.54E+09 3.50B1 1.98E+04
REV/1.61E+08 7.4001 2.22800E+04/
C7H152=C7H153 9.59E+08 1.39E+00 3.97E+04
REV/9.59E+08 1.39E+00 3.97000E+04/
C7H151=C7H152 5.48E+08 1.62E+00 3.88E+04

REV/1.74E+07 2.01E+00 4.12800E+04/
ELLEEEE L

Istart of qooh Itc reactions

C7H15021=C7H151+02 2.66E+20 -1.67E+00 3.54E+04
REV/4.52E+12 0.00E+00 0.00000E+00/
C7H15022=C7H152+02 1.36E+23 -2.36E+00 3.77E+04
REV/7.54E+12 0.00E+00 0.00000E+00/
C7H15023=C7H153+02 9.88E+21 -1.97E+00 3.79E+04
REV/7.54E+12 0.00E+00 0.00000E+00/
C7H15024=C7H154+02 136E+23 -2.36E+00 3.77E+04

REV/7.54E+12 0.00E+00 0.00000E+00/
LT LT

llowered A from 2.5E+10 to 3.0E+18

llowered n from 0 t63.0

llowered Ea&rom 2.09E+4 t63.0E+3

I

C7H15022=C7H1400H24 2.5E+10 O0.00E+00 2.09E+04
REV/2.83E+09 -1.10E01 8.27000E+03/

!

!

llowered A from 2.5E+10 to 1.0E+13

llowered n from 0 t63.0
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llowered Ea from 2.09E+4 +3.0E+3

!

C7H15023=C7H1400H35 2.5E+10 0.00E+00 2.09E+04
REV/3.88E+10 -5.10E01 8.08000E+03/

!

llowered A from 5.0E+10 to

llowered n from O to

llowered Ea from 2.09E+4 to

!

C7H15024=C7H1400H42 5.0E+10 0.08+00 2.09E+04

REV/5.66E+09 -1.10E01 8.27000E+03/
LT LT L T LT

C7H1400H24=C7H14024+0OH 7.50E+10 0.00E+00 1.53E+04
REV/0.00E+00 0.00E+000.00000E+00/

C7H1400H42=C7H14024+0OH 7.50E+10 0.00E+00 1.53E+04
REV/0.00E+00 0.00E+00 0.00000E+00/
C7H1400H24=0H+CH3CHO+C5H14d 5.36E+17 -1.40E+00 2.68E+04
REV/0.00E+00 0.00E+00 0.0GEEH00/
C7H1400H35=0H+C2H5CHO+C4H8 2.47E+18 -1.55E+00 2.70E+04
REV/0.00E+00 0.00E+00 0.00000E+00/
C7H1400H42=0H+NC3H7CHO+C3H6 1.30E+18-1.49E+00 2.68E+04
REV/0.00E+00 0.00E+000.00000E+00/
C7H1400H2402=C7H1400H21+02 1.39E+23 -2.38E+00 3.76E+04
REV/7.54E+12 0.00E+00 0.00000E+00/
C7H1400H3502=C7H1400H3%+02 1.39E+23 -2.38E+00 3.76E+04
REV/7.54E+12 0.00E+000.00000E+00/
C7H1400H4202=C7H1400H£L+02 6.97E+22 -2.38E+00 3.76E+04
REV/7.54E+12 0.00E+00 0.00000E+00/
C7H1400H2402=NC7KET24+0OH 1.25E+10 0.00E+00 1.79E+04
REV/1.62E+02 1.83E+00 4.420061/
C7H1400H3502=NC7KET35+OH 1.25E+10 0.00E+00 1.79E+04
REV/1.62E+02 1.83E+00 4.42000E+04/
C7H1400H4202=NC7KET42+OH 1.25E+10 0.00E+00 1.79E+04
REV/1.62E+02 1.83E+00 4.42000E+04/
NC7KET24=NC3H7CHO+CH3COCH2+OH 1.05E+16 0.00E+00 4.16E+04
REV/0.00E+00 0.00E+00 0.00000E+00/
NC7KET35=C2H5CHO+C2H5COCH2+0OH 1.05E+16 0.00E+00 4.16E+04
REV/0.00E+00 0.00E+00 0.00000E+00/
NC7KET42=CH3CHO+NC3H7COCH2+OH 1.05E+16 0.00E+00 4.16E+04
REV/0.00E+00 0.00E+00 0.00000E+00/
C7H14024+OH=CH3CO+C5H1d+H20 2.50E+12 0.00E+00 0.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
C7H14013+OH=C2H4+NC4H9CO+H20 2.50E+12 0.00E+00 0.00E+00
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REV/0.00E+00 0.00E+00 0.00000E+00/
C7H14024+OH=C3H6+NC3H7CO+H20 2.50E+12 0.00E+00 0.00E+00
REV/0.00E+00 0.00E+00 0.00000E+00/
C7H14024+HO2=CH3CO+C5H11+H202 5.00E+12 0.00E+00 1.77E+04
REV/0.00E+00 0.00E+00 0.00000E+00/
C7H14013+HO2=C2H4+NC4H9CO+H202 5.00E+12 0.00E+00 1.77E+04
REV/0.00E+00 0.00E+00 0.00000E#+00
C7H14024+HO2=C3H6+NC3H7CO+H202 5.00E+12 0.00E+00 1.77E+04
REV/0.00E+00 0.00E+00 0.00000E+00/

END
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APPENDIX C CFD RESULTSFOR DIESEL OPERATION
Figure C.1 through Figure C.5 show temperatgeCO, PM and viscosity distributions

in diesel operation at 12% load. The mechanism used in this study is from CONVERGE library.

Crank angle = 5° Crank angle = 7° Crank angle = 9°
E g )
Temp (K) Temp (K) Temp (K)
= = — = = = — = = = — =
700 175 1650 2125 2600 700 175 1650 2125 2600 700 175 1650 2125 2600
Crank angle = 11° Crank angle = 13° Crank angle = 15°
Temp (K) Temp (K) Temp (K)
= == — = ] = == — = ] = == = ]
700 175 1650 2125 2600 700 175 1650 2125 2600 1650 2600

Crank angle = 17° Crank angle = 19° Crank angle = 27°
- { '
Temp Temp (K)
=3 = == g =3 = == =3
2125 2600 700 175 1650 2125 2600 700 175 1650 2125 2600

Figure C1: Temperature distributions in diesel engine at 12% load at crank angles
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Crank angle = 5° Crank angle = 7° Crank angle = 9°

Equiv ratio Equiv ratio Equiv ratio
= ——— = —— = ———
0.20 0.70 1.20 1.70 2.20 0.20 0.70 1.20 1.70 2.20 0.20 0.70 1.20 1.70 2.20
Crank angle = 11° Crank angle = 13° Crank angle = 15°

Equiv ratio Equiv ratio Equiv ratio
= = —— [ = —— = — —
0.20 0.70 1.20 1.70 220 0.20 0.70 1.20 1.70 220 0.20 0.70 1.20 1.70 220
Crank angle = 17° Crank angle = 19° Crank angle = 27°

Equiv ratio”
=

Equiv ratio
0.20 0.70 1.20 1.70 220 0.20 0.70 1.20 1.70 220 0.20 0.70 1.20 1.70 220

Figure C2: edistributions in diesel operation at 12% load at various crank angles

Crank angle = 5° Crank angle = 7° Crank angle = 9°
\
Mass Fraction CO Mass Fraction CO Mass Fraction CO
e ————————— e ————————— | ——
0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12
Crank angle = 11° Crank angle = 13° Crank angle = 15°

Mass Fraction CO Mass Fraction CO Mass Fraction CO
0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12
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Crank angle = 17°

Mass Fraction CO
=

=
0.00 0.03 0.06

Crank angle = 19°

Crank angle = 27°

Mass Fraction CO
=7 ——
0.00 0.03 0.06 0.09 0.12

Figure C3: CO formations in diesel operation at 12% load at various crank angles

Crank angle = 9°

Crank angle = 11°

PM

-—
).0000 0.0008 0.0015

PM
-— —  ee——e—— ]
).0000 0.0008 0.0015 0.0022 0.0030

Crank angle = 13°

PM

-— e s — ]
).0000 0.0008 0.0015 0.0022 0.0030

Crank angle = 15°

PM

-
).0000 0.0008 0.0015

Crank angle = 19°

p.
L — ]

- z
).0000 0.0008 0.0015 0.0022 0.0030

Crank angle = 27°

L
PM
= o
).0000 0.0008 0.0015 0.0022 0.0030

Figure C4: PM formations in diesel operation at 12% load at various crank angles

Crank angle = 5°

Visc

-
).0003 0.0022 0.0042

Crank angle = 7°

@ 7Bt |

Visc
= oy — ]
).0003 0.0022 0.0042 0.0061 0.0080

Crank angle = 9°

\ —

Visc
ey —— ]
).0000 0.0020 0.0040 0.0060 0.0080
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Crank angle = 11°

Visc

L — L
1.0000 0.0020 0.0040 0.0060 0.0080 1.0000

Crank angle = 13°

Visc

—
0.0020 0.0040 0.0060

0.0080

Crank angle = 15°

I — . _—seaa——
1.0000 0.0020 0.0040 0.0060 0.0080

Crank angle = 17°

Visc

1.0000 0.0020 0.0040 0.0060 0.0080 1.0000

0.0020 0.0040 0.0060

Crank angle = 19°

Vis

0.0080

Crank angle = 27°

Visc
e ——e—— ]
1.0000 0.0020 0.0040 0.0060 0.0080

Figure C5: Viscosity distributions in diesel engine at 12% load at various crank angles

Figure C.6 through Figure C.10 show temperatgr€O, PM and viscosity distributions

in diesel operation at 12% load.

Crank angle = 5°

Crank angle = 7°

Crank angle = 9°

Temp (K) Temp (K)
= — e —= - — N
700 175 1650 2125 2600 700 175 1650 2125

==
2600

Temp (K)
= — — =
700 1175 1650 2125 2600

Crank angle = 11°

Temp (K)

= = -
700 1175 1650 2125 2600 700

Crank angle = 13°

~

Temp (K)

1175

1650 2125

-
2600

Crank angle = 15°

T e

- — -
700 2125 2600
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Crank angle = 17°

2125

700 1175 2600

700

0

L

1175

Crank angle = 19°
L R

[ —]

Temp (K)

1650 2125

2600

700

Crank angle = 27°

2125

2600

Figure C6: Temperature distributions in diesel engine at 75% load at crank angles

Crank angle = 5°

Crank angle = 7°

Crank angle = 9°

Equiv ratio Equiv ratio Equiv ratio
- - =
0.20 0.70 1.20 1.70 2.20 0.20 0.70 1.20 1.70 2.20 0.20 0.70 1.20 1.70 220
Crank angle = 11° Crank angle = 13° Crank angle = 15°
Equiv ratio Equiv ratio Equiv ratio
[ [
0.20 0.70 1.20 1.70 220 0.20 0.70 1.20 1.70 220 1.20

Crank angle = 17°

Crank angle = 19°

O

Equiv ratio

0.20

0.70

1.20 1.70

220

Crank angle = 27°

i

Figure C7: edistributions in diesel operation at 75% load various at crank angles
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Crank angle = 5° Crank angle = 7° Crank angle = 9°

» | |
Mass Fraction CO Mass Fraction CO Mass Fraction CO
0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12
Crank angle = 11° Crank angle = 13° Crank angle = 15°

4

Mass Fraction CO Mass Fraction CO Mass Fraction CO
L ——— L ——— ]
0.00 0.03 0.06 0.09 0.12 A 0.06 i ;3 . i 0.06

Crank angle = 17° Crank angle = 19° Crank angle = 27°

-

Mass Fraction CO Mass Fraction CO
L ————— ]
0.06 i ) 0.00 0.03 0.06 0.09 0.12

Figure C8: CO formations in diesel operation at 75% load at various crank angles

Crank angle = 5° Crank angle = 7° Crank angle = 9°

PM PM PM
0.0000 0.0008 0.0015 0.0022 0.0030 | 0.0000 0.0001 0.0002 0.0002 0.0003 0.0000 0.0008 0.0015 0.0022 0.0030
Crank angle = 11° Crank angle = 13° Crank angle = 15°

e a

PM
e — e — ] e — e —— ]
0.0000 0.0001 0.0002 0.0002 0.0003 0.0000 0.0001 0.0002 0.0002 0.0003 0.0000 0.0001
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Crank angle = 17° Crank angle = 19° Crank angle = 27°

0.0000 0.0001 0.0002 0.0002 0.0003 0.0000 0.0001 0.0002 0.0002 0.0003 0.0000 0.0001 0.0002 0.0003

Figure C9: PM formations in diesel operation at 75% load at various crank angles

Figure C10: Viscosity distributions in diesel engine at 75% load at various crank angles
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