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Abstract

Increased energy consumption in the United Staisddd to a demand for the
development of new bio-derived fuels. As biofuels ased more frequently in
diesel and gasoline engines, it has become inoglgsimportant to test the
emissions resulting from the combustion of thesdsfdrom internal combustion
engines. This study was motivated by the need db tteese fuels, predict the
combustion characteristics of fuels used in engiaed provide quick feedback to
fuel researchers on the combustion characterisiibsrefore, this dissertation
presents a technique to characterize the combusgtioperties of liquid fuels
based on the chemistry of the fuel alone. The fpatt of the dissertation
describes the development of a method for the ragidracterization of
combustion properties, such as emission index lanaef radiation. The technique
provided a way of comparing the particulate andupaht emissions from flames
of hydrocarbon fuels to those of new fuels suctbiadiesel. Burner conditions
were selected to make flame properties sensitivegoily to fuel chemistry. The
technique was validated through a comparison ofsorea radiative heat release
fraction and pollutant (NO and CO) emission indiagailable in literature. It was
seen that the present values compared well witemmission indices documented
during engine testingnd in other flame configurations. Approximatelyl@%
increase was observed in NO pollutant when biofudiere burned compared to
diesel as in engine studies. Findings showed tbatadi this technique can assist

fuel researchers in the development of new fuelgesipollutant and sooting
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tendency data obtained were similar to those fraesed engines. This technique
in comparison to engine studies, however, requrdg small amounts of fuel,
time, and provides a method to compare fuels ooraalized basis.

Based on the observation that the biofuels prodmedce NO than diesel, it
was desired to determine the cause for the incri@a®. For the second part of
the dissertation, the equivalence ratio and iodinmber were varied and their
effect on the formation of NO was studied for falifferent fuels: canola methyl
ester, soy methyl ester, diesel, and normal dodedaals. Measurements of
intermediate species, flame temperatures, sootmldraction, and global
emissions were made for this purpose. At the lowgsivalence ratio of 1.2, the
biofuel flames showed higher NO concentration waluéor in-flame
measurements than diesel flames. NO production pvasarily due to the
Zeldovich mechanism for both biodiesel and diesielce high temperatures were
recorded, high concentrations of OH were obsenad] NO concentration
increased downstream of the burner, indicating @edéence on residence time.
At higher equivalence ratios from 2 to 7, similarthose predicted to exist in
diesel engines, NO production was much higher Far biofuel flames. The
Fenimore mechanism was thought to be dominanti@ctndition, since the CH
radical population was high in regions of peak mead NO concentration. A
correlation between iodine number and peak NO curaton was also observed.
Fuels with lower iodine number values (diesel arethyl stearate) produced less
CH and NO concentrations, while fuels with highedine numbers (SME and

CME) produced the highest CH and NO concentratitings thought that the
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double bonds present in unsaturated fuels, SUSMAS facilitated the production
of more CH. This coupled with the presence of tlx¢gen in the biofuels

accelerated the formation of NO.
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Chapter 1
Introduction and Background

Worldwide energy consumption primarily comes froombustion of fossil
fuels such as petroleum, coal, or natural gas. Alicg to the Energy Information
Administration over 80 percent of all energy usedhe United States derives
from fossil fuel sources and is predicted to camdimo increase. This demand has
caused a growing dependence on foreign countriesipply the fuel needed in
the U.S. The political and economic pressure froim has resulted in efforts to
develop alternative fuels which show a promisingl aealistic alternative for
future use.

In 2008, 29 percent of the total energy consumetthe United States was
used for transportation. As an alternative, rendsyabsustainable and
environmentally-friendly energy sources are beiagedoped to meet the demand
of the transportation industry. Examples of tramtgimn based alternative energy
sources currently include the hydrogen fuel celetmne based combustion
engines, and solar powered vehicles. Howeverusigeof these technologies in
automobiles has been limited since significant moalions are needed to
effectively run an engine that normally operategasoline or diesel fuel.

Another alternative energy source that has becoopilar for engines is
biofuel. Biofuels are renewable, can be made framous feedstocks grown in
the U.S., have energy content similar to that siofjae and diesel fuels, and can
run in standard engines and combustors with minadifications. Some biofuels

in use today include biodiesels and ethanol uselieisel and gasoline engines.



This chapter provides a general overview of combuastharacteristics of
diesel and biodiesel as well as other fuels usedhis study. The literature
pertaining to the current investigation, statemanthe problem, significance of

the project, and organization of the report are aisluded.



1.1 Diesel Fuel

Petroleum based diesel fuels are widely used inicatural, power
generation, commercial, and transportation indestrBecause of its wide range
of uses, diesel is divided into five primary categs: No. 1, 2, 4, 5 and 6 fuel oils
each having varying physical properties (densitgt @iscosity). For automotive
transportation purposes No. 2 diesel is most contynaised and will be
considered for the present study (Chevron Techiiregdort, 1998). No. 2 diesel
fuel is derived from crude oil sources, consistiofy various hydrocarbons
including paraffin, naphthalene, and aromatic. Eaxth these hydrocarbon
components contains distinct molecular weightsycsires, and carbon chain
lengths. For example, No. 2 diesel fuel can contan to 75% saturated
hydrocarbons (paraffins), 25% unsaturated hydrasesb (aromatic or
naphthalene) and range in carbon chain length ff®ro 22. For this study, No. 2
diesel fuel will be used with an assumed averagematal formula, chemical
composition, and physical properties presented abld 1.1 (ATSDR, 1995,

McCormick et al., 2001, Strong et al., 2004, Annkinand Puri, 2007).



1.2 Biodiesel Fuel

Raw vegetable oils, which some consider the eatieduels, were first used
in the 19" century to run diesel engines (Strong et al., 208&veral of the
vegetable oils were typically chosen because df thailability for a particular
region or relatively low price. Using these vegéatils directly, however, has
been shown to be disagreeable for most cases psint@cause of their high
viscosities, tendency to cause carbon deposits istorp heads, difficult cold
weather starting, gum formation causing plugging imectors, and engine
knocking due to low cetane numbers (Ma and Hanff9)l Rather than using
vegetable oils directly, they are now transeseifivhich reduces the viscosity,
improves the reaction rate, increases yield, amliaes problems with engine
knocking and injector clogging while making the usé biofuel practical.
Transesterified biodiesels are those that are ctiyravailable for use in engines

today and include those used in the present study.



1.2.1 Transesterification

Triglycerides (e.g., vegetable oils) undergo acpss called transesterification
in order to be used effectively in diesel enginBEsis process alters the original
molecular structure of the triglyceride to prodinediesel as it is defined by the
American Society for Testing and Materials (ASTM 71B6-03a). Mixing the
triglyceride at an elevated temperature (G)0with an alcohol (e.g. ethanol or
methanol) and catalyst (e.g. sodium hydroxide)ltesn the formation of methyl
ester biodiesels (if methanol is used) and ethirdsiodiesels (if ethanol is used)
as well as a glycerol product which can later bedusn food, medical,
pharmaceutical, or cosmetic products. Figure lekgmts an example of a typical
reaction for biodiesel fuel.

An example of a reactor for biodiesel is also shawrrigure 1.2. The oil,
alcohol, and catalyst are sent through a steanetiesiil in the upper part of the
reactor. In this section the triglyceride reactdaion the products, biodiesel and
glycerol. The products are then neutralized, paseetthe lower section of the
reactor, and remaining alcohol vapor is collectedugh the top. The esters that
form have lighter densities and accumulate aboeehiavier glycerol product
and are siphoned and stored. Resulting moleculactates and composition of
the esters vary based on the oil that is used tertfze fuel. Table 1.2 presents
the composition by weight of soy and canola metisiers, as well as their
molecular compositions and heating values (Lang.e2001, McCormick et al.,
2001, Adams et al., 2004, Strong et al. 2004). tRerpresent study, biodiesels

were acquired commercially, hence transesterifigca external manufacturer,



purchased from a vendor, and were assumed to havyaroperties listed in Table

1.2.



1.3 Dodecane and Methyl Stearate Fuels

The diesel and biodiesel fuels are composed of atunei of several
components including aromatics and paraffins fasei and several fatty acids
for biodiesel. For this reason, single componeastsfwvith varying iodine number
that best represented the diesel and biodiesed,fdetlecane and methyl stearate,
were selected.

Diesel fuel is composed of 75% paraffins of whict?#tare straight or iso
paraffins. Dodecane, a straight chain single corapbrmparaffin, was selected
because it provided similar molecular compositicarbon chain length, and
energy content comparable to the midpoint of digseithermore, dodecane is a
single component fuel and does not contain aromaficomatics found in diesel
have been shown to adversely affect combustionactexnistics (Ladommatos et
al., 1997).

Similarly, a single component fatty acid methyleesfound in biodiesel,
methyl stearate (MS), was selected. MS has sinethergy content and carbon
chain length when compared to typical biodieselsfumich as the soy methyl
ester (SME) and canola methyl ester (CME) usethiydtudy. Additionally, MS
is a saturated fuel containing no double bondss Tholecular characteristic is
demonstrated by the low iodine number, and careba s Table 1.3. The iodine
number was defined as the amount of iodine absodmeda chemically
unsaturated fuel, thus it is a measure of how umnated the fuel of interest is; it is
typically expressed in centigrams of iodine absdrlger gram of sample

(percentage by weight of iodine absorbed).



By using these single component fuels a comparsonbe done with diesel
and biodiesel fuels to determine the effects of d@kditional components and
iodine number. The physical and chemical propentieslodecane and methyl
stearate are presented in Table 1.3 (Krisnangh@@1, McCormick et al., 2001,

Santana et al., 2006, Annamalai and Puri, 2007).



1.4 Brief Description of Combustion in a Diesel Enge

In this section the terms and variables associattfdthe combustion process
in a diesel engine will be defined. These termsl Wi consistently used
throughout this chapter.

The diesel engine relies on compression for thetiagn of the fuel/air
mixture. Air drawn into the engine’s combustion wteer, or piston cylinder, is
compressed by the piston causing temperature asbsyme to increase. Fuel is
then injected as a finely dispersed spray intoctieder, evaporated, mixed with
the hot air, and burned. The resulting combusticocgss that occurs can be
divided into three primary steps: (1) ignition del@) uncontrolled combustion,
and (3) controlled combustion. Timing and lengtheath of these steps directly
impacts the resulting emissions and depends onpthesical and chemical
properties of the fuel and engine used.

The first step, ignition delay, refers to the amiowh time between the
beginning of injection and ignition of the fuel. dpiet size of the injected fuel,
cetane number (a measure of the fuel's ignitiontmastion quality), air
temperature, and mixture ratio of the fuel andaagr variables that can affect the
ignition delay. During this stage the fuel spragdis up and evaporates into the
surrounding air in the cylinder.

The second step, uncontrolled combustion, desctiteemitial combustion of
the injected fuel/air mixture. Autoignition duringhis phase causes high
temperature and pressure increases. The rise ssuyee in this process is

dependent on the amount of fuel injected and vapdrprior to ignition.



Following the rapid autoignition of the fuel and,acontrolled combustion
then begins. Controlled combustion is sustainethlkyinjection and mixing rate
of the fuel and air in the cylinder. As the pistonves downward the pressure and
temperature are reduced and combustion processsceas

When using any engine it is important to considgtain characteristics such
as the fuel consumption rate, thermal and combustiticiency, power output,
and pollutants emitted. Compression ignition engjitgpically produce higher
efficiencies and have lower fuel consumption ratemn spark ignition engines.
The tradeoff, however, is found in the relativerge amounts of particulate
matter (PM) and NQproduced by the compression engine. The currenégiro
does not simulate the combustion environment of the dieswine; rather, it
simplifies the process by removing several varigbleigh pressure, droplet

evaporation, injection timing), as is further dissed later in this chapter.
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1.5 Literature Review

1.5.1 Diesel and Biodiesel Combustion in Engines

Biodiesel and conventional petroleum-based diesatlsf have been
extensively studied in internal combustion enginAsstudy by Scholl and
Sorenson (1993) investigated the effects of usiog methyl ester in a four
cylinder, four stroke, 3L, normally aspirated dirégjection diesel engine and
compared their results to those produced with cotimeal diesel fuel. NQ
production was 2100 ppm for soy methyl ester an@d01@pm for conventional
diesel engine with standard injection timing. Thehars determined that the
difference was due to variation in ignition delalytbe two fuels. Flynn et al.
(1999) studied diesel fuel spray combustion in agiree. These authors found
that fuel droplets were completely vaporized witB2+27 mm from the injector
exit. After this, the heated fuel vapor burned wetitrained air from the cylinder
at high equivalence ratios in the range of 4 toABund this region a thin
diffusion flame front oxidized soot, CO, and otlhwburned fuel fragments. NO
was produced along the boundaries of the diffugiame interface where the
temperature was high. Another study by Durbin et(2000) used neat (B100)
biodiesel and diesel in 4 heavy duty diesel truogires including a 1988 Ford F-
250 7.3L, 1990 Dodge Ram 250 5.9L, 1995 Ford F-B30, and 1996 Dodge
Ram 5.9L. Results showed that production ofyN¥@h biodiesel was also higher
in 3 of the 4 engines in comparison to diegéhng et al. (2000) used a fuel blend
B35 in Cummins 855-14L and DDC Series 60-11.1L eegiand showed that

NOyx emissions were higher for the B35 blend than fa tliesel fuel in the
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Cummins engine. The slight increase in, N@th biodiesel fuels was attributed to
the shorter ignition delay caused by biodiesel’ghbr cetane number. The
ignition delay for biodiesel fuels advanced the bastion timing, increased peak
temperature and pressure, and resulted in highgrfdi®ation.

McCormick et al. (2001) used diesel and variousdigsel fuels in a six
cylinder, direct injected, turbocharged, four seakycle engine rated at 345 bhp
at 1800 rpm. Pollutant emissions of N®ere measured from the exhaust of
methyl esters of canola, soy, and stearate alotty Wi other biofuels and diesel.
NOy emissions per unit power were found to be 5.1, 4.2, and 4.6 g/bhp-h for
commercially available methyl canola, soy, stearated diesel respectively. In
this study, differences in the N@missions were correlated to both chemical
(iodine number) and physical properties (densiée rof fuel injection). Highly
saturated fuels, such as methyl stearate, and fids higher cetane numbers
were shown to produce the lowest N®missions. Graboski et al. (2003)
investigated the effect of the composition of 2&tri@odiesels, four B20 blends,
and diesel fuel in a six cylinder, four stroke,edir injected, turbocharged,
intercooled, 11.1 L, 345 bhp engine. They found @, emissions were higher
for the unsaturated fuels, whether neat biodieselbiodiesel blend, when
compared to diesel fuel with the exception of hygshturated fuels such as
methyl stearate. The EPA (EPA, 2002) has also shinanhB100 and B20 soy
biodiesel and blend produced 13% and 2% morg, K&3pectively, in heavy duty

highway engines than the conventional diesel fuel.
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In general, pollutant emission studies have shdwaha majority of biodiesels
produced more NOthan commercially available diesel fuel. Some arghn the
aforementioned investigations attributed highekgeaperature and pressure, as
resulting from shorter ignition delay caused by tiigher cetane number of
biodiesels, to increased NOformation. Alternatively, other studies have
attributed the increase to chemical parametersyisigothat biodiesels with lower
iodine numbers produced lower N@®missions. These investigations, however,
have difficulty in determining the cause of increddNQ, generation seen with
biodiesel fuels. This is largely due to the compierf the engine studies which
require knowledge of many factors and their effactNQ, production. To better
understand the combustion and formation of pollistamithin engines, some
authors have used spectroscopic techniques to vabsegions of radical
formation in the cylinder.

Nakagawa et al. (1997) obtained distributions of fHdicals and NO using
the planar laser induced fluorescence (PLIF) ars#rlanduced fluorescence
(LIF). The authors used a modified single cylinageotor driven engine with
diesel fuel spray issuing from a single hole ing@ttnozzle. OH radicals were
present in a band-like zone outside the regionlavshé luminescence. NO was
shown to be distributed just outside the obserVachd luminescence zone and
increased during the end of the combustion procgsse the formation of NO
occurred slightly after the time of peak heat re¢eahe authors attributed NO
formation primarily to the extended Zeldovich medisan. Fayoux et al. (2004)

also studied the formation of OH in the combusthiamber of a Homogenous
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Charge Compression Ignition (HCCI) engine running ldended fuels of n-
heptane and n-octane. OH radicals were shown tease during the period of
main heat release and followed regions of high &atpre premixed combustion
and zones of low oxidation of unburned hydrocarbémother study by Demory
et al. (2006) used PLIF to qualitatively study N@daH radical concentrations
of diesel fuel in the cylinder of a rapid compressmachine. As in the previous
studies discussed, the authors observed that tomthin part of the mixing
controlled phase, regions of OH radicals formedairthin band around the
recorded flame front. Literature pertaining to tdoenbustion of neat biodiesel and
blends inside an optically accessible engine igdid) therefore is not presented.
As can be seen above the advantages of opticatlgsaible engines include
the study of actual in-cylinder combustion procesddowever, since this is
complex and requires knowledge of many factorsthea effect on the pollutant
emission generation it can be more effectively ugdtle combustion of these

fuels in a controlled laminar flame environmentully understood.
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1.5.2 Diesd and Biodiesel Flames

Ladommatos et al. (1997) studied the effects ofmata hydrocarbons on
soot formation in laminar diffusion flames of var® diesel fuel blends. Fuels
were vaporized prior to combustion and sent to enfi®stainless steel burner and
the sooting flame heights measured. Diesel fuatdsevaried in the number of
aromatics present ranging from 57 to <0.2% comjorslty mass. By measuring
the flame heights the authors observed the effeftshe aromatics to be
significant. Flames without aromatics, <0.2%, wévand to begin to soot at
nearly four times the flame length as those conpades7%. A related study by
Bryce et al. (2000) showed quantified soot distitms in diesel blends using
laser induced incandescence. By capturing imaféiseoflames of the blended
diesel fuels with aromatic content ranging fromte224% by volume, regions of
fuel pyrolysis, soot formation, soot growth, andots@xidation were shown.
McEnally and Pfefferle (2007) predicted sooting demcies of aromatic
hydrocarbons in a coflow methane/air non-premidaché doped with 400 ppm
of the test hydrocarbon. Testing of 143 fuels saamib diesel including aromatics
such as toluene and tetralin showed that the yseldting tendencies were
strongly dependent on molecular structure. Peread.2007) also investigated
the effects of molecular structure on particulatatter and NO emissions of
oxygenated hydrocarbons. The authors tested sx issimers pairs on a Hencken
diffusion flame burner, where methane was the eagas for the tested esters.
Sooting tendencies increased with increased cacbam length. Additionally,

methyl butanoate and butyl methanoate esters wesereed to increase NO
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emissions while addition of smaller esters metliyhroate and ethyl methanoate
decreased NO emissions when compared to the médivabaseline which was
also attributed to carbon chain length.

Wang et al. (2007) documented the lower extinclimits of biofuels such as
ethanol, dimethyl ester, and methyl butanoate feowounterflow configuration
over a range of equivalence ratios. The primary gbtheir study was to enhance
the basic knowledge of the combustion of biofualsother fundamental study by
Jha et al. (2008) presented relative flame temperatof 13 component methyl
esters found in biodiesel. This was accomplishedming the fuels in a laminar
diffusion wick generated flame. Relative flame temgiure measurements were
acquired using an infrared camera. It was obsetivatdfuels with higher calorific
values had lower flame temperatures and saturateg@nents with lower carbon
chain lengths led to increased flame temperatures.

The studies listed have enhanced the understandinghe combustion
behavior of both diesel and biodiesel fuels by mesmsent of in-flame soot
concentrations, temperature profiles, and globallumt emissions. Other
authors have developed detailed and reduced kimatidels to numerically
simulate the combustion of biodiesel. With thesalet®, knowledge of chemical

interactions occurring and the formation of polhitaare further enhanced.
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1.5.3 Numerical Sudies of Biodiesal and Diesel Combustion

Methane (CH) which only contains one carbon atom considers 325
elementary reactions involving 53 species (GRI-M8d)). Biodiesel, composed
of several fatty acid methyl esters, ranges in @arthain length from 15 to 21.
Similarly, diesel is composed of various differéypies of paraffins and aromatic
compounds. This implies that a kinetic model fali@sel/biodiesel fuel would be
large and computationally taxing. For this reastenaical kinetic models of
diesel and biodiesel fuels as they are sold comaibrare currently unavailable.
Without chemical kinetic models accurate predicioof temperatures,
intermediate radicals, and pollutant concentratiarmot be achieved. To resolve
this problem authors have used surrogate fuelshwduie significantly smaller in
length and computational requirements.

Fisher et al. (2000) developed detailed chemicaletic models for the
combustion of biodiesels by using surrogate fuethyl butanoate (§H100,)
and methyl formate ({£,0,). The mechanisms presented in the paper by Fisher
et al. (2000) were tested against the limited abéél data obtained under low
temperature, subatmospheric conditions in closedsals, using pressure
measurements as the main diagnostic. Weiss et2@D6] also numerically
simulated the formation of NOn biodiesels. For the study the effect of double
bonds in a well-mixed balloon model was used arwvell the time history of a
fuel jet injected into a combustion chamber witmstant inflow of hot oxidizer.
Combustion of methyl butanoate and methyl tranduenoate (€HgO,) fuels

showed that higher temperatures occurred for ttterlaThe authors attributed
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higher temperatures to the presence of the additialouble bonds which
increased NO formation by the thermal mechanismol®oet al. (2008) also
developed a detailed kinetic model for biodieselusyng the surrogate methyl
butanoate. They accomplished this by measuring flaim shock tube and rapid
compression machine at various conditions and @#lected existing data from
literature simulations of: opposed flow diffusidiarhes, jet stirred reactors, and
flow reactors. Authors have developed and madeigyldvailable the chemical
kinetic models for a surrogate fuel methyl butaro@isH100,) (Fisher et al.,
2000, Weiss et al., 2006, Dooley et al. 2008). Thles numerical portion of this
dissertation will use the kinetic model providedbgoley et al. (2008) for methyl
butanoate.

For diesel fuel, fuels such as n-hepatne, n-dodecarhexadecane, and
mixtures of these with toluene have all been usesirhulate the combustion of
diesel (Kitamura et al., 2001, Farell et al., 200/&stbrook et al., 2009). Normal
dodecane has been shown to have similar thermaegahysnd transport
properties to that of diesel (Farell et al., 20Blin-Simiand et al., 2001, Ranzi et
al., 2001). It has been used previously and foonoketa satisfactory surrogate for
diesel according to a review by Farell et al. (20@¥so, since experimental data
in this dissertation was obtained for n-dodecale predictive mechanism would
provide a direct comparison. Hence, the kinetic ehquiovided by Westbrook et
al. (2009) was used; the model consists of 503Cticees and 1282 total species

for the combustion of n-dodecane.
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1.6 Significane of NQ

NOx is a closely regulated emission by the EnvironmleRtotection Agency
(EPA). Its contribution to pollution causes dangerdealth effects to humans,
animals, and the environment. Nbas been shown to cause respiratory irritation,
reduce lung function, induce asthma attacks, peemanng damage, and destroy
plant life (Fernando et al., 2006). AdditionallyONis involved in the formation
of acid rain which can cause damage to manmadetstes. The increased
acidity of waterways also harms wildlife that ocesgplakes or rivers.

The two most common types of N@re nitric oxide (NO) and nitrogen
dioxide (NQ). In the presence of hot stagnant air and sunhigbt can convert to
hazardous ground level ozone. N@ays a role in the catalytic destruction of the
lowest layer of atmosphere (stratosphere) ozong (urns, 2000). Investigation
of causes of NOformation and reduction of the pollutant througth@&ust gas
recirculation (EGR), catalytic converters, and nficdiions to injection timing
has been a well researched topic for conventiongines. The harmful nature of
NOy emissions and their prevention have been studithsively.

NOy formation pathways that are relevant for this gtaan be described by a
few primary mechanisms: (1) the thermal or Zeldbvimechanism which
dominates in high temperature combustion (abov®KBQ2) intermediate pO
mechanism which is most important in lean low terapge combustion
processes, and (3) prompt or Fenimore mechanisnchwlominates in rich

combustion (Turns, 2000).
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The thermal or extended Zeldovich mechanism isrgbaethree reactions:
O+N, < NO+N
N+O, <« NO+O

N+OH < NO+H

Another mechanism contributing to N@ lean low temperature combustion
is the NO intermediate mechanism, important in gas turlcim@bustion (Erazo,

2008, Habib, 2008). The three step reaction far tlechanism is given by:

O+N+M < NO+M
H+ N,O <~ NO +NH

O +NO < NO+NO

The third mechanism is known as the prompt or Feréminvolving
hydrocarbon reaction with molecular nitrogen. Tigaction has been shown to be
dominant in stoichiometric and rich mixtures. Hychidbon radicals react with
molecular nitrogen to form amines (e.g. HCN) ormayde.g. CN) compounds
(Turns, 2000). These compounds are then internedgiatonnected to the

formation of NO. The Fenimore mechanism is shownvee

CH+N < HCN+N

C+N — CN+N
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1.7 Project Impact

Knowledge of the combustion characteristics of gletrm based diesel and
oxygenated biofuels have been enhanced through umesasnts in engines,
flames, and numerical simulations. However, thenerently exists a lack of

advancements in this field to:

1. Test fuels using a common technique that suftdBssharacterizes their
combustion properties attributable to the molecstarcture of fuels
* This can provide a relative scale/technique by twhrarious fuels and

their combustion properties can be compared.

2. Analyze the pollutant emissions of these fualseld on fuel chemistry alone
» By the elimination of effects such as high pressdreplet evaporation,
turbulence, and injection timing this can be acclishpd. Burning fuel
vapor in a controlled laminar flame environment oses most physical

variables that are encountered in more complex cgtobs.

3. Capture the combustion properties of varioussfusing only small quantities
(<50ml)
* This is needed since in bench-scale experimentiiandevelopment of
new fuels, e.g., catalytic modification of existifigels in the laboratory,
the yield of new fuels is very small, on the ordémilliliters. Therefore,

as new fuels are developed and produced in smallnl) amounts, fuel
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developers need to have the combustion and polliwamation potential
of their new products to optimize the fuel prodacticonditions and to

alter the molecular structure of the new products.

4. Determine the cause for NOncrease for biodiesel when compared to
conventional diesel
» Determining the cause(s) of N@ormation can be used to modify the

chemistry of the fuel or reduce unwanted pollugmnissions in the future.
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1.8 Objectives

As mentioned in the previous section there curyestist several methods to
measure the combustion characteristics (e.g. poltuémissions) of diesel and
biodiesel fuels. A common technique to test liguiels based on chemistry alone
would eliminate complicated variables and reduagatians from study to study.
The technique should also be capable of using arggall amounts of fuel (<50
ml). Once the developed technique has been ediad|i# is desired to study the
increased formation of NQobserved in biodiesel fuels when compared to

conventional petroleum based diesel.

Hence, this dissertation will present a two partigtwhich will describe:

(1) The development and validation of a techniqoerapidly assess the

combustion properties of liquid fuels in a lamitambustion environment using

small amounts of fuel and

(2) An investigation of the cause of the increaseNO, produced by biodiesel

when compared to diesel.
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For the first part of the project the appropriag¢up was developed to complete
the objective and was based on the listed criteria:

* Laminar flow maintained in order to avoid the etéeof flow parameters
and thus measure combustion properties attributabllee fuel chemistry
alone

* Pre-vaporize liquid fuel and supply it in gaseoasf to the burner in
order to avoid the atomization and vaporizatioe&# in the test section

» Appropriate burner that provides an attached flémnex range of fuels to
avoid the complex effects of flame liftoff

* Small amounts of fuel in testing (<50 ml)

Once the technique was established, the goalsex¢eaded to answer the second

portion of this report by determining the following

* The primary mechanism(s) (Zeldovich, Fenimore,)etdhich contributes
to increased NQformation for biofuels on a chemical basis alone.
* The effect of chemical parameter iodine numberhenNQ, formation of

diesel and biofuels.
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1.9 Organization of the Dissertation

An introduction to the problem, description of hgdarbon and oxygenated fuels
used in the study, literature review, and discussibthe objectives is given in

Chapter 1.

Chapter 2 presents the experimental techniquesratidimentation used in the

present investigation.

Chapter 3 details the validation of the experimersatup and method to

characterize the combustion properties tested.fuels

Chapter 4 describes the results for the global dlgmmoperties. This includes
flame appearance, flame length, emissions indice®© and CO, and radiation

parameters.

Chapter 5 presents the results and discussioméoexperimentally obtained data
involving the internal structure of the flame. Thiscludes measured flame
temperatures, concentration profiles of stable isgeCO, CQ, and NO), soot

volume fraction, and PLIF images of intermediatecsps.

Chapter 6 contains the numerical portion of theoreghe governing equations,

reaction models, grid parameters, grid independenseasurements, and

comparison of computational results with experirabnt
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Finally, in Chapter 7 a general discussion of tlesettation is given followed by

recommendations for future studies.
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Table 1.1: Composition and properties of No. 2eliésel (ATSDR, 1995, McCormick

et al., 2001, Strong et al., 2004, Annamalai andg, R007)

No. 2 Diesel
Hydrocarbon Type % By Volume
Paraffins ( n and iso) 41.3
Monocycloparaffins 22.1
Bicycloparaffins 9.6
Tricycloparaffins 2.3
Total saturated hydrocarbons 75.3
Alkylbenzenes 5.9
Teralins 4.1
Dinaphthenobenzenes 1.8
Naphthalenes 8.2
Acenaphthenes 2.6
Acenaphthylenes 1.4
Phenanthrenes 0.7
Total aromatic hydrocarbons 24.7
lodine Number 8.6
Assumed Molecular Formula CiradHoag
LHV (MJ/kQ) 42.6
Density (kg/nt) 850
Cetane Number 45
Final BP (°C) 345

Table 1.2: Composition and properties of B100 l@edis soy methyl ester and canola
methyl ester (Lang et al., 2001, McCormick et2001, Adams et al., 2004, Strong et al.
2004)

Fatty Acid SME CME
composition Composition
(% by weight) (% by weight)
Palmitic 6.5 4.2
Stearic 4.9 2.2
Oleic 20.5 67.2
Linoleic 68.0 18.9
Linolenic 0.0 7.4
Eicosenoic 0.0 0.0
Erucic 0.0 0.0
lodine Number 141.6 115.0
Assumed Molecular Formula C13,3H34,602 C19H3602
LHV (MJ/kg) 37.0 37.4
Density (kg/nT) 887 881
Cetane Number 47 55
Final BP (°C) 346 405
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Table 1.3: Composition and properties of n-dode@atemethyl state (Krisnangkura,
1991, McCormick et al., 2001, Santana et al., 2@0fHamalai and Puri, 2007)

Fuel Dodecane Methyl Stearate
Type alkane (n-paraffin Fatty Acid Ester (saturated
lodine Number - 0.5
Molecular Formula CioHo2s Ci19H3802
LHV (MJ/KQ) 44.4 37.4
Density (kg/nT) 749 868
Cetane Number 87 86.9
BP (°C) 216 430
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Chapter 2
Experimental Setup and Procedure

To effectively complete the objectives of this raposelection of the
appropriate instrumentation and setup was essebthils of the experimental
setup and its components are discussed here aliihghg background for the
measurement techniques. A list of the instrumeseduTable 2.1), operating
conditions (Table 2.3), and test matrix (Table 225¢ also presented in this

chapter.

2.1 Laboratory Combustion Chamber

All experiments were conducted in a vertical stedt chamber of cross
section 76 cm x 76 cm and 100 cm height. The bunsed for the experimental
was housed within the chamber at its bottom certee walls of the chamber
contained windows provided with removable slottecetah sheet covers
measuring 96 cm x 25 cm to allow optical (lasemtpgraphy) and instrument
(thermocouple, emissions probe) access. A schemaiging of the combustion
chamber can be found in Fig. 2.1. The top of thelmastion chamber was open to
atmosphere through an exhaust duct. The ambiesspre of the laboratory was
maintained slightly above the atmospheric presgét28 Pa) to provide a positive
draft inside the test chamber so that combustiadymts flowed through the

exhaust duct and did not leak into the main lalooyafacility.
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2.2 Burner and Fuel Delivery System

Several burners, including flat-flame, counter floBunsen burners, and
circular tubular burners were tested with vario@parized liquid fuels. The
porous medium in the flat-flame burner became aogdue to soot or coking.
The cooling provision in the flat flame burner maddifficult to control the heat
input necessary to vaporize the liquid fuels andigheir condensation. The
counterflow burner’'s complex design and varyinglwhickness made it difficult
to provide sufficiently uniform heating to compliste@aporize the liquid fuel. The
Bunsen burner also posed problems because premis®icand measurement of
the air flow rate supplied to the flame were inaate. Therefore, a stainless steel
circular burner (ID = 9.5mm, Fig.2.2) with a bewklgm was chosen. The burner
could be manufactured quickly, heated easily, araviged a stable, laminar,
repeatable flame.

Fuels tested in this study were in liquid form hertcwas required that they
be completely vaporized and delivered to the burBgrpre-vaporizing the fuel,
the fluid mechanics effects associated with dropleiporation were eliminated
and allowed the fuels to be burned in a laminanéanvironment. To vaporize
the fuel effectively, but not cause liquid phaseobysis and lead to coking of the
fuel, high temperature heating tape was used arigtesd in Table 2.1. The
heating tape was wrapped around the 12.7 mm (O@hless steel feed line
tubing. The heating tape was connected to a priopaittemperature controller
which was continuously monitored as were the dietiand exit temperatures

through K-type (chromel-alumel) thermocouples endeedin the feed line, Fig.
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2.2. Maintained temperature was selected to b8CGt®ased on the final boiling
points of the tested fuels. The temperature wascgritly high enough above the
final boiling point of the fuels so as to complgtehporize the injected fuel and
low enough so as to prevent coking in the feedliddter several test runs with
fuel, the inside of the tubing was examined forwmied fuel or coking to ensure
that nothing accumulated within the tube walls.

The liquid fuel was delivered to the heated cargas (air) stream through a
high temperature silica-based septum with a 56 capacity syringe. A syringe
pump was used to supply the liquid fuel throughdinenge. The heated line was
long enough to ascertain that the liquid fuel waspletely vaporized in the air
stream before exiting the burner. The volume fl@aterof the carrier gas was
monitored using a calibrated rotameter. The resylthixed fuel and air mixture
was ignited at the exit of the burner with an exaétrpilot flame which was

removed after ignition.
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2.3 Instrumentation

2.3.1 Flame Visualization

Visible flame images were acquired using an 8 magal digital AF SLR
camera (EOS Digital Rebel XT/EOS 350D). The imagese obtained under
similar lighting conditions with a dark backgrouati1/25 second shutter speed.
Images were taken perpendicular to the flame whiglis assumed axis
symmetric. Using an appropriate software (GIMP wer2.6.6) the amount of
pixels were counted and converted into the lengthles using a calibration
reference.

Flame length was determined by counting the nurabpixels from the tip of
the burner to the farthest point of visible lumitypsThis pixel count was then
converted into a length scale using the calibratieference. Ten images per
flame condition were taken at arbitrary time intdsvand the resultant flame

lengths were averaged.
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2.3.2 Temperature Profiles

For flame temperature measurements an in house md®um-13%
rhodium-platinum (R-type) thermocouple with wireatieter of 0.12 mm and
bead diameter of 0.25 mm was used. The thermocauggemounted onto a two
dimensional linear traversing mechanism. Profilesrevtaken at three axial
locations, 25%, 50%, and 75% of the visible flanegght. Data were acquired
from the thermocouple through the use of LabVIEW data acquisition software
at a sample rate of 2 Hz over a 60 second timerviateat each point.
Thermocouple data were then corrected for radiane conductive losses. This

setup can be seen in Fig. 2.3.
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2.3.3 Global Emissiong/In-Flame Species Concentration Profiles

Global emission measurements were measured byctoiegas samples
through a 1 mm diameter tip uncooled quartz prdbe.tube expanded to a 6 mm
ID tube uncooled quartz probe placed at the top Bfrex flue gas collector, Fig.
2.4. The Pyrex flue gas collection funnel was plia26 cm above the burner tip
exit so that post combustion products were mixed eould be collected. The
collected gas samples were passed through a diltérice-chilled water bath to
remove particulates and moisture. A NOVA model 3P5\fortable flue gas
analyzer was used to measure the concentratioNOpiCO, CQ, and Q. The
0O,, CO, and NO sensors were electrochemical ‘fuel ¢gbe sensors which
produced small electrical outputs proportionalite volumetric concentration of
the gas being detected. The LCstrument used a non-dispersive infrared
(NDIR) to determine the concentration. The analyzemre calibrated with
standard zero and reference gases before measusenere taken.

For global emissions, in order to correct for ddatof the product gases from
ambient air entrainment the emission index was (achs, 2000). The emission
index expresses the amount of pollutant formedupér mass of the fuel burnt,

Eq. (2.1).

El =] — X (N MW, jmooo (2.1)
Xco tXco, MW,

where; represents the mole fraction, i8l the number of carbon atoms in the
mixture, and MWand MW are the molecular weight of species i and fuekds

assumed that all of the fuel carbon appeared eit®erCQ or CO. This
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assumption was justified in the present case becthes flames tested were not
smoking, thus, there was no solid carbon in theaegh also, the amount of
carbon radicals was expected to be at concentréiels of parts per million
(Ppm).

In flame species concentration profiles (C@,, NO) were taken with a
custom made water cooled stainless steel gas sgmybe, Fig. 2.5. The probe
consisted of a short 1.75 mm inner diameter andvr2outer diameter stainless
steel tube cemented with high temperature ceraghesve into a stainless steel
4.6 mm inner diameter 6.35 mm outer diameter holddris probe could
withstand the high temperatures produced by thadtawhich tended to soften
quartz tubing. Additionally, the diameter of themgding probe was large enough
not to clog from soot accumulation on the inlet.

For in flame concentration measurements the sampliabe was mounted on
a two dimensional linear traversing mechanism. Measents were taken with
the probe placed perpendicular to the burner cemeerThe probe was radially
traversed at 2 mm intervals and at the same axisitipns as the temperature

measurements.

36



2.3.4 Radiative Emissions

A wide view-angle (159 high sensitivity pyrheliometer was used to measur
the total radiation from the flame{g). The pyrheliometer had a linear output
with a sensitivity of 23.65 W/AmV. The pyrheliometer was located far enough
(50 cm) from the burner, so that its view-angle ered the entire flame length
and the flame could be assumed as a point solmee was farther than 1.5 flame
lengths to satisfy the inverse square law. A datpisition board along with
suitable software was used to sample the measadidtive heat flux. Each test
was run for a time duration of 3 minutes with a plng rate of 2 Hz, allowing
the heat flux to reach a steady value. The dataavasaged over this sample
time. Next, after the flame was extinguished thekigeound radiation (@ckground

was obtained and used for correction of the t@diation (Qorrecteq-

qcorrected = qtotal - q background (22)

In order to use the measured radiative heat flushtracterize the fraction of
energy emitted from the flame in the form of raidatthe radiative fraction of

heat released (F) was used. This also allowed @aoson of different fuels.

4 2
F= ]r-‘fl:ﬂ_ﬂit;rrected (23)

fuel
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wheret was the distance from the flame centerline topyrdeliometer, grected
was the corrected radiative heat flux measuradywas the mass flow rate of the
liquid fuel, and LHW, was the lower heating value of the liquid fueltées A

schematic drawing of this setup can be seen inZg.
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2.3.5 PLIF Instrumentation

Planar Laser Induced Fluorescence (PLIF) has besad extensively to
determine the relative population densities of rimidiate radicals within a
combustion test medium. For PLIF measurements, selenagth-controlled
narrowband light source (laser) is used to excitéenules of a desired species to
a higher energy level. The incident photons abgsbdieeach point are re-emitted
with a modified spectral distribution. The re-emdttphotons, a form of molecular
scattering and radiation termed fluorescence, afe interest for PLIF
measurements. By capturing emitted fluorescenceraintrusive method for
measurement of various flow field properties, sashspecies concentration, with

low temporal (5-20 ns) and spatial resolution carabcomplished.

The laser system used for the measurements inceu@aanta-Ray GCR 200
pulsed Nd:YAG laser and Quanta- Ray MOPO-730 OpResiametric Oscillator
(OPO) with Frequency Doubler Option (FDO). The G2BD generated a laser
beam at a wavelength of 355 nm, which pumped th®.OFhe OPO was a
coupled dual oscillator system including the powscillator, which was seeded
by the narrow output maser oscillator. The gaintie OPO system was
accomplished from the nonlinear interaction betwé®ss intense optical wave
(laser) and crystal having a large nonlinear poédility coefficient. Tuning of
wavelengths of the passing laser was obtained teyiray the angle of the OPO
crystals made from Type | Beta Barium Borate (BB&Yystal. The tuning
wavelengths range from 190 — 2000 nm (ultraviodetnfrared) when using the

FDO.
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PLIF measurements were acquired by using a laser a Princeton
Instruments Model ICCD 576-G/RB-E camera with narliandwidth filter (= 10
nm), which reduced effects of background noiseta@yslight. A focusing lens
was also placed in front of the camera to focusitteges onto the ICCD array.
The output beam of the OPO/FDO was directed withighaly reflective optical
turning mirror onto a cylindrical lens creating asér sheet. The laser sheet
created a 2-D sheet of radical fluorescence whiel directed into the testing
section. Florescence images were then acquire6°ab3he incident laser sheet.
A schematic diagram of this setup can be seengnZv. A dual channel digital
delay with a gate pulse generator was used to @aatid synchronize the imaging
process with the laser. The gate pulse generatsrtrigggered using the Q-switch
advance synchronizing signal.

The laser was tuned to the corresponding excitatiavelength of OH (283.5
nm) and later for CH (431 nm). OH was pumped atQhé5) transition in the OH
A% X1 system of the (1,0) band and the resulting flumease from the (1,1)
band (315 nm) was collected. CH PLIF was done usiiregtransition of (0,0)
band near 431 nm of the?’A —X?II system. In case of CH the transition was
highly diagonal hence the excitation and detectvene done on the same band.

PLIF images were captured from a flame region pamifiom the injector exit
to 5 cm above the burner. Because of the limitetd fof view of the ICCD
camera composite images of the flames were overthgmd used. Images are
presented as normalized signal intensities progidmnualitative representation.

Signal intensities were normalized by dividingrathdings by the maximum value
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detected by the ICCD for a fuel; this is furthesalissed in Chapter 5. A total of
40 images were acquired using WinView /32 ver AR 2data acquisition

software and averaged.
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2.3.6 Soot Volume Fraction Measurements

A 5 mW Helium-Neon laser(= 632.8 nm) was used as a light source with a
power detector that was placed opposite to the Bghrce after passage through
the flame. A schematic drawing of the setup usedsft volume fraction is
presented Fig. 2.8. The beam attenuation due tprésence of soot was obtained
by measuring the intensity of light with and withdhe flame field. The burner
remained stationary, requiring the laser and podetector to be placed on
traversing mechanisms to obtain radial and axiafilps. The laser and power
meter were moved equal distances in the radiattitire and traversed in the axial
direction at the same locations where flame temperaand in flame species
concentrations had been recorded. The power detpatwided both digital and
voltage outputs. Voltage readings from the powdecter were sent into a data
acquisition board with Labview 7.1 and were digit@ampled at the rate of 2 Hz
for 1 minute. The average of the collected powadimgs at each location was
then used in the calculation of soot volume fractiBquation (2.4) presents the
relationship used for the calculation of this paggen This relationship derives
from the application of Beer's Law and Mie’s the@y seen in a paper by Yagi
and lino (1962) for a propane-air flame. This tielaship has been used by
several authors including Bryce et al. (2000) whaled the soot distributions in
a diesel-air flame and combustion in a diesel engiickett and Siebers (2004)
also used this relationship for a constant volumgh pressure and temperature,

constant volume combustion of a diesel fuel jenia
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=)o
f, K 5[6 (2.4)

For Eq. (2.4) 4 was the incident laser intensity, the attenuated laser
intensity, k the spectral extinction coefficient based on thieactive indices of
the soot) the laser wavelength, and th¢éhe flame thickness.

For the flame thickness calculations the visiblamié images, assuming
axisymmetry, of each fuel were used and processéd @GIMP 2.6.6 visual
software. Further, the spectral extinction coeéiittiwas assumed to follow Eq.
(2.5) defined by Bryce et al. (2000), where theagtive index of soot had a value
of 1.80 + i0.58 at a signal wavelength of 633 nror Eq. (2.5)n and «

represented the real and imaginary parts of thraat¥e index, respectively.

36m), K,

k, =
’ (ﬂf—KfJfZ) +4mKA

(2.5)
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2.4 Stoichiometric Calculations

The fuels used in the present study were assumbdvi® a general chemical
formula based on the average composition of therdogibons or fatty acid
methyl ester components that comprised the diesdl l@odiesel fuels. The
chemical equation used for the calculation of tteéckiometric air/fuel ratio for

oxygenated or hydrocarbon fuels can be seen ().

CiH2yO2, + @ (Q +3.76N) > XCO, +y O + (3.762) N (2.6)

where;

a:x+%—z (2.7)

And the stoichiometric air/fuel ratio by mass candalculated by Eq. (2.8):

AE = a(32+ 376(28)

stoic — (28)
12x + 2y + 322

Calculation of the Ak.icby mass for diesel, canola methyl ester, soy methyl

ester, methyl stearate, and dodecane is preseniabie 2.2.
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2.5 Reynolds Number Calculations

The range of tested equivalence ratios was baseldeopremixed to partially
premixed combustion that occurs in some combusidrs.change in equivalence
ratio was accomplished by varying the volumetricfliw rate and maintaining
the fuel flow rate constant. The mixture flow ratesre kept so as to maintain
laminar flow hence a low Reynolds number (Re) a& #éxit of the injector.
Viscosities for the vaporized fuel and air mixtuvere calculated with data from

Maxwell (1968) and the Egs. (2.9-10) from Kanur9{%).

umixture = Z nXiui (29)
i=1
Z i€
j=1
1 MW -1/2 1/2 MW 4 2
Q, =—=|1+—— N L I i} (2.10)
J8l Mw, b, ) (MW,

Wherey; is mole fraction of the species i, n is total n@mbf species in the
mixture, y; is the viscosity of the species i, and M\ the molecular weight of
species i. Table 2.3 lists the nominal experimectalditions and range of Re for
the fuels.

Experimental uncertainties are also given in Téxe The values shown are

based on the student-t distribution 95% confidantzval.
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2.6 Description of Test Matrix
Experiments presented in this dissertation werdopaed to complete the

initial objectives which were to:

1. Develop a method for the rapid characterizat@nthe combustion
properties of liquid fuels and validate this teicue using only small

amounts of fuel.
2. Determine the dominant mechanism(s) (Zeldoviénimore, etc.) and
effect of chemical parameter iodine number on thereased NQ

formation for biofuels on when compared to diesela chemical basis

alone.

Chapter 3 presents the development and validatiotheo method of rapid
characterization of combustion properties of liqfietls in detail. This newly
developed method was then extended to completeettend objective.

Table 2.5a and Table 2.5b describe the conditiodsfaels used for both the
global and flame structure measurements requirethé&second objective. Each
of the five fuels was tested over a range of edene ratios from 1.2 to 7. This
range was selected to simulate the premixed teaafignbremixed combustion that
occurs locally in diesel engines and rich burn soofeutility furnaces. Fuels also

provided a range of the chemical parameter iodumaber from 0.5 to 141.6.
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Table 2.1 Parts and Instrumentation used for teegmt study

Key Parts and Instrumentation

Manufacturer/ Model Number

Syringe Pump

Harvard Apparatus 975

50 cc Interchangeable Syringe

B-D Multifit 512135

High Temperature 11 mm Inlet Septal

Agilent 5183475

High Temperature Heavy Insulated He
Tape

at Omega Engineering Inc. STH051-080

Rotameter with Tantalum Ball

Lo-Flo with Tube TypK ¥4"-15-G-5

Omega Temperature Control

Omega Engineering In@.90R12

Digital AF SLR 8 MP Camera

EOS Digital Rebel XT/EQS0D

NOy, CO, CQ, O, Emission Analyzer

NOVA 376 WP

Type R and Type K Thermocouple

Omega Engineering In

Radiometer

Hy-Cal P-8410-B-10-120-XC-400

Precision Laser Power Meter

Coherent FieldMate 2028

5 mW He-Ne Laser

Spectra Physics 105-1

Pulsed Nd: YAG Laser

Spectra Physics GCR 250-10

Optical Parametric Oscillator (OPO)

Spectra PhySIGPO-730

Frequency Doubler (FDO)

Spectra Physics FDO 970

Photomultiplier Tube with Cooled
Housing

Oriel Instruments 77345/77265

Photomultiplier Power Supply

Oriel Instruments 7870

Spectrometer with Holographic Grating

) Oriel Instents 77700 and 77740

Pulsed Laser Power Meter

Ophir Optronics Ltd. NOA

ICCD Camera

Princeton Instrument ICCD-576E

Digital Gate Pulse Generator

Princeton InstruméntP200

Camera Controller

Princeton Instrument ST-138

ICCD Camera Image Acquisition
Computer

Gateway P-200

Data Acquisition Hardware

National Instruments LialawBoard
SCB-100

Data Acquisition Software

National Instruments Lislw 7.1

Data Acquisition Computer

Dell OptiPlex GX — 400

Image Acquisition Software

Princeton Instrument Waw

Traversing Mechanism

Unislide / Velmex Inc.
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Table 2.2 Stoichiometric air/fuel ratio calculategmass for all fuels tested

Fuel (A / F)stoicbymass
No. 2 Diesel 14.32
Dodecane 14.94
Canola Methyl Ester 12.52
Soy Methyl Ester 12.43
Methyl Stearate 12.67

Table 2.3 Nominal Experimental Conditions

Tubular Burner Diameter Inner Diameter 9.5 mm
Outer Diameter 12.7 mm
Volumetric Fuel Flow Rate (IYs) 2.67 x 10
Air Flow Rate Range (fs) Diesel: 3.83-225x10
Dodecane: 3.5-20.6 x'10
CME: 3.5-20.6 x 10
SME: 3.5-20.6 x 0
MS: 3.5-20x f0
Injector Exit Reynolds Numbers
(based on gas mixture density 125 -745
and viscosity at 436C)
Ambient Temperature 295 K
Ambient Pressure 101 KPa
Feedline Temperature 480

Table 2.4 Estimated experimental uncertaintiesgeeéntage of Mean)*

Flame Length 12.5 %

Temperature 5%
Elno 11 %
Elco 15 %

Concentration of NQ 5%
Concentration of CO 11 %
Concentration of @ 4 %
Concentration of C® 8 %
Radiative Fraction 9.5 %
Soot Concentration 13.5 %

*values obtained at a 95% confidence level witlidsti-t distribution
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Table 2.5a Test Matrix (Global Properties)

Fuels lodine Number  Equivalence Ratio = MeasuredrRatiers
Diesel 8.6 1.2,2,3,7
Dodecane - 1.2,2,3,7 Flame Length,
CME 115 1.2,2,3,7 Emission Index,
SME 141.6 1.2,2,3,7 Radiation
MS 0.5 1.2,2,3,7
Table 2.5b Test Matrix (Flame Structure Measuresjent
Fuels lodine Number  Equivalence Ratjo Measured
Parameters
Diesel 8.6 1.2,2,3,7 OH/CH
Dodecane - 1.2,2,3,7 concentration,
CME 115 1.2,2,3,7 Temperature
SME 141.6 1.2,2,3,7 Profiles, Emission
MS 0.5 1.2,2,3,7 Profiles, Soot
Volume Fraction
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Figure 2.8 Schematic drawing of experimental setgd for soot volume fraction
measurements
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Chapter 3
Development of Experimental Technique

To meet the first objective, to rapidly assess ¢benbustion properties of
liquid fuels in a laminar combustion environmeltte tappropriate experimental
apparatus was developed. This chapter extends end#scription of the
experimental setup used in Chapter 2 and descritsedevelopment and

validation process in detalil.

3.1 Burner and Fuel Delivery System Development

The burner selection process was based on théyabili
0 Maintain a laminar flame with combustion propertiede dependent
only on fuel chemical properties (independent oWflcharacteristics)
0 Heat reactants to temperatures that would vaptnzdéquid fuel
completely without coking.
0 Support a variety of flames including premixed tigdlly premixed, and
non premixed flames

o Provide repeatable measurements

There were four burners that were considered fer ékperimental setup
including: flat flame, counter flow, Bunsen, andular burners. Digital camera
photographs of the burners are presented in Fig.A.brief description of the

burners and their implementation is also giverhafbllowing sections.
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3.1.1 Flat Flame Burner

The first burner considered was the flat flame burhe flat flame burner
apparatus consisted of a cylindrical chamber wishcan diameter porous medium
disc constructed of sintered stainless steel atops A water cooling system
extended throughout the entire system enterinchatblase of the burner and
circulating throughout. The burner provides a laaniand uniform flame front,
however, presented difficulties for this projecpeSifically, heat input to the
burner became difficult since the water coolingkgcacted to continuously cool
the fuel/air mixture potentially condensing theulid| fuel in the porous medium.
Another difficulty was to ensure that the porousdiaen did not clog due to soot
or coking that occurred when burning fuels withthromatic content such as

diesel or toluene.
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3.1.2 Counter Flow Burner

The next burner considered was a counter flow @evithe counter flow
burner was manufactured in the Aerospace and Medddangineering machine
shop. The burner nozzles were made from brass &mdirmm and were
surrounded with copper tubing. They were placea@line outer surface of the
burner to remove excess heat transferred to thmialum section of the burners.
The two nozzles, identically manufactured, werecgthabove each other on a
traversing mechanism allowing the adjustment ofatkial separation between the
burners. The contour of the burner nozzle was desigo produce a flow that
was uniform and laminar at its exit. This burneswiever, was not used since
sufficient uniform heating to vaporize a liquid fueas difficult due to the

complex design of the burner.

57



3.1.3 Bunsen Burner

The Bunsen burner was the next considered. Fuekls@ugh the base of the
burner caused air to be drawn in from the ambiemtrenment through its inlet
ports. The area of air ports increased or decreabeding for more or less air,
changing the equivalence ratio of the resultingrpxed flame at the burner exit.
This burner’s simple design allowed for uniform tieg along the surface,
however, air drawn through the inlet ports could bhe measured without

performing complicated procedures. Therefore, tisier was also not used.
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3.1.4 Tubular Burner

Because of its simple design, easily heated surtawd simple manufacturing
procedure the tube burner was selected for thidysttor low fuel and air flow
rates this burner supports laminar lean and riempted, partially premixed, and
non-premixed flames ideal for the present invetitga A drawing of this burner

can be seen in Fig. 3.2.
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3.1.5 Heating the Setup

In order to completely vaporize the liquid fuel tt@rect temperature needed
to be selected and the appropriate method apmideédt to the setup. The boiling
points of the fuels used in the present experincantbe seen in Tables 1.1-1.3
and Table 3.1. Based on their final boiling poihath fuels tested a temperature
of 430°C was selected for nominal operational conditidnsorder to heat the
experimental setup to this temperature 627 wattigpdapes were used. The
heating tapes were wrapped around the 12.7 mm (€@&hless steel tubing.
Power was supplied to the tapes by a regulated opiiopal control. The
proportional control was regulated by the tempeegatuithin the feed lines that

were monitored with embedded K-Type thermocouples.
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3.1.6 Fuel delivery System Devel opment

A schematic of the initial experimental setup i®wh in Fig. 3.2. Methane
and air were passed through the heated lines ablestt a premixed flame at the
exit of the burner. Methane was used to ignite stiatbilize the flame resulting
from the vaporized liquid fuel. Flow rates of meteaand air were monitored with
mass flow meters and were kept constant for alditmms. In order to transfer
the liquid fuel into the heated air stream a 3 capacity hand injection syringe
was initially chosen. Small amounts of fuel wergedated through a high
temperature septum placed the carrier gas streakno®n volume of liquid fuel
was injected using the hand syringe. The time @fciion was measured using a
stopwatch; thus, the average liquid fuel flow nates calculated. To determine the
radiation heat flux from the fuel alone, data weken from the methane flame
and background 60 seconds prior to the liquid fogction and was subtracted
from its value at all data points. Upon injectiohtbe fuel vapors the flame
length, luminosity, and radiation increased siguaifitly; however, results
obtained by this method were unsteady. Figure Ba@Wws an example of the
radiation heat flux obtained from injecting the [fwath a hand operated syringe
for CME and diesel fuel. The radiation heat valsediin the calculation of the
radiative fraction of heat released (F-values) sedfq. (2.3) was determined by
determining the area under the curve in Fig. 3idguthe Simpson’s 3/8 Rule
integration technique.

Manual injection was initially chosen for deliveoy the fuel to the setup for

its simplicity. However, unsteady flow rates andoes from approximations in
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the integration of the radiation heat flux requigedew technique to deliver the
fuel. For these reasons a syringe pump was usedhwprovided steady
volumetric flow rates to the burner. The steadydiregs reduced errors in the
calculation of the measured heat flux from the Barigure 3.5 shows a typical
heat flux measurement, after subtraction of the hame# and background
radiation, using the syringe pump injection metheichm Fig. 3.5 it can be seen
that the initial and final radiation measuremeng&evzero having a steep increase
in the heat flux when the liquid vapor was introeédavith a drop to zero once the
supply of fuel vapor had ceased. The radiation fleatremained flat during the
duration of fuel burning, indicating that the liqufuel supply was steady. An
average value of the steady radiation heat flux thhas used in the calculation of

the radiative heat fraction, Eq. (2.3).
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3.2 Effect of Liquid Fuel Injection Rate

The first set of experiments were conducted to rdetee the optimal
conditions at which the measurements would be iedeégnt or weakly sensitive
to burner operating variables other than the flibe fuel injection rate was one
such variable. Figure 3.6 shows the variation ef tldiative heat fraction with
liquid fuel injection rate for No. 2 diesel and CMf&odiesel flames. The
measured radiative fraction values were in agreémih the results of Hura and
Glassman (1987) for hydrocarbon fuels. Althoughrdmdiative heat fraction was
weakly dependent on the fuel injection rate, thecimam values occurred at a
particular injection rate (1.60 éfmin for CME B100 and 0.82 cimin for the
No. 2 diesel). Love et al. (2009) showed that fetrgleum derived hydrocarbon
fuels, the maximum radiative heat fraction occuraédhe same injection rate,
whereas the biofuels required a different flow rimte maximum radiation. This
was thought to be due to the presence of oxygéehein fuel molecules. Thus, to
compare maximum radiation potential of differeninilies of fuels, it would be

necessary to make a small adjustment to the fiegtion rate of the liquid fuels.
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3.3 Effect of Methane in Fuel of Flames

After establishing the appropriate burner and fiedivery system, which met
the requirements listed in the objectives of tkisart, it was desired to determine
the effect methane had on the combustion charatitsi Flame studies
conducted up to this point had burned in a metlaankgquid fuel vapor mixture.

To quantify the effect of methane two conditiongeveonsidered:

Mode 1- Vaporized fuel flame burning with a methane-&infe (pnethane ShOwn
on plots is the ratio of the stoichiometric air/traate mass flow ratio to the actual

air/methane mass flow ratio.)

Mode 2— Vaporized fuel flame burning with external iganisource and

removed during the test

Figure 3.6 presents the radiative heat fractio@ME and diesel fuels plotted
against fuel injection flow rate. The maximum unagtties are shown as error
bars. For Mode 1, the radiation associated withpiteanixed methane-air flame
and the background was subtracted from the totalsored radiation to quantify
the value emitted from the combustion of fuel aloRer Mode 2, only the
background radiation was subtracted since the metsapply was switched off
at the onset of ignition. Table 3.2 shows the nainoperating conditions for both

Mode 1 and Mode 2.
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No measurable dependence of radiative fraction o methane flame
equivalence ratio was observed for Mode 1, indncathat the influence of pilot
flame characteristics on the radiative emissioricqpfid fuels in these tests was
insignificant (Fig. 3.6). However, the radiativealhdraction measured in Mode 1
flames was 5-10 % higher than the correspondingegain the Mode 2 tests. This
was traced to the higher temperature, promotingcted fuel pyrolysis in the
presence of the methane-air pilot flame in ModeTherefore, Mode 2 was

selected for further studies in order to elimirtaie pilot flame effects.
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3.4 Validation of Experimental Setup

3.4.1 Radiative Fraction

In order to validate the present experimental tephanthe values of radiative
fraction of heat release measured in this studgwempared with those reported
in literature. Two additional fuels other than tadisted in Chapter 1, toluene and
kerosene, were tested to compare with values easgdilable in literature. The
properties of these fuels can be found in Table Bidure 3.7 presents the values
of radiative heat fraction for the fuels testedtle present study to the values
available in literature. For this study toluene ibxled the highest radiative heat
fraction (0.41) at 0.82 cimin followed by kerosene (0.36), petroleum derived
No. 2 diesel fuel (0.32), and CME B100 biodiesadlf(D.23), in that order. The
values did not change significantly even as theidiguel flow rate was doubled
to 1.60 cnimin with toluene again producing the highest Fuea(0.38) followed
by kerosene (0.32), diesel (0.32), and CME (0.ZRg toluene flame produced
the highest amount of radiation for both casescégmoduced the highest amount
of soot, whereas the biodiesel flame had the leaBative fraction and the least
soot emission. These observations are in accordaitbheprevious results from
literature (Jassma and Borman, 1980, Koseki, 19&8]e et al., 1995, Durbin et
al., 2000, Pinto et al., 2005).

Figure 3.8 presents flames of No.2 diesel, kerqsané toluene which were
completely luminous yellow corresponding to thenfation and combustion of
soot throughout the flame which emitted continu@adiation at all wavelengths,

hence higher radiative heat fraction values. Fer@ME biodiesel flame a blue
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region was observed near the injector exit indigathe dominance of gas-phase
oxidation reactions. In this region the moleculdstynded oxygen was available
to participate in the oxidation of hydrogen, carbonanoxide, and nitrogen, thus
resulting in the blue hue observed at the basd@fflame and lower radiative

emission.

The present measurements for No. 2 diesel fuelkandsene agree within
experimental uncertainties with findings from Kois¢k989). Radiative heat
fraction measured for toluene, however, was shglatlver than that provided by
Koseki (1989) for liquid pool fires and Wade et(@995) for liquid spray flames.
The differences in the size of the flames whicleetffthe optical thickness in
radiation emission, and the differences in the -&iel mixing conditions
(homogeneous conditions in the present study asssgbto the heterogeneous
reactions which become dominant in sooty flameswaatcfor the lower values in
the present case). Nonetheless, the close agreerhdre literature values with
the current measurements establishes confidence vafidates the current

technique.
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3.4.2 Comparison with Published Values of Emission Index

Global pollutant emissions from the flame were dateed with the Emission
Index which expresses the amount of pollutant fatmer unit mass of fuel burnt.
The global Emission Index of NO and CO were caledawith concentration
measurements from gases sampled from the flames. allditional fuels other
than those listed in Chapter 1, pentane and hepiatfe properties shown in
Table 3.1, were also tested to compare to valusil/eevailable in literature.

Measurements were taken at the injection rate sporeding to the maximum
radiative heat fraction values of 0.82 and 1.60/crim, Fig. 3.9. The pentane
flame produced the highest\glvalue (1.03 go/kgrel) followed by heptane (1.00
Ono/KGrue), CME (0.71 go/kdrel), and petroleum diesel (0.59@kgre) at the
fuel injection rate of 0.82 cffmin. Results for Ko at the next fuel injection flow
rate of 1.60 criimin also showed that pentane produced the higrese (1.27
Ono/KGrer), followed by heptane (1.05ngkKGwe), CME (0.81 @o/kOre), and
diesel (0.75 go/kgre) in that order. A comparison between the valugaiobd in
this study and those found in literature is preseénh Table 3.3. Pentane and
heptane flames from the present study producedesalof Eko within
experimental uncertainties to those of Jaasma amoh& (1980). Table 3.3 also
shows that a relative comparison ofi&for CME and diesel agree with engine
testing results. For the present study it has lsbenvn that CME produced 9%
higher NO emission than diesel fuel at a fuel itigecflow rate of 1.60 criimin
which is comparable to results engine studies (Duebal., 2000, McCormick et

al., 2001).
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Elco measurements were also calculated at the twotiofetuel flow rates
corresponding to the maximum radiaitive heat fratti0.82 and 1.60 cimin,
Fig. 3.9. The inverse trend of \gl was observed for these measurements where
pentane produced the lowest value (3.8%/ld.e) followed by heptane (4.6
Jco/KGre), CME (16.26 go/kgre), and petroleum diesel (36.2@kgre) at the
fuel injection rate of 0.82 cffmin. Results for EJo at the next fuel injection flow
rate of 1.60 criimin also showed that pentane produced the lownasiev(5.88
Oco/Kgrel), followed by heptane (11.22:@kguwe), CME (19.36 go/kgrel), and
diesel (41.5 go/kgrer). A comparison between the values obtained fep ki this
study and those found in literature is also pressbnbh Table 3.3. A relative
comparison of BJp for CME and diesel also agree with engine testegylts.
For the present study it has been shown that CMilymed 53% lower CO
emission than diesel fuel at a fuel injection floate of 1.60 criimin which was
comparable to results engine studies that foundelo@O exhaust emissions

ranging from 20 to 50 % (Durbin et al., 2000, Darad al., 2003).
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3.4.3 Equivalence Ratio

For all test conditions in this chapter the aimfloate was kept constant at
2300 cni/min as the fuel flow rate was varied from 0.492t& cni/min. Flow
rates of all fuels for this chapter were selectaseldl on the maximum F values of
hydrocarbon fuels such as toluene, kerosene, pentheptane, diesel and
oxygenated fuel CME. This resulted in different ieglence ratios for each fuel

tested. The calculated equivalence ratios arallistd able 3.4.
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3.5 Chapter Summary

A method for the rapid characterization of combarstproperties, such as
Emission Index and flame radiation, that requirath amall amounts of a liquid
fuel was developed. The present technique provadgsick method of comparing
existing and new fuels such as biodiesel. The uroeditions were selected to
make flame properties sensitive primarily to fukkmistry. The technique was
validated through a comparison of measured radidtivat release fraction and
pollutant (NO and CO) emission indices availabldiierature. All petroleum-
derived fuels showed a higher radiative heat foactihan CME. The CME
biodiesel flames also had lower emission index Of &d higher emission index
of NO compared to those of the petroleum-derivegeliflame. It is seen that the
present values compare well with the emission esgldocumented durirengine
testing and in other flame configurations. Thus, the presechnique also
provides a valid tool to determine the NO and CQssion potentials of new
fuels. The present technique can serve as a valuabl for fuel researchers and
developers to obtain quick feedback on the combnspiroperties of the new
fuels. Since the various measurements are condsedtaneously, the entire
experiment can be completed within twenty minulMereover, the relative ease
with which the current setup can be operated amdsthall amounts of fuel
needed was an additional benefit of the presenadet

The technique described in this chapter was usedufd rich equivalence
ratios near 7 corresponding to the points of marmuadiative heat

fraction/sooting tendency of each fuel. The follogrichapters of the dissertation
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investigate the effect of equivalence ratio, fuemposition, and mechanism of
formation on the observable increase in NO witHu®ts compared to petroleum

derived fuels.
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Table 3.1 Composition and properties of other tefiiels

Fuel Molecular LHV Density BP
Formula (MJ/kg) (kg/m®) (°C)
Toluene GHs 40.9 867 110
Kerosene GsHoe 41.6 825 250
Heptane GHis 449 684 99
Pentane Hio 45.3 626 36

Table 3.2 Nominal operating conditions for Modentl &ode 2

Tubular Burner Diameter

Inner Diameter 9.5 mm
Outer Diameter 12.7 mm

Volumetric air flow rate (ns) 3.83x 10
Volumetric fuel flow rate (ns) 7 -36.7 x 10
Volumetric methane flow rate (is) — 5- 82x10
Mode 1
Reynolds number (based on gas mixture 100-300
density and viscosity at 430)
Ambient Pressure 101 kPa
Ambient Temperature 295 K
Feedline Temperature 43D
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Table 3.3 Comparison of present experimental resalthose in literature

Author Fuel EINO| EICO NOx NO CO Instrument
Jaasma and Pentane 0.96 Moving
Borman - - - - Thread Burnef
(1980) Heptane 0.93
10% 20% Various heavy|
Durbin et al. Diesel and higher lower for | duty diesel
(2000) biodiesel - - for - biodiesel engines
biodiesel than
than diesel
diesel
10% Six cylinder,
Various higher direct
McCormick | biodiesel fuels - - for CME - - injected,
et al. (2001) | including CME than for turbocharged,
and commercial diesel four stroke
diesel engine rated
at
345 bhp at
1800 rpm
60 % 2500 cc, three
Dorado et al.| Transesterified lower for | cylinder, four
(2003) waste olive oil - - - - OME stroke, direct
and diesel than for injection
diesel diesel
engine
Isuzu four
stroke, four
Lin and Lin Soy Methyl - 15.2 - - - cylinder,
(2007) Ester 88hp,
direct
injection,
3800
cc diesel
engine
Love et al. Pentane 1.27 5.88 8% 53%
(2007)* Heptane 1.05 | 11.22 - higher | lower for
CME 0.81 | 19.36 for diesel Tube Burner
Diesel 0.75 41.1 CME | than for
SME 0.86 | 18.33 than CME
diesel

Injection flow rate of 1.60 cifmin
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Table 3.4 Equivalence ratios for fuels tested &l flow rates under mode 2 condition

Fuel ® at 0.82 criymin ® at 1.60 cniymin
Diesel 3.62 7.06
CME 3.28 6.39

Kerosene 3.57 6.97
Toluene 3.46 6.75
Pentane 2.84 5.53
Heptane 3.07 5.99
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Figure 3.1 Digital camera photographs (not showsctde) of the four burners
considered: a) flat flame burner, b) counter flawrter, c) Bunsen burner, and d) tubular

burner
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Figure 3.2 Schematic drawing of the initial experntal setup

Burner
rEN K type
| i thermocouple
High Clm
Heated Lines Temperature . :
__ Mixture ' !
' 4 > |
i‘: __________________ . : i 3.18mm
| .‘_ Fuel : Outer Dla.= 12.7mm
i E Injedion : |nner Dia, = 9.5mm
thermocouple B !

Figure 3.3 Schematic drawing of the final experitaégsetup
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Chapter 4
Global Flame Properties

The previous chapter described a method to rapihgracterize the
combustion properties of hydrocarbon and oxygenditpdd fuels. Results in
Chapter 3, obtained from the burning of these fugésnonstrated comparable
trends for the pollutant emissions index of NO &0 to those available in
literature for different burner and engine studigéhis included the pollutant
emissions of biodiesel and diesel. One particutantpof interest for this study
was the increase in NO observed when burning lsetliastead of diesel fuel.

As mentioned previously (Chapter 1), the compiexit the engine studies
makes the isolation and even identification of theminant cause for NO
increase noted with biofuels in diesel enginesesmély difficult. To delineate
these issues, the effects of chemical and physarébles must be separated. The
technique described in the previous chapter talhggharacterize the combustion
properties of liquid fuels attributable only to tbhkemical structure of fuels was
used. This chapter describes the global flame ptiegewhich include flame
appearance, flame length, global emissions of fiads: diesel, canola methyl

ester, soy methyl ester, methyl stearate, and dodec
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4.1 Flame Appearance and Length

4.1.1 Effect of Equivalence Ratio

The flames tested varied in color, structure, amdjth asp was increased. At
¢ = 1.2, Fig. 4.1, all flames visually appeared bllwo primary regions were
observed, a bright blue inner cone surrounded lsgand blue less luminous
cone. The bright blue inner cone represented tihaapy gas-phase oxidation
reaction zone. Remaining unburned reactants instireounding flame zone
mixed with ambient air. The second outer cone v&sluo determine the average
visible flame length which was 9.5 cm for diesef 8m for soy methyl ester, 8.8
cm for canola methyl ester, 8.1 cm for dodecand,8aom for methyl stearate. As
the equivalence ratio was increasedto 2, Fig. 4.2, the flames became partially
yellow, nearly doubling in length for all fuels. @hower portion (<6 cm) of the
flames remained blue, as gas phase reactions d@dina this zone. The
remaining unburned reactants including soot coetinto burn downstream with
ambient oxygen, emitting continuum radiation atvedivelengths, thus appearing
yellow. Dodecane and diesel fuels produced flamgtles of 20.5 cm and 18.2
cm, respectively, while, the biofuels SME (17 cl@ME (16 cm), and MS (16
cm) were shorter in length. Fgr= 3, Fig. 4.3, the flame lengths increased for
diesel, SME, and CME and did not significantly vdoy MS and dodecane.
Diesel fuel produced the longest flame (24.5 crmpgared to dodecane (20 cm),
SME (19 cm), CME (18.5 cm), and MS (14.9 cm). @\t 7, the diesel flame
appeared completely yellow decreasing in flametled§8 cm) reducing by 23%

from the conditiorp = 3. In contrast, the flame length increased fodetane, (21
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cm), CME (20 cm), SME (20 cm), and MS (19.3 cm)srAall blue region was
observed near the burner exit (<1 cm) for the lElsfutand dodecane with the
remaining lengths yellow, Fig. 4.4. The variatiohflame length for both fuels
with equivalence ratio is presented in Fig. 4.5céftainties are represented in
Fig. 4.5 by error bars which were calculated basead student t distribution at a
95% confidence interval.

At @ = 1.2, diesel and SME flames were longer than QWE%, dodecane
by 15%, and MS by 16%. Peak flame length valuesrdsd for soy methyl ester
and diesel at this condition implies a longer resak time over this range. Next
at@= 2, the longest flame was observed for dodecdnehmwvas 11% longer than
the flame of diesel, 17% longer than SME flame, 22% longer than CME and
MS flames. For increasing less air was supplied, thus more air from the
surroundings needed to be entrained, requiringnarease in length to effectively
burn remaining fuel or particulates. &t= 3, diesel produced the longest length
which was 18% longer than the dodecane flame, 22#dr than the SME flame,
24% longer than the CME flame, and 40% longer thanMS flame. At the next
condition,@ = 7, dodecane again produced the longest flaméob%er than the
SME and CME flames, 8% longer than the MS flamel 2% longer for diesel
fuel flame. The visible length for diesel flamersfgcantly decreased, however,
for all other fuels flame length increased. Betwgen 3 andg = 7, the diesel
flame decreased in length since it exceeded itsiimanr sooting height
confirming lower soot concentration in biofuel amibdecane flames. This

observation is in accordance with previous stuthes showed diesel to produce
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significantly more particulate matter than biodidsels (McCormick et al., 2001,

Graboski et al., 2003).
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4.1.2 Effect of lodine Number on Flame Length

Soy methyl ester, canola methyl ester, and mettedrate flames possessed
similar carbon chain length and energy content, grovided a wide range of
iodine numbers from 0.5 to 141.6 Similarities irelflcomposition resulted in
comparable height and structure, as shown in Bigsto 4.4. To investigate the
effect of the chemical structure of these fuelda pf flame length and iodine
number is given in Fig. 4.6. Diesel (iodine numbes.6) flame length values are
also provided in Fig. 4.6. Ap = 1.2, no significant difference was observed for
the varying iodine numbers between all fuels. At 2, diesel produced the
longest flame with no significant difference obs&hfor the other biofuels. As the
equivalence ratio was increased to 3 diesel pratltteelongest flame of 24.5 cm.
MS with an iodine number of 0.5 produced the shlbriame of 14.9 cm. CME
and SME had comparable lengths of 18.5 cm and 19aspectively. Atp= 7 the
flame length of diesel decreased since it excedédechaximum sooting height
thus resulting in diesel producing shorter lengtiem the biofuels. Also, at this
condition SME (20 cm) and CME (20 cm) produced kEmigames than MS (19.3
cm).

In general, there was no discernable correlatidwéen the flame structure,
length, and fuel iodine number for the tested letfuat all conditions. Diesel,
however, produced significantly longer flamespat 2 and 3 and a shorter flame
at @ = 7 due to the presence of aromatics (nearly 2% dtume) in the fuel
which has been shown to facilitate the productibmore soot (Ladommatos et

al., 1997).
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4.2 Radiative Fraction

4.2.1 Effect of Equivalence Ratio

Radiation from flames depends on several factoduding the total
emissivity, exposed area, and flame temperaturthdcofourth power (Schwartz
and White, 1996). Of the many gaseous combustioduets emitted from the
flame, primary contributors to the radiation endtteom the flame include N
0O,, CO,, and HO which emit radiation in a banded form (Schwartd &Vhite,
1996). For non-luminous flames such as thosg=atl.2, CQ and HO were the
primary contributors to the total emitted radiatesthe gaseous radiation due to
N, and Q are typically ignored because of their low emissiat this condition
MS (12 %) and dodecane (11%) produced the higlaeksative heat fraction (F)
values of all five fuels, where the three otherdygroduced values of 9 %, Fig.
4.7. As the equivalence ratio increased to 2, hewea yellow luminous zone
was visible. Luminous flames, as those describad, Emit radiation from the
above listed gases in banded form as well as fiwhia continuum form. As the
flame became yellow or luminous, as see@ at2, 3, and 7, the primary radiative
losses came from the presence of solid particlest) svithin the flame. Thus the
radiation emitted from the flame, quantified by thevalue, was used as a quick
way to indicate the amount of soot produced froendtiferent flames. Ap= 2, F
values from the flames increased for all fuels. &mmhe produced the largest F
value (14%) corresponding with the largest flammgth (emitting area) at this
condition. Atg = 3, diesel produced the largest F value of 18%a ali other fuels

producing lower (F ~ 15 %) values not significardliferent from each other. As
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the equivalence ratio was increased to 7, sigmfichanges in the flame structure
and emitted radiation were observed. All flameseneimost completely yellow,
thus radiation losses from these flames were piiyndwe to the presence of soot.
Diesel fuel produced the highest radiative heattioa (32 %), followed by SME
(29 %), CME (27 %), dodecane (20 %), and MS (19 Ab)this condition peak
soot concentrations were expected, as discuss€tlapter 3. Diesel, with a high
percentage by volume of aromatics, produced thledsigF values thus contained
the largest amount of soot. Solid particles wittme flame increased the radiative
heat transfer losses to the surroundings. CME &l Sroduced lower F values
(soot) than the diesel fuel which corresponds watigine study findings
(McCormick et al. 2001, Graboski et al. 2003). Bels produced less soot than
diesel at this condition due to the presence of dkggen atoms in the fuel
structure of the molecule which acted to suppriesgdrmation of soot.

Typically, the principal types of reactions respbles for the fuel
consumption are hydrogen atom abstractions follolegl — scission reactions of
larger hydrocarbon radicals, such as olefins. Témulting H atoms from the
process start the development of a pool of raditetsigh the reaction, H +,.0~»

O + OH. The presence of these radicals acceletta¢efsiel consumption and fuel
fragment production, which can lead to large am@wfitsoot production such as
that seen for the diesel flame. The biodiesel fmelecule, however, contains
molecularly-bonded oxygen that remains connectethéo neighboring carbon
atom, thus reducing precursor soot formation (Kuearet al., 2001). Dodecane’s

low F-value (20%) can be attributed to the low antoof carbon (C=12)
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contained in its molecular structure and soot fagmprecursors (aromatics)
which resulted in lower amounts of soot productaod in turn lower radiation
losses. MS produced the lowest F value of 19%. Wais thought to be due to the

low iodine number and will be discussed furthethia next section.
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4.2.2 Effect of lodine Number on Radiative Heat Fraction

At the conditions ofp = 1.2 and 2 the radiative fraction did not vary éach
fuel significantly, Fig. 4.8. Since the flames wem@n-luminous (blue) ap = 1.2
flame radiation losses were low. The flames chantgedoartially luminous
(yellow) atg = 2 where flame radiation losses were due to batided (gaseous)
and continuum (solids) radiation. Radiation inceza$or all fuels, however, no
discernable trends were observed for the F valndsaine number of the fuels.
At @ = 3 the diesel flame possessed the largest F dalsigite having a low iodine
number in comparison to CME and SME. This was du¢hé presence of the
aromatics in diesel which increased the sootingp@msity to a much larger extent
than the effect of the iodine number. This behaisoronfirmed by comparing F
values of diesel and dodecane. The F value prodbgedodecane was lower
because dodecane is just an alkane with a satwhsd. The biofuels, which do
not contain aromatics, begin to increase with iasieg in iodine number with
MS (14 %) producing the lowest F value followed®WE (15 %) and SME (15
%). This same trend was also seen at the next ttmmdavhereg = 7. MS had the
lowest F value of 19 % followed by, in ascendindesy CME (27 %), SME (29
%), and diesel (32 %). Diesel, as before, did otow with the iodine number
due to other dominating soot producing chemicallraatsms. Comparison of the
biofuels, however, showed increased F values withreasing iodine number. This
could be due to the presence of the double bontteinnsaturated fuels, such as
SME, which are believed to facilitate the produetad more soot thus resulting in

higher F values (Douwel et al., 2009).
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4.3 Emission Index Results

4.3.1 Effect of Equivalence Ratio on NO Emission

Emission Index of NO (EINO) for the five fuels tedtat the 4 equivalence
ratios are plotted in Fig. 4.9. At= 1.2, CME produced the highest EINO of 5.6
followed by SME (5.5), diesel (5.4), dodecane (4.2nd MS (3.82). Differences
between the biodiesel and diesel flames were gotfgiant, however, were much
larger than either dodecane or MS. At this conditib is expected that the
Zeldovich (thermal) mechanism was dominant, hencéurection of flame
residence time (flame length) as seen by NO ermmssmrelation with flame
length. As the equivalence ratio was increased, t8Q production decreased to
approximately half of that from the condition @& 1.2 with CME again having
the highest EINO, 2.42, followed by SME (2.38),s#ik(2.33), dodecane (2.2),
and MS (1.90) in that order. At this condition theldovich (thermal) mechanism
was thought to accompany other formation pathwady$@ which became more
dominant as the equivalence ratio was increasedinBmg at this condition
flame length and radiative heat fraction no longemelated with the measured
NO. Next at@ = 3 the NO emissions decreased for all fuels, witllecane
producing the largest amount of NO (1.74) followey in descending order,
CME (1.51), SME (1.44), diesel (1.38), and MS (}.28t the two previous
conditions the largest NO emissions had resultedh fthe combustion of the
biofuels, however, dodecane produced significaniyre NO than CME (13%
more) or SME (17% more). It is thought that seveliffierent chemical effects

were occurring at this condition. The dodecane darnsually had a larger gas
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phase oxidation reaction (blue) region where temipees were expected to be
elevated and promote the formation of NO througé thermal mechanism.
Diesel despite having the longest flame length peced significantly less NO
than dodecane. This implies that NO production \wesbably due to other
formation pathways along with the thermal mecharfienthe diesel fuel. Despite
having similar chemical composition, compoundshia diesel flame which led to
the production of more soot facilitated the transfeheat from the flame, thus
lowering flame temperatures and resulting in le€3 pfoduced by the thermal
mechanism. Other pathways thought to be contrigunNO formation in these
flames will be described later in Chapter 5, whierlame pollutant emissions,
temperature profiles, and species concentratioesdeéscussed. Also, for the
oxygenated biofuels: CME, SME, and MS a correlationodine number was
observed and will be discussed in the next seclibase same trends continued at
the next condition ofp = 7, the most NO was again collected for dodecar
followed by SME (0.86), CME (0.81), MS (0.81), amwliksel (0.75). At all
conditions CME and SME produced more NO (3 - 15P@ntdiesel fuel which

agrees with previous engine study findings.
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4.3.2 Effect of lodine Number on NO Emission

Figure 4.10 presents the plot of EINO for varyindine numbers. Ap= 1.2,
2, and 3 MS, with the lowest iodine number, produtiee lowest amount of
EINO while diesel and the two other biofuels showeghificantly higher values
at these conditions. Ap = 7 the diesel flame produced the lowest valuEIbIO.
As mentioned previously, the diesel flame produeege amounts of soot which
were dominant over other chemical effects (iodinenber) resulting in high
incomplete combustion products and low amountsINCE It is possible that the
saturated fuels participate less in fhe scission reactions of larger hydrocarbon
radicals, thus resulting in less overall soot puatitun, demonstrated by the low F
value, and lower emission of N@his correlation indicates a dependence on the
chemistry of the fuel during its combustion andtloe amount of soot, carbon, or

unburned hydrocarbons produced.
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4.3.3 Effect of Equivalence Ratio on CO Emission

Emission Index of CO (EICO) for the five fuels t$tat the equivalence
ratios of 1.2, 2, and 3 are plotted in Fig. 4.11.¢A= 1.2, diesel produced the
highest EICO of 1.89 followed by CME (1.76), SMEG&), MS (1.43), and
dodecane (1.3). As the equivalence ratio was isegdo 2, CO production
increased with diesel again having the highest EI@A5, and did not
significantly change for CME (1.76), SME (1.50), NIE32), and dodecane (1.2).
At @ = 3 the CO emissions increased for all fuels wi#sel producing the largest
amount of CO (6.38) followed by, in ascending ord&¥E (2.87), SME (2.60),
MS (1.56), and dodecane (1.42). Figure 4.12 preseetEICO forp = 7, this was
plotted separately since the values were much highan at the previous
conditions. Atgp = 7, diesel produced the largest amount of COL{bllowed by
CME (19.36), SME (18.33), dodecane (11.31), and(®135).

At each equivalence ratio the diesel fuel produbedargest amount of CO (7
— 670 % more) compared to all other fuels.gAt 1.2, EICO for all fuels were
comparable and did not significantly change as d¢ogivalence ratio was
increased to 2. As the equivalence ratio was fuithereased large differences in
CO production for the fuels were seenpat 3 andp = 7. As the flames became
more fuel rich the effect of the molecularly bondeg/gen became increasingly
evident. As mentioned in section 4.2.1 of thisoréghe biodiesel molecule
contains molecularly-bonded oxygen that remainsneoted to the neighboring
carbon atom, requiring less mixing with the ambiamvironment for the

oxidation of CO (Kitamura et al., 2001). Diesel,wewver, contained soot
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precursor forming compounds that required premixed externally entrained air
to oxidize formed carbon within the flame. 4t= 7 the production of CO, an
indication of incomplete combustion, and soot peaKker the diesel fuel

producing over double the EICO than the biofuels émdecane. This observation
agrees with engine study findings which have sheiamilar trends for measured
particulates and CO emissions when compared to @MESME (Table 3.2). For
¢=1.2, 2, 3 dodecane produced lowest value of EA@@ atg = 7 produced the

next to lowest. Since dodecane had the shortelsbearhain length this led to the
production of less soot, demonstrated by the lotateve heat fraction at this
condition, significantly lower amounts of CO, andter concentrations of EINO
compared to the other fuels. These trends indicatee complete combustion
occurring for the dodecane fuel due to the low am®of carbon in the molecular

structure.
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4.3.4 Effect of lodine Number on CO Emission

Figure 4.13 presents the plot of EICO for varyiadine numbers fop= 1.2,
2, and 3. Atp = 1.2 and 2 no significant differences were obsérigetween the
tested fuels at these two conditions. As the edgiva ratio was increased to 3
and 7 significant changes in the EICO were observad low iodine number fuel
MS produced the lowest amount of CO compared teetli€C ME, and SME at
these conditions. A strong correlation betweenidléne number and EICO was
also observed at the conditigre= 7. As discussed in section 4.3.3 of this repbrt,
is possible that the saturated fuels participag@ed In thes — scission reactions of
larger hydrocarbon radicals, thus resulting in les&rall soot production,
demonstrated by the low F value, and lower emissibiNO and CO, further
investigated in Chapter 5. Additionally @t= 7, the diesel flame produced large
amounts of soot which were dominant over other d¢baimeffects (iodine

number) resulting in high incomplete combustiondoicts including EICO.
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4.4 Chapter Conclusions

The following conclusions can be drawn regarding tjiobal properties of

hydrocarbon and biofuel flames.

Flame length increased as the equivalence ratioineasased. The diesel
fuel flame length significantly decreased betwegr 3 andg = 7 since
the flame exceeded the maximum sooting height.

Radiative heat fraction values, used as an indicabf the sooting
tendency of the fuel, significantly increased wittlcreasing equivalence
ratio. Diesel produced the highest F valug@ at2, 3, and 7.

EINO decreased as equivalence ratio was incredtse@ds observed that
at the lowest equivalence ratio of 1.2 the Zeldoevioechanism was
dominant and at more fuel rich equivalence ratiostizer NO formation
mechanism was thought to significantly contributéhte NO formation.

A correlation between iodine number and NO emrssvas observed for
the biofuels. As iodine number increased EINO alsoeased at all
conditions for these fuels.

Diesel fuel combustion characteristics did not elate with iodine
number.

At @ = 1.2 and 2 no significant differences were obsérbetween the
EICO of tested fuels. Ap= 3 and 7 EICO increased as equivalence ratio
was increased, since CO is a product of incomgetebustion confirmed

by the corresponding increasing F values (soot)someal.
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Low iodine number fuel MS was thought to partiegsess in the —

scission reactions of larger hydrocarbon radictdiss resulting in less
overall soot production, demonstrated by the lowdtue, and lower
emission of NO and CO.

At ¢ = 3 and 7 dodecane produced lower F values, highdO, and

lower EICO indicating that the composition of dies@el significantly

affect the measured combustion characteristics.
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Figure 4.1 Digital photograph of all fuels testeega 1.2 with scale (exposure time of
1/25 seconds)
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Figure 4.2 Digital photograph of all fuels testeaga 2 with scale (exposure time of 1/25
seconds)
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Figure 4.3 Digital photograph of all fuels testeéega 3 with scalgdexposure time of 1/25
seconds)
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Figure 4.4 Digital photograph of all fuels test@ = 7 with scale (exposure time of
1/25 seconds)
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Figure 4.5 Measured visible flame length for aélleiatp= 1.2, 2, 3, and 7
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Figure 4.11 EICO for all fuels tested@t 1.2, 2, and 3
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Chapter 5
Flame Structure

The effect of equivalence ratio and iodine numbethe in-flame temperature
profiles, pollutant species concentrations, OH @hktispecies concentrations, and
soot volume fraction is presented in this chapter in-flame temperature,
concentration profiles, and soot volume fractidmeé axial locations downstream
of the burner exit were chosen at 25% (near burd®9o (mid-flame), and 75%
(far burner) of the documented flame heights. Tieckes concentrations of OH
and CH were also presented only the near burneorregf the flames. To
examine the effect of equivalence ratio the sarae ¢onditions were tested as in
the previous chapter gt= 1.2, 2, 3, and 7. Effect of the iodine numbertio&
above mentioned measurements was also documentetiefel, canola methyl
ester, soy methyl ester, and methyl stearate fuels.

Based on the previously documented values for tbleag flame combustion
characteristics (flame length, radiative heat faagtetc.) in-flame concentrations
were taken at selected conditions to determinedtirainant mechanism of the

production of NO.
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5.1 Temperature Profiles

5.1.1 Effect of Equivalence Ratio on Temperature

The traverse temperature distribution correctedrddration, conduction, and
convection losses (Jha et al., 2008, Hariharan4 2GBinthamony, 2005) in the
laminar flames of the five fuels is shown at eqlénae ratios of 1.2, 2, 3, and 7
for the three flame locations, Figs. 5.1-5.20. lengral, peak temperatures
reached a maximum ap = 1.2 and became lower as the equivalence ratios
became more fuel-rich. This result was expectesh@smum temperatures occur
at or near stoichiometry. In the fuel rich flamesch as those gt= 2, 3, and 7,
less premixed air resulted in the fuel dependingraxing with the surrounding
air which lowered the reaction rate of the flamende lowering the temperature.
Comparison of the temperature profiles @t= 1.2, which showed peak
temperatures at the flame boundaries, with those at2 and 3 shows that
differences in temperature distribution and strieté\s the flames became more
yellow and less premixed (blue) temperature prsfdentinue to peak along the
flame edges where the equivalence ratio was exgpdotde stoichiometric. At
these conditions flame temperatures were lowesheatflame centerline where
unburned hydrocarbons and fuel fragments were ¢ggeto be at maximum
concentrations. A = 7 profiles did not vary significantly as the tm®couple
was traversed radially. Since the flame operatedeatowest air flow rates gt=
7, it was observed that the flame moved due tolstistlrbances in the ambient
environment. Data points recorded were averaged thee60 second acquisition

time at each radial location which included thisverment of the flame and
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resulted in a temperature distribution that did sighificantly vary in the radial
direction.

Adiabatic flame temperatures and the correspondmmbalpies of reactants
are presented in Table 5.1. Adiabatic flame tentpeza were calculated using
computer code developed by Olikara and Borman (L9#%ch solved for 12
species, 7 equilibrium reactions, and atom conservaelations for C, H, N, and
O. According to Table 5.1 diesel was expected teetiae highest adiabatic flame
temperature (2282 K) followed by dodecane (2272 GWE (2268 K), SME
(2266 K), and MS (2249 K). Ap = 1.2, however, the highest temperature was
recorded for CME (2260 K) followed by SME (2238 Kliesel (2225 K), MS
(2206 K), and dodecane (2191 K). These temperaitoBles are presented in
Figs. 5.1, 5.5., 5.9, 5.13, and 5.17. All peak roess temperatures occurred in
the near burner region and were within experimeniakcertainties, not
significantly varying between each fuel. This isnfioned by similarities in
appearance and structure, demonstrated by the cabipaflame heights and
‘blue’ appearance, Fig. 4.1 and 4.6. Above the rmaner region measured
temperatures decreased becoming the lowest irath®ifner region.

At @ = 2 the structure of the temperature profiles geanfrom the last
condition. As the flames became more ‘yellow’, 2, the temperature profiles
in the near and mid-flame regions reached peakegadis the thermocouple was
traversed into the edges of the flame boundary evhievas expected that the fuel
and air mixture was stoichiometric. Temperaturbent decreased as the

thermocouple approached the center of the flamehmeg a minimum at the
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flame centerline. Figure 5.3 shows the temperapuodile for the diesel flame
which produced the highest peak temperature ofthr fuels at this condition,
1825 K. As the thermocouple was traversed throhghfar-burner portion of the
flame a parabolic type distribution of temperatui@s observed reaching a peak
at the centerline and decreasing along the edgeshefflame boundary.
Temperatures recorded in the far-burner regionhef ftames were lower than
those recorded in the mid and near-burner portioth® flame. The other four
fuels were similar in flame structure to diesel destrated by their temperature
distributions which peaked in the near-burner aid-flame regions along the edge
of the flame. For CME, SME, MS, and dodecane peakperatures of 1800 K
(near-burner), 1798 K (near-burner), 1772 K (mahfe), and 1705 K (near-
burner) were recorded, respectfully. Comparisonveeh diesel and the biofuels
show that peak temperatures remained within exm@sriah uncertainties. Peak
dodecane flame temperature, however, was signtficlower than the diesel and
biofuels. At this condition dodecane produced tlghést radiative heat fraction,
Fig. 4.7, of all fuels which indicates the largéstat losses to the surrounding
environment in the form of radiation resulting inveoall lower flame
temperatures.

At ¢ = 3 the structure of the temperature profiles vaenalar to those ap =
2. Significant changes in flame appearance from pgrevious condition were
observed for the diesel fuel which became nearippmetely ‘yellow’ at this
condition. Profiles, however, all maintained higimperatures along the flame

edges in the near burner region. In the mid-flamekfar burner regions, however,
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temperature distributions were parabolic in shajté peak temperatures along
the flame centerline and decreasing along the fladges. Flame temperatures
were observed to peak in either the near-burnenidsflame regions decreasing
in the far-burner portion of the flame. 4t= 3 the MS flame produced the highest
peak temperature of 1585 K in the mid-flame redalowed by dodecane (1520
K in the near-burner region), CME (1517 K in theddiame region), SME (1507
K in the mid-flame region), and diesel (1483 K e tnear burner region). The
effect of radiative heat transfer due to the preseof soot in flame was again
observed at this condition. Diesel produced an IBevaignificantly higher than
other fuels (F = 18) hence resulting in the lowastsured flame temperatures. It
was also observed that MS produced a significangiier flame temperature than
the other fuels despite having been predicted wdywme the lowest flame
temperature by adiabatic flame temperature calonst

At @ = 7 temperature profiles were different in shapd atructure than all
other previous conditions in that they did not vasignificantly as the
thermocouple was traversed radially. Visually themies were similar in flame
height and structure and all appeared ‘yellow’ tlis condition, Fig. 4.4. Peak
temperatures occurred in the near burner regioralfdiuels, decreasing for the
other two downstream flame regions. Dodecane pexitite highest peak flame
temperature, 1196 K, in the near burner regiorove#id by MS (1163 K), SME
(1092 K), CME (1105 K), and diesel (1057 K). MS g¢woed a significantly
higher flame temperature than SME, CME, or dieReferring to Fig. 4.7, it was

observed that dodecane and methyl stearate prodbeddwest F values; hence
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the lowest amounts of soot. Heat losses from tflasges appear to be directly
correlated to the amount of soot that is presenthwican effect the pollutant

emissions which will be investigated in section &f4his report.
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5.1.2 Effect of lodine Number on Temperature

At @ = 1.2 the highest temperatures for all fuels wexeorded with no
significant differences observed in their tempamtprofiles, presented in Fig.
5.21. At the next condition ap = 2 temperatures of diesel, CME, and SME were
significantly higher than that of the MS fuel follong with the adiabatic flame
temperature calculations in Table 5.1. A shift lsmfe temperatures occurred at
the next condition ofp = 3, with MS showing significantly higher tempenads
than diesel, CME, and SME. This trend continued dhé next condition ofp =
7 which also showed MS to produce the highest teatpees.

Results demonstrated a correlation to the amousoof present within the
flame, which, as shown above, transfers heat floerflame and results in lower
flame temperatures. This is confirmed by the F emlpresented in Chapter 4
which show MS to possess the lowest F values cetli€ ME, and SME ap= 3
and 7. Figure 5.21 also shows that peak temperatifrdiesel, SME, and CME
vary by a maximum of 7% ap = 3. This does not represent the significant
temperature differences that have been used taattar significant increases in
NOx production through the Zeldovich (thermal) meckani (Scholl and
Sorenson, 1993, Wang et al., 2000, Weiss et alQ7R0Instead, since
temperatures did not vary significantly at verylftieh conditions for the diesel,
CME, and SME flames it is believed that there dependence on the amount of
available oxygen within the flame, soot, and palhitemission production. A
fuel's propensity to soot can be correlated todhemical structure of the fuel for

which the iodine number has been used. It has bleewn that fuels with higher
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iodine numbers produced more soot (Douwel et #&Q92 thus lower flames
temperatures. Therefore, importance of soot pracluch these flames is further

investigated in the following section.
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5.2 Soot Volume Fraction

Quantification of soot level in the previously dissed flames is highly
desired. Therefore, for confirmation that as radratncreased soot concentration
also increased. The amount of soot has been asstomieel directly related to
radiation losses from the flame (particularly fbe tfuel-rich equivalence ratios),
which has been expressed as the radiative fractidmeat released (F-values).
This section will compare the values obtained frtm radiation to the soot
volume fraction measurements to validate this apsiom Additionally, it was
desired to observe the behavior of the formatiors@bt axially and radially
through the flame. This will provide insight integions where the soot might
affect other properties such as pollutant emissamusradical concentrations.

Plots of soot volume fraction at the same axial eamtial positions as the
temperature measurements are given in Figs. 5.82% In these figures soot
volume fraction is presented as a fraction of theximum value (normalized),
fulfvmax Where the maximum value occurred for diesel aie = 7 with a value
of 2.14 ppmv. This was done since the extinctioeffodent (k), which depended
on the refractive index of soot, was unavailablettie biofuels. For this reason, it
has been assumed thatvkas constant for both the hydrocarbon and oxygehat
fuels. Rather than providing a directly quantitativalue, since ;kfor biofuels
unknown, soot concentration of these fuels weregeed as relative values for a
quick and general comparison. If needed, more adiveal values can be
assigned to the data in Figs. 5.22-5.41 from th&immam soot volume fraction

for diesel fuel atg = 7 provided.

116



5.2.1 Effect of Equivalence Ratio on Soot VVolume Fraction

In general, it was observed that as the equivaleatte was increased the
peak soot volume fraction measurements also inededhis was expected in an
environment where less air has been supplied, asi¢those in this study. In very
fuel rich environments hydrocarbon radicals canmatlize fully. Low oxygen
concentrations result in the formation of precurspecies, such as polycyclic
aromatic hydrocarbons, which form ring structurest treact with hydrocarbons
within the flame to form small particles. These #nparticles then begin to
agglomerate and grow which typically occur in tegions located in the near (25
% of flame length) to the mid flame (50 % of flateagth) regions. The particles
(soot) continue to pass through the flame intoféinéburner region (75 % of the
flame length) downstream of the injector exit. A&bdhis portion of the flame,
concentrations of soot decrease downstream untlized at the flame tip. If the
flame, however, has exceeded its smoke point, solbtnot oxidize before
reaching the flame tip resulting in a flame tha¢ases black smoke or soot.

At @ = 1.2 profiles for all fuels were similar in sttupe and soot distribution.
Soot radial profiles across these flames were ivelgt low with 5.68% of the
maximum value of soot volume fraction recorded dodecane, 5.38% for MS,
4.6% for CME, 4.23% for SME, and 3.4% for diesdltliis condition, the largest
amount of air was supplied, resulting in the oxmaof hydrocarbon species that
lead to the production of soot. Low amounts of semorded at this condition
were confirmed by the ‘blue’ appearance of the #@aand low F-values recorded

which indicate low amounts of soot, and primaryia#mn losses in banded form.
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Recorded F-values for MS, dodecane, and all otids fwere 12%, 11%, and 9%
respectively. The maximum soot volume fraction eallisted follow with the F-
values from these flames despite emitting low ragkeheat losses.

At @ = 2 diesel had a peak soot concentration of 9.@4#e maximum value
followed by 7.69% for SME, 6.3% for CME, 5.48% fbtS, and 5.12% for
dodecane. At this condition, the profiles in theamburner region showed that
higher values occurred along the edges of the flamendary and decreased
along the flame centerline. As soot was producedgathe centerline the particles
radially convected outward, replaced by newly fadmsoot, to the flame
boundary where they could be oxidized. Above thistipn of the flame, the
profiles became parabolic in shape reaching a palakg the centerline
monotonically decreasing along the edges of thedlaPeak soot volume fraction
measurements were recorded in the far burner regiothese flames. Diesel
produced peak soot volume fraction as soot precsirssuch as aromatics,
composed nearly 25% of the fuel composition. Tiuéugl values for soot volume
fraction were less than that of diesel, with SMBdurcing the highest amount of
soot of the biofuels followed by CME and MS. Thierid was attributed to the
chemical structure of the fuel and will be discaskder. Dodecane produced the
lowest amount of soot as it did not contain so@cprsor species found in the
diesel fuel. At this condition, dodecane produdesl iighest F value followed by

MS, diesel, SME, and CME.
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At @ = 3 diesel again had a peak soot concentrati@®df% of the maximum
value followed by 9.81% for SME, 9.02% for CME, 8% for MS, and 6.78%
for dodecane. At this condition the diesel flameduced significantly more soot
than the other fuels. It was also observed thaFthalue recorded for the diesel
fuel was highest followed by SME, CME, dodecana] lowest value obtained
for MS. At @ = 3 the radiative heat loss correlated well widalp measured soot
volume fraction. Peak soot volume fraction valuesuored for the diesel flame in
the mid-flame region and in the far burner region &ll other fuels. The fuel
structure of the biofuels acted to suppress thedtion of soot by preventing the
development of a pool of radicals by the reaction &, > O + OH. This was
accomplished through the molecularly-bonded oxytpah remained connected to
the neighboring carbon atom, thus reducing precwsot formation (Kitamura et
al., 2001). The low amount of amount of soot in tlelecane flame could be
attributed to the low amount of carbons in the rooler structure (Chapter 4)
which required less oxygen to react with unburngdrdcarbons. Dodecane also
does not contain double bonds which have been showromote the formation
of soot as discussed in the previous sectionp At7 the diesel flame produced
the peak soot concentration for which all othemueal were normalized. Diesel
was followed by a production of 50.5% of the fudake value for CME, 39.1% for
SME, 24% for dodecane, and 14% for MS. Diesel fu@lduced the highest
radiative heat fraction (32 %), followed by SME (&9, CME (27 %), dodecane

(20 %), and MS (19 %).
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In general, the radiative fraction values and peabt volume fraction
measurements correlated well. F values provideda gquick’ approximation
for the amount of soot for these flames. The metwdcted to compare the soot
volume fraction and F-values, however, lead to sdiserepancies. The peak soot
volume fraction was selected as a representativiheototal soot in the flame.
This did not account for flames which had regiohg@ak soot volume fraction
followed by a drop in soot in the other two meadupertions of the flame. An
example of this can be seen in Fig. 5.29 (CMBat7) and Fig. 5.33 (SME gt=
7), CME peaks in the mid-flame region with sootwok fraction measurements
significantly lower in the near and far burner . This is in comparison to the
SME soot volume fraction profiles which are seenFig. 5.33 which do not
significantly vary in the three portions of therfla. The F-value accounts for the
additional soot demonstrated by the higher valwended for the SME flame.
Also, it was also observed that biofuels produosder peak soot volume fraction
values and lower radiative heat fraction valuesntltbe diesel fuel which

corresponds with engine study findings.
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5.2.2 Effect of lodine Number on Soot VVolume Fraction

At fuel equivalence ratios of 1.2 and 2 no sigmifit differences for soot
volume fraction, as it varied with iodine number reveobserved. As the
equivalence ratio was increased to very rich camabt such as those at 3 and 7
differences were apparent between the fuels@ AR, it was observed that diesel
produced substantially more soot than the corredipgrbiofuels. As mentioned
before, this was attributed to the soot precurssugh as aromatics, found in
diesel which composed nearly 25% of the fuel contjpos For biofuels atp= 3
SME produced the highest amount of soot followed’bjE and MS. Therefore,
for the biofuels, as the iodine number increasedatinount of soot also increased
atg= 3. Atg =7, diesel produced significantly more soot tttaother biofuels.
MS produced the lowest peak soot volume fractidioied by SME and CME
which produced the highest. This was in contragh&F values which showed
SME to produce more soot based on the global meamant of radiation from the
flame. From these data it can be seen that theturasad fuels which contain
double bonds, such as SME and CME, facilitate treglyction of more soot
which has been shown in previous studies (Douwal.e2009). This correlation,
therefore, can affect other combustion products$ sag formed radical species.
The next section describes the concentrations tefrmediate radicals and their

relation to soot and pollutant formation potential.
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5.3 Intermediate Species Concentrations

Planar Laser Induced Fluorescence (PLIF) has besn extensively to
determine the relative population densities of rimidiate radicals within a
combustion test medium (Baird and Gollahalli 20@&udiquert 1997, Kirby and
Hanson 2000, Love et al. 2006). For PLIF measurésnanwavelength-controlled
narrowband light source (laser) was used to excdéecules of a desired species
(OH and CH) to a higher energy level. The incidghbtons absorbed at each
point are re-emitted with a modified spectral dlgttion. The re-emitted photons,
a form of molecular scattering and radiation terrfladrescence, are of interest
for PLIF measurements. By capturing emitted fluoeese a non-intrusive
method for measurement of various flow field projes; such as species
concentration, with high temporal (5-20 ns) andtigpaesolution (0.1mm — 1

mm) can be accomplished.

5.3.1 OH Radical Distributions

As previously mentioned (Chapter 2), the laser twmasd to the corresponding
excitation wavelength of OH (283.5 nm). At this wbangth, OH was pumped at
the Q (6) transition in the OH A& —X?II system of the (1,0) band and the
fluorescence from the (1,1) band was collectedFRirlages were captured from
the injector exit to 5 cm above the burner; abdve tocation recorded values
were negligible. Because of the limited field ofewi of the ICCD camera
composite images of the flames were overlappeduaed. Images are presented
as normalized signal intensities providing a ga#ie representation and can be

found in Figs. 5.43-5.46.
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OH radicals have been used as indicators of theiosazone of a flame, NO
formation regions through the Zeldovich (thermaBamanism seen in Egs. (5.1-
5.3), and locations of soot oxidation. Various awshhave documented the
presence of OH and NO though the PLIF and LIF tegles in diesel engines
(Nakagawa et al., 1997, Fayoux et al., 2004, Denetrgl., 2006). These engine
studies, introduce several variables simultaneqousligh as high pressure and
temperature, which affect the various measurednpetiers both chemically and
physically. For this study, a laminar flame was cuse the present study to
eliminate physical variables, attributing changesfuel chemistry alone. PLIF
was qualitatively used to determine relative cotregions of OH. The maximum
intensity detected by the ICCD camera, occurringdiesel fuel atp = 1.2, was
used to normalize all other detected values. OHgeraare presented for five
liquid fuels: No. 2 diesel, canola methyl ester (E)Msoy methyl ester (SME),

dodecane, and methyl stearate (MS).

O+N-NO+N (5.1)
N+Q<—<NO+O (5.2)
N + OH«+~ NO + H (5.3)

At ¢ = 1.2, Fig. 5.43, distributions of OH radicals fdt fuels were greatest
within the flame reaction zone. This location candescribed as the primary gas

phase oxidation region and area of interest. I itbgion diesel demonstrated the
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highest concentrations followed by SME, CME, dodecaand MS in that order.
From Fig. 5.43 it can be seen that diesel produgedo 40 % more OH than
either SME or CME, 50% more than dodecane, and 6@ than MS. At this
condition, diesel was supplied with the largest antoof externally supplied
oxygen (13.5 LPM), followed by dodecane (12.4 LPRIME (12.37 LPM) and
SME (12.37 LPM), and MS (12 LPM). Although all faelere premixed at
different air flow rates, they varied by <10% froimel to fuel. This fails to
account for the significant differences observedh@ OH concentrations (up to
60%), thus, fuel chemistry was used to describecthese for these differences.
The kinetic model for diesel and oxygenated fuehlbastion shown by Kitamura
et al. (2001) was used to account for this. Acaggdp this model, the principal
types of reactions responsible for the fuel condionpare hydrogen atom
abstractions followed by — scission reactions of larger hydrocarbon radijcal
such as olefins. The resulting H atoms from theg@se start the development of a
pool of radicals through the reaction, H + © O + OH. The presence of these
radicals accelerates the fuel consumption andffagiment production, which can
lead to large amounts of soot production for thesdi flame. The biofuel
molecules, however, contain molecularly-bonded exythat remains connected
to the neighboring carbon atom, thus reducing peseusoot formation and lower
flame height. Dodecane fails to develop the poakdicals equal to those for the
diesel fuel demonstrated by the lower OH radic&®cted. Since dodecane is a
straight-chain single component fuel and lacks tebbnds, it became less likely

to participate in reactions which promoted the fation of the hydroxyl radical.
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At @ =2, Fig. 5.44, peak intensities were observedetojto 60% lower than
at @ =1.2, therefore, the intensity scale was modifiggis was done to enhance
the OH radical image for analysis. For this cowtitSME produced the highest
amount of OH followed by MS, CME, diesel, and dalee SME intensities
were 8-10% higher than that of MS, 10-12% higherGME, 12-16% higher for
diesel, and 20% or more for dodecane. The majocarttration of OH was seen
up to 1 cm above the burner. Above this locatiaw bBmounts of OH were
documented. Differences between these fuels wénbwaed to the molecularily
bonded oxygen within the fuel. 4t=1.2, the reaction step described by Kitamura
et al. (2001) was used to describe the formatioth@fpool of radicals. However,
at @ =2 this effect was no longer dominant since OHaald were lower for diesel
and dodecane compared to the biofuel flames, treigfect of fuel/air premixing
near the injector exit was smaller than the mokdyl bonded oxygen in the
biofuels. As the flames became more fuel rich, maxggen was required to
produce the OH radical. For this reason, the diasdl dodecane flames showed
near uniform distributions in the captured regiéimr CME, SME, and MS
internally supplied oxygen, found in the molecuktructure, coupled with
entrained air resulted in larger OH concentratiddgwnstream of this location
(<1.5 cm above the burner), mixing and entrainnweith ambient air overtook
the effect of the molecular oxygen, as seen bystimlar concentrations of OH
for all fuels. Atg = 3 and 7, the population of OH radicals droppegdiBcantly

for all fuels, between 4 and 8% of the full scalue, due to OH depleting
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oxidation reactions. Therefore, no significant elifinces were observed between

the OH concentration fields of the flamespat 3 and 7.
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5.3.2 CH Radical Distributions

For CH radical measurements the laser was tunethd@ocorresponding
excitation wavelength of 431 nm. At this wavelendiiH PLIF was done using
the transition of (0,0) band near 431 nm of tff& A-XI1 system. PLIF images
were captured from the injector exit to 6 cm abthwe burner; corresponding to
the OH PLIF measurements. As before, due to thédihfield of view of the
ICCD camera composite images of the flames werdayy@ed and used. Images
are presented as normalized signal intensities igiray a qualitative
representation and can be found in Figs. 5.47-5.50.

Since CH radicals are intermediately linked with tbrmation of NO through
the Fenimore (prompt) mechanism, see Egs. (5.4-618)PLIF was qualitatively
used to determine relative concentrations of CHe faximum intensity detected
by the ICCD camera, occurring for SME fuelgt 7, was used to normalize all
other detected values. CH images are presentdo/éoliquid fuels: No. 2 diesel,
canola methyl ester (CME), soy methyl ester (SM#gdecane, and methyl

stearate (MS).

CH+ N HCN + N (5.4)
G+ N> 2 CN (5.5)
C+N< CN+N (5.6)
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At @ = 1.2, Fig. 5.47, distributions of CH radicals @l fuels were greatest
within the flame reaction zone. CH radicals haverbesed to determine the
location of the reaction in a flame, as oppose@itbradicals which typically are
used as the location of where the reaction hadocstrred. Experimental results
presented show that the OH and CH concentratiomnegvere similar in size
and distribution. Results found in this region wenailar to those found in the
previous section of the report where diesel demmatest the highest
concentrations followed by SME, CME, dodecane, &l From Fig. 5.47 it can
be seen that diesel produced up to 30 % more Cildlther SME or CME, and
50% more than dodecane or MS.

At ¢ = 2, Fig. 5.48, the detected amount of CH radidedgnatically decreased.
The levels of CH were found to be less than 20%efpeak concentration value
for all fuels. Forp = 2 values for OH were also significantly lowearhatg = 1.2.

A transition occurred, from high amounts of OH a@#l at @ = 1.2 to this
condition where concentrations dropped so thahaeivas dominant. The visible
flame images show the lower portions of the flanvelsere these measurements
were taken, to be ‘blue’ with the remaining flamength downstream of the
injector exit ‘yellow’. Since less oxygen was supglmore oxygen was required
through entrainment for the production of OH as ¢enseen by the lower
concentrations. The formation, however, of othext fgwoducing compounds such
as polycyclic aromatic hydrocarbons were reducedessufficient oxygen was

supplied to suppress their formation demonstratgdtie low soot volume
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fraction. Therefore, ap = 2 there seems to be a transitional point infdin@mation

of soot, CH, and hydroxyl radicals.

As the equivalence ratio was increased to 3, F#P,Ssignificantly more CH
was detected at 4-5 cm above the injector exitmFitee visible flame images of
the biofuels and dodecane this region correspomdétdthe boundary of the gas
phase oxidation regions of these flames and thiéotyesoot containing regions.
Near the injector exit where oxidation reactiongsevexpected low concentrations
of CH were detected, similar to results frgn¥ 2. Downstream of this location
the amount of pyrolyzed hydrocarbons and soot aszd with CH reaching peak
approximately 4-5 cm above the burner. Values ahibn® region decreased,
followed by a steep increase in the detection of k¢ to the presence of
significant amounts of soot which emitted radiatadrall wavelengths saturating
the readings from the ICCD camera. CME produced highest peak CH
concentrations with the largest detected regiorioficdd by SME, diesel,
dodecane, and methyl stearate. The region of dastedor the CME flame
extended from the base of the acquired image to alwove the burner. SME and
diesel CH radicals peaked along this region whddettane and MS fuels did not
demonstrate this behavior. This region seems tehbelocation of significant
reactions for CME, SME, and diesel which possildgaunts for the formation of
NO as will be discussed later in section 5.4.

At @ = 7, Fig. 5.50, significant CH concentrations wagain detected at 4-5
cm above the injector exit. Visible flame imagedtod all fuels appeared yellow

with the biofuels blue very near the injector €xil cm). Highest to lowest peak
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values of CH were recorded for SME, CME, diesel,, M&d dodecane at 4-5 cm
above the burner. SME produced peak concentratibal fuels at any condition
in a pocket 3-4 cm above the injector and 1 cmsxcin the radial direction.
Diesel and MS also produced this small pocket of €kisting at 4-5 cm above
the burner exit and reaching a peak along the demeof the flame. CME
produced a similar distribution to that@t 3 with CH detected in the near burner
region extending to the pocket of radicals obserfeedhe other fuels. Dodecane
produced the lowest amount of radicals and wasthefuel that did not produce
a high concentration of CH or distribution compédeaio the other fuels. Above
this region of measurement values of CH increaggtfieantly again due to the
presence of significant amounts of soot resultm¢he saturation of the readings

from the ICCD camera.
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5.4 In-Flame Species Concentration Profiles

Radial concentration profiles of NO, CO, €Gnd Q at the same axial
locations as temperature and soot volume fractrenpaesented in Figs. 5.51-
5.130. Experimental uncertainties were also caledlausing Student's t-
distribution at a 95% confidence interval and arespnted in the appropriate
figures as error bars. Several radial points wepeated during the measurements
for each axial location. The largest uncertaintys vgalected for each pollutant

emission at each condition and used as a repréiseriar the overall uncertainty.

5.4.1 Nitric Oxide (NO)

Concentration profiles of NO are presented in FxgS1 — 5.70 for all fuels at
equivalence ratios of 1.2, 2, 3, and 7.\t 1.2 all fuels demonstrated similar
distributions of NO, with peaks occurring along titeeme boundary where the
primary region of gas-phase oxidations reactionsktglace. Peak NO
concentrations, occurring in the far-burner regioiere highest for SME (447
ppm), CME (430 ppm), diesel (400 ppm), MS (335) dndecane (315 ppm) in
that order. In the region near the injector exdtritbutions of OH (Fig. 5.43) were
highest for all fuels indicating regions of primaoxidizing reactions which
corresponded with peak flame temperatures2200 K) at this condition. An
increase in NQvas observed at farther locations downstream ofrtjeetor exit
which can be attributed to the effects of an insegia cumulative residence time.
Based on these results the dominant formation of @i@his condition can be

attributed to the thermal (Zeldovich) mechanism.
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Next, at@ = 2, the relationship between residence time @demgth), flame
temperature, OH radical distribution, and NO com@ions was significantly
different from data obtained gt= 1.2. At@ = 2 NO production did not follow
with temperature, OH, or CH distributions. Flamenperatures of the biofuels
and diesel were similar with dodecane producingldieest flame temperatures
due to radiative heat losses. Also, low concemnatiof OH and CH were
recorded in the near burner region where peak N@cemrations were as
follows: SME (404 ppm), diesel (380 ppm), CME (388n), MS (123 ppm), and
dodecane (88 ppm). Since primary NO formation waseoved in the near burner
region of these flames, the relatively longer resie time needed by the thermal
mechanism was not achieved. These findings indita#é a transition was
occurring and the thermal mechanism was no longermhnt.

At @ = 3, NO concentrations in the near burner regimhaong the centerline
increased significantly dropping to much lower st the mid and far burner
locations in the flame. In this region SME produdkd highest peak NO (569
ppm) followed by CME (564 ppm), diesel (324 ppm)SM225 ppm), and
dodecane (107 ppm). As at the previous conditiop of2, measured values of
NO did not correlate with the peak measured tentpexs, OH concentrations, or
residence time for the fuels. Additionally, CH reali concentration significantly
increased with the amount of NO, with SME and CMdopicing the largest
concentrations of CH followed by diesel, dodecamel MS. CH radicals found in
this portion of the flame peaked along the centerbf the flame where peak fuel,

fuel fragments, and soot was expected. This was @lserved for the very fuel
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rich equivalence ratio of 7. Ap= 7 in the near-burner region, NO concentration
significantly increased in the near burner regiom a&enterline of the flame
reaching peak values of 1166 ppm for SME, 1067 p@nCME, 470 ppm for
diesel, 414 ppm for MS, and 106 ppm for dodecam¢ r&tlicals peak values for
SME and CME along the centerline of the flame @pomded with peak NO
measurements. This was followed by descending atsooh CH radicals
measured for diesel, MS, and dodecane. These dath wclude increased NO
near the injector exit, high CH radical concentnasi, and low (<1800 K) flame

temperatures imply dominance of NO formation thitotltge prompt mechanism.

Engine studies have attributed NO formation to Aeddovich mechanism
(Scholl and Sorenson, 1993, Wang et al., 2000) wtwnparing biodiesel to
diesel fuel emissions. NO formation through theddglch mechanism has been
described by the reactions in Egs. (5.1-3). In sasdbere there are small
concentrations of oxygen, N atoms have been showedct with atoms other
than oxygen or hydroxyls. At rich equivalenceastsuch as those encountered
in the non- premixed flame combustion in dieselieeg and those in this study
can not account for the very high concentrationdN@f observed in the near
burner region. An alternative mechanism suggested-énimore (1970) and

Ilverach (1972) is shown in Egs. (5.4-6).

As mentioned before, the formation of nitric oxiole the prompt mechanism,
seen in Egs. (5.4-6), is connected to the deg@uati hydrocarbons. Along the
centerline position where peak concentration of fiyeolysis fragments and soot

was expected, NO concentrations peaked. Nitrogemsatgenerated by the
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reactions C + Bl«» CN + N and CH + pl«> HCN + N reacted with oxygen
radicals to form NO. For the biofuels the atomighibnded oxygen which did not
remain connected to the neighboring carbon atoraelaated the conversion of N
demonstrated by the higher amount of NO measuredpaced to diesel and

dodecane.

It was also observed that peak NO concentratiooseased with iodine
number, Fig. 5.71, particularly at equivalenceasf 3 and 7. This corresponded
with previous findings in engine exhaust studies tave shown this same trend
(McCormick et al., 2001). Therefore, this phenomeiscertainly dependent on
the chemical structure of the fuel. The double Isopesent in unsaturated fuels,
such as SME, facilitate the production of more s({@buwel et al.,, 2009)
ultimately resulting in the production of more N®ligher iodine numbers
indicate the number of carbon-carbon pi bonds wiaiah more likely to break
than C-C or C-H bonds leading to high radical faiorathus more CH. This
coupled with the presence of the oxygen in the &eoekelerated the formation of
NO. All fuels produced peak NO concentrations a #ame axial location,
0.25Fk, and at the centerline location raidially. AbovestNO concentrations
sharply decreased. At very rich equivalence ratibgas been shown that NO can

be recycled to HCN inhibiting its production (Tuy2000).
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5.4.2 Carbon Monoxide (CO)

Carbon monoxide is a colorless, odorless, poisogasghat can cause severe
harm and even death (Pulkrabek, 2004). Carbon mdedxO) is a significant
species in the combustion of rich mixtures suckthase in the present study and
typically represents the incomplete combustion peobdof pyrolyzed fuel
components. Concentration profiles of CO are preskein Figs. 5.72 — 5.91 for
all fuels at equivalence ratios of 1.2, 2, 3, anth®yeneral, all fuels demonstrated
similar distributions of CO in the radial and ax@ofiles of the flames. Low
values were recorded until reaching the flame banndhcreasing up te 6%
along the flame centerline. Peak values were aeliéor all fuels and conditions
in the near burner region of the flames decreaairtge mid-flame and far burner

locations as CO was oxidized to €0

At @ = 1.2 all fuels demonstrated similar distributiasfsCO concentration,
with peaks occurring along the fuel-rich flame eglme. At approximately 6-7
mm from the center of the burner, where the flano&indary was visually
defined, CO concentration values began to incréase zero and continued to
increase to the flame centerline where the peakegabccurred. Quantities of CO
are listed here in descending order with MS praagyithe highest value of 6.03 %
followed by 5.81% for diesel, 5.44 % for CME, 5.28 dodecane, and 5.15%
for SME. Similar results were obtained @t= 2 and 3. Flames increased in
thickness thus the CO concentrations began toaserat locations farther from
the flame centerline, e.g., 10-14 mm from the aeofethe burner. Peak CO

concentrations again occurred in the near burnejiome decreasing at
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downstream locations. Ap = 2 diesel (6.05 %) produced the largest amount of
CO followed by dodecane (5.98 %), SME (5.9 %), CBB7 %), and MS (5.77
%). At @ = 3 SME (6.03 %) and MS (6.03 %) both had the ésgtamount of CO
and was practically the same as that produced b @D2 %), dodecane (6.02
%), and diesel (5.79 %). Although values of thdlame concentrations were
comparable for these fuels@t 2 and 3, the global emissions of EICO showed a
significant increase for all fuels @t= 3, particularly for diesel. Ap= 7 dodecane
(5.98 %) showed the largest amount of CO with M833%) showing the next
highest followed by SME (5.62), CME (5.56 %), andseél (5.48 %). Profiles
were similar to those at the lower equivalenceogtdecreasing as the probe was
moved further downstream of the injector exit. kisvobserved, however, that
dodecane and MS produced the highest quantiti€sfat this condition. This
does not correspond to the measured EICO valudgeiprevious chapter. Diesel
at @ = 7 produced very high values of EICO and othetsfishowed a significant
increase fromg = 3, Fig. 4.12, with MS and dodecane producing ltheest
values of EICO. This could be due to the presemc®at in the far burner region
of diesel, CME, and SME flames which continued x@dize above this region
and form CO. Diesel which produced significantlyrmd&ICO than these fuels
was also found to produce up to 50% more soot @&t and SME and up to

80% more soot than dodecane or MS at the sametamondi
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5.4.3 Carbon Dioxide (COy)

Carbon dioxide, a product of complete combustiodijdates the oxidation of
fuel fragments and CO within the flame. Recentippbasis has been placed on
reducing CQ emissions and on ‘carbon-neutral’ technologies.tRis reason and
to obtain a better understanding of the combusti@racteristics of these flames,
carbon dioxide measurements are presented in #asios of the report.
Concentration profiles of COrom this study are presented in Figs. 5.92 — 5.111
for the five fuels at equivalence ratios of 1.232and 7. For the tested fuels, £0
production was directly affected by fuel equivalematio and flame temperatures,
remaining higher for the lowest equivalence ratidl@ and decreasing for the
subsequent conditions.

At @ = 1.2 fuels demonstrated a ‘double-hump’ struchear the injector exit
with peak values obtained along the flame reactamme boundary while
decreasing toward the flame centerline. Profilesvalthis region became flatter
in the mid and far-burner regions. No significaiffedlences were observed in the
peak CQ concentrations for all fuels at this condition lwdiesel (14.7 %) and
CME (14.7 %) showing the highest value followedSME (14.4 %), MS (14.2
%), and dodecane (13.9 %).

As the equivalence ratio was increased to 2 amgl deggen was supplied,
peak concentrations of G@ropped. The flames maintained similar structare
that at@ = 1.2 with peaks along the flame boundary, dedangaas the probe
traversed near the centerline. MS produced theelsigbeak value of C{(12.5

%), other fuels produced 12.1 %, 11.6%, 11.3%, Hh@& for SME, dodecane,
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CME, and diesel, respectfully. Ag = 3 peak concentrations dropped with MS
producing 11.5%, 10.8% for SME, 10.3% for CME, 10f@6 diesel, and 9.5 %
for dodecane. At the next condition @& 7, peak concentrations dropped again
with SME producing 11.1%, 10.4% for dodecane, 9f6#4CME, 9.8 % for MS,
and 8.4 % for diesel.

Profiles of CQ for ¢ = 1.2, 2, 3, and 7 corresponded with the measured
temperature profiles from these flames, (Figs. $2DB), typically reaching a
maximum value in regions of peak temperature. It \as0 observed that the
biofuels produced more GQaboveg = 2 than diesel fuel. As the biofuel was
burned, some of the carbon oxygen bonds seen inntbkecular structure
remained connected allowing for faster oxidatiorC&@ to CQ (Kitamura et al.,
2001).

Although the biofuel flames produced more C@ey have been considered
as essentially ‘carbon neutral’ fuels. Since thésels derived from organic
vegetation the carbon dioxide captured by the fleugt, soy) was used to convert
the gas into glucose through photosynthesis. Grigoshe plants could then be
converted to sugars, starches, proteins, and oiflsrwthe plant itself. The oils
derived from the plant were then transesterified ased in this study as a biofuel

thus resulting in a carbon dioxide balance.
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5.4.4 Oxygen (O,)

Varying amounts of oxygen were found within theser@ flames depending
on the equivalence ratio of the flame. Oxygen cotreions at the same
locations as the other emissions are presentedys 5.112-5.131. Uncertainties
based on the Student’s t-distribution at a 95% idente interval presented as
error bars cannot been seen for most conditionstaubeir small size. At the
lowest equivalence ratio of 1.2 all flames begarhwhe local atmospheric
oxygen percentage outside of the flames. As thdéderapproached the flame
boundary, the @ concentration values began to decrease to zetbeaprobe
entered the reaction region which occurred at apprately 6 mm from the
burner centerline. It was observed that as thegormbved further downstream to
the mid-flame and far burner regions more oxyges prasent. This effect is least
at this condition as the amount of air supplied Wmaghest requiring less air
entrainment from the surroundings. ét= 2 up to 4% oxygen was measured in
the far burner region along the centerline of thesel, SME, and CME flames
indicating the entrainment of more air in ordepiadize fuel fragments, soot, and
CO. Dodecane showed the highest amount pfnCthe far-burner region up to
8%. Next atp = 3, oxygen concentrations remained about zetbemear burner
region for all fuels and increased in the mid flaragions to 5% for the diesel
fuel. As the probe traversed across the far bueggon near the centerline, the O
concentration values rose to 14%, 7%, 5%, 4%, &dfdr diesel, CME, SME
dodecane, and MS. Fagr= 7, more oxygen was detected in all regions ef th

flames for all fuels. Oxygen concentrations droppedabout zero in the near
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burner region at much closer locations to the e¢bnée(2-4 mm).This was due to
the low flow rate which allowed for air in the sounding quiescent environment

only to diffuse and mix with the very fuel rich \@pair mixture.
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5.5 Liquid and Vapor Biofuel Flames

The results of this study showed that vapor flaofeSME and SME biodiesel
produced higher quantities of NO compared to cotneeal petroleum diesel
fuel. This was true for both the measured globatl an-flame species
concentration measurements. The most recent dipsay flame model by Flynn
et al. (1999) predicts the spray inside the cylinofean engine as a vapor plume
burning at very fuel rich equivalence ratios fronto48. As mentioned several
times in this report, diesel engine studies havewshthat NO is higher for
biodiesel compared to diesel engines. This was @served by Barajas (2009);
the author studied the combustion of biodiesel BeteA fuels using porous media
burners. The porous media vaporized the liquidysfieemes through radiative
heat feedback and resulted in higher values of EINO

Other authors, however, have shown that liquid ysffl@mes of biodiesels
have produced lower values of EINO compared peairolédased diesel. Erazo
(2008) investigated the combustion of liquid spilaynes of biodiesel and diesel
fuel at various equivalence ratios and atomizapimperties. The author observed
that EINO was significantly lower than in petroleutesel flames. Habib (2008)
used neat biodiesel and blends in a SR-30 smdé gea turbine. Results showed
that increasing amounts of biodiesel in the blaetyeased NO concentrations.

These studies show the effect of fluid mechanicsplét evaporation) on the
resulting emissions. This is noted here as an wasen to others. Further

investigation in this, however, is beyond the scopiis study.
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5.6 Chapter Conclusions

The following conclusions are drawn regarding thelame properties of

hydrocarbon and biofuel flames.

Flame Temperature:
* Flame temperatures @t= 1.2 and 2 were similar for all fuels. Ag= 3 and 7
fuels with higher soot concentrations transferreathaway from the flame

resulting in lower measured flame temperatures.

Soot Volume Fraction:

* The fuel structure of the biofuels acted to supptbe formation of soot by
preventing the development of a pool of radicals

* The radiative fraction values used in the previahapter to predict the
amount of soot in the flame was in agreement wiabt ssolume fraction
measurements. Thus, F values provided a good ‘gunckcation of the

amount of soot for these flames.

Radical Distributions and Emission Concentrations:
* NO concentrations ap = 1.2 increased with flame length, were produced i
high temperaturess(2200 K), and were present in regions of significa

concentrations therefore was attributable to tleential mechanism.
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At fuel rich conditions NO concentrations no longerrelated with flame
length, temperature, and were present in regions sighificant CH

concentrations therefore attributable to the prom@thanism.

lodine number was a parameter that primarily afféconly the biofuel
emissions, as trends were clearly observed whicregponded with engine

study findings.

143



Table 5.1 Adiabatic flame temperature of all fustistoichiometry

Fuel MS Dodecane Diesel CME SME

Adiabatic Flame
Temperature at 2249 2272 2282 2268 2266
Stoichiometry (K)

Enthalpy of
Reactants -927267 | -318563 | -256037 | -760220 | -771217
(kJ/kmol — fuel)
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Figure 5.1 Temperature profiles of diesepatl.2

144




2400

2100

=
o]
o
o

1500

Temperature (K)
© N
o o
o o

600

300

0

2400

2100

=
(0]
o
o

1500

Temperature (K)
© N
o o
o o

> o 0%p000 o)
600 Co © ©®Y0000% 50
300
0 L I L I L I L L
920 10 0 10 20

oR Aﬂ o8
o8 QAAAAQEAA o3
2% oo
o

n Diesel 0.25 F: p=2
A Diesel 0.50 F: =2
o) Diesel 0.75 F: =2

-20

I L L I L
-10 0 10 20
Radial Distance (mm)

Figure 5.2 Temperature profiles of diesepat2

n Diesel 0.25 F: ¢=3
A Diesel 0.50 F: =3
o) Diesel 0.75 F: 9=3

(m] O
[m] D@ DD ()
0o

0 o
AAEEEEEB ARE&EEA A Oo
A

AA
AL

o

Radial Distance (mm)

Figure 5.3 Temperature profiles of diesepat3

145



2400 0 Diesel 0.25 F: =7

A Diesel 0.50 F: =7

2100 o) Diesel 0.75 F: =7

=
o]
o
o

1500

oo
[u]
A 3 B A

o0hop0ogO0OR

Temperature (K)
© N
o o
o o

600

300

O L I L I L I L
-20 -10 0 10 20
Radial Distance (mm)

Figure 5.4 Temperature profiles of diesepat?

2400
2100} B
100
E Ag A&
<1800 A0 6,
~— - o O
© 1500 | A oa
3 B oo DDOA
C1200F A CXe)
9 - 0 %o
o B OA o [m]
£ 900}
G) |
- B [m]
600F o CME 0.25 F: =12
: a CME 0.50 F: ¢=1.2
300 o CME 0.75 F_: ¢=1.2
0 B ‘ 1 | | I | . .
=20 -10 0 10 20

Radial Distance (mm)

Figure 5.5 Temperature profiles of CME@t1.2

146



2400

2100

=
o]
o
o

g1800r
o 1500 F Bt B T
= B DAA o nno 0 guAA
© 1200 F 0© 0 8,
) B
o - oA O O
e 9005— 0
" s00k o CME 0.25 F: ¢=2
i a CME 0.50 F: ¢=2
300F o CME 0.75 F: =2
0. - ! 1 ‘
=20 -10 0 10 20

2400 o CMEO.25F:¢=3
2 A CMEO.50F =3
2100 s o) CMEO.75F =3
Q1800F
L 1500 - - YN AAgeegE R _
T 1200 oo o, o AAﬂe
e o o Ao
£ 900F 0002°°0°%%0 i
— - (@]
o o©
300
0 : L I L I L I L L
=20 -10 0 10 20

Radial Distance (mm)

Figure 5.6 Temperature profiles of CMEg&t2

Radial Distance (mm)

Figure 5.7 Temperature profiles of CME@t3

147



2400 o CME 0.25F: ¢=7
2 A CMEOS0F =7
2100 s o) CMEO.75F =7
ngOO -
© 1500
= B
© 1200
L : nﬂnnﬁnnnnznnnﬂnnﬂﬂnnnnn
E 9005_ 0o A AAAAA AAA:AAAQAAAA 0o
- o] o O O
600F 0% 00 ~©0,°%
300
O - L | L | L | L L
-20 -10 0 10 20

Radial Distance (mm)

Figure 5.8 Temperature profiles of CME@t7

2400 F
- 3 0
2100} #358%5858%2&
- o A
1800 F R® D
I o
® 1500 | N° Q
= i
+— B [m]
© 1200 @
© . QR G
o N o (@)
£ 900f
2 -
6ooF © o SMEO0.25F:¢=1.2
8 A SMEO0.50F:=1.2
300 F o SME 0.75 F: ¢=1.2
0 : L I L I L I L L
=20 -10 0 10 20

Radial Distance (mm)

Figure 5.9 Temperature profiles of SMEt1.2

148



2400

2100
1800 ; 0 Ao
< - nuEAgo 0o 6o, 68

- 82 o @O 6

L 1500 Al 6:2 AnO o
3 - ED o, g O oAo
@® i (o] (]
— 12 [ o QD
8_ 00 E [m] fe) [m] 8
£ 900F %o o
o - o
- B

600 o SME0.25F =2
A SMEOS0F =2
300 o SMEO.75F:1@=2
O L I L I L I L L
-20 -10 0 10 20

Radial Distance (mm)

Figure 5.10 Temperature profiles of SMEpat2

2400 o SMEO0.25F_¢=3

A SME 050 F_:0=3

2100 o) SME0.75F =3

=
(0]
o
o

S
© 1500
S g Agﬂﬂé opO0g o
© : o o5 25 R
< 1200 A o *od,  ‘m
Q - Coqo o) énn
€ 900 o oo
et - o]
= - ©)
600 |-
300
0 : L I L I L I L L
=20 -10 0 10 20

Radial Distance (mm)

Figure 5.11 Temperature profiles of SMEpat3

149



2400 o SMEO025F_:¢=7

A SMEO.50F =7

2100 (o) SMEO.75 F =7

=
o]
o
o

1500

Temperature (K)
© N
o o
o o

600

300

L I L
-20 -10 0 10 20
Radial Distance (mm)

Figure 5.12 Temperature profiles of SMEpat7

2400
- (u]
2100 o A
’“18005 Oaéﬁ
(N —
©1500F O & .
2 s A uﬁ
S1200F o
N 8
£ 900F O A
& - o
600 ;_ o o Dodecane 0.25F :¢p=1.2
- A Dodecane 0.50 F: ¢=1.2
3001 o Dodecane 0.75 F: 9= 1.2
0] = I L Ll ‘
-20 -10 0 10 20

Radial Distance (mm)

Figure 5.13 Temperature profiles of dodecang=t.2

150



2400 F
2100 |
1800 o
= i ueugeAAAAAMAAgeD o
© 1500 | a o o AA‘}'ZED
= 5 A Ong (0] ODo (o) "o
= g
© 1200 o A0
o B AAAD © Ooo- 000 gﬁ
E 900+ 0o
- | o®
600 - o o Dodecane 0.25 F : ¢p=2
- A Dodecane 0.50 F: ¢p=2
300 o] Dodecane 0.75 F: ¢ =2
0. L ! 1 ‘
-20 -10 0 10 20

Radial Distance (mm)

Figure 5.14 Temperature profiles of dodecang =i

2400 ] o Dodecane 0.25 F : ¢=3
2100 o A Dodecane 0.50 F: ¢=3
- o Dodecane 0.75 F: ¢=3
21800 -
© 1500 - TV, AN
2 - éA I:||:|I:| MﬁeEE?EA
© [ A a] o OAAA
o 1200 F o OBEOQOOO S0AA
& - o © Opqo o0 O
- A o) O o
g 900 8o o
= :
600 |-
300
0 = l_ ] Ll ‘
20 10 0 10 20

Radial Distance (mm)

Figure 5.15 Temperature profiles of dodecang =3

151



2400

o Dodecane 0.25 F : p=7
2100 A Dodecane 0.50 F: ¢p=7
(0] Dodecane 0.75 F : p=7

=
o]
o
o

1500

0O0popao
gpo@gpobo B0 0o
o

u] A A
Raa,s%a AAAAéAA

Temperature (K)
© N
o o
o o

00
600 oooooc,{)oooo loXe)
300
O | I | I | I | |
=20 -10 0 10 20

Radial Distance (mm)

Figure 5.16 Temperature profiles of dodecang =t

2400 F
- oo (m]
2100 F B PERBOBR
OOE o) Ozn
1800 F A o
x -
= B AO ggon
© 1500 F “
= % %
©1200F “o “28
S g
£ ooof & ©
) B a
- B
600 o o MS 0.25 F:¢@=1.2
300 g A MSO0.50 F:p=1.2
. o) MS 0.75 F_:¢=1.2
0 B ) [ | [ I
20 -10 0 10 20

Radial Distance (mm)

Figure 5.17 Temperature profiles of methyl steasatg=1.2

152



2400 |
2100
91800 - . 3 A
~— : A o
© 1500 Q0°Q4%80 3
> B o o o
© - a o
Qo 00 B oA o m] (@] é
o N o O o n
E 900 o
) B
- B R
600 u] o MS 0.25F =2
: A .\ MS 0.50 F : =2
300 o) MS 0.75 F =2
0 = L | 1 ‘
-20 -10 0 10 20

Radial Distance (mm)

Figure 5.18 Temperature profiles of methyl steasatge=2

2400 o MSO025F;@=3
2 A MSO0.50 F:p=3
2100; o MSO0.75F =3
Q1800
- N ARRAa
® 1500 - 54829905050
S 1000k 8 o~ oa
S 1200 F o o o a
£ 900F o
N
600F 5o o
300
0: L I L I L I L L
=20 110 0 10 20

Radial Distance (mm)

Figure 5.19 Temperature profiles of methyl steasate=3

153



2400

2100

=
o]
o
o

1500

Temperature (K)
© N
o o
o o

600
0090

300

0

MSO0.25F =7
MS 050 F: =7

o MSO.75 F =7

OOOOQQQOOOQOO

20

Figure 5.20 Temperature profiles of methyl steasate=7

I L L I L
-10 0 10
Radial Distance (mm)

20

2400 |
nE u [ |
2100
Q N
~ - A
o lSOOf A A
S
% 1500F @ o o
qJ -
2.12006MS
= A
— 900F Diesel CME SME
4 B
© - u 0=1.2
8 600 = A Q=2
- o =3
300 o 7S 0=7
0 :\ || | I | || | I | || | I | || | I | | I | | I | | I ||
20 40 60 80 100 120 140

Figure 5.21 Peak temperaturespatl.2, 2, 3, and 7 plotted against lodine Number

lodine Number

154



fV / fV max

fV / fV max

0.3

o Diesel 0.25 F: p=1.2
025E A Diesel 0.50 F: 9p=1.2
T o) Diesel 0.75 F: =12
0.2
0.15|
0.1F
0.05
B @EEWDD
O i . ﬁE\@AEA‘ \A A\AAMA . \A\AQ m .
-20 -10 0 10 20

Radial position (mm)
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155



o Diesel 0.25 F: ¢=3
1.2 A Diesel 0.50 F: ¢=3
i o Diesel 0.75 F: @=3

g 0.8
- |
0.4 %
B A
| AAA AAA
n A AA
;,_,Mﬂnnﬂ QDBDHDODB nﬁuﬂﬂﬂnm ‘
0
-20 -10 20

Radial posmon (m m)

Figure 5.24 Diesel soot volume fraction profilegpat3

! o Diesel 0.25 F:p=7
1.2+ A Diesel 0.50 F: ¢=7
B (@] Diesel 0.75 F: @=7
I o
| O o
> o) o
g_ 08 (oNe) |:|9 o
= |
-|—> - o
04F n A 4
| AA
- A
A0 o
i ad D
| o a
0 . EDD - ] I IAA?? |
-20 -10 0 10 20

Radial position (mm)

Figure 5.25 Diesel soot volume fraction profilegpat?

156



fV / fV max

fV / fV max

0.3

- o CME0.25F:¢p=1.2
- A CMEO.50F:0=1.2
0.25F O  CMEO.75F;¢=12
0.2
0.15|
0.1F
0.05
E A Dnod?bﬂiﬂ
=20 -10 0 10 20

Radial position (mm)

Figure 5.26 CME soot volume fraction profilespat1.2

0.3r
- 0 CME0.25F:¢9=2
- A CMEO.50F =2
0.25F O  CMEO.75F_;¢=2
0.2
0.15F
0.1F
- o
0.05F 5° %o
i o008
B OA A N EDDD 000
O;A_t_ougéﬁméﬂ qﬂﬁému? A AE%EQ?F”
0 10

-20 -10
Radial position (mm)

20

Figure 5.27 CME soot volume fraction profilespat2
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Figure 5.28 CME soot volume fraction profilespat3
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Figure 5.29 CME soot volume fraction profilespat7
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Figure 5.31 SME soot volume fraction profilespat2

159



0.3

- o SME 0.25F: ¢=3
[ a SME 0.50 F: ¢=3
0251 O  SMEO.75F: =3
0.2
5 [
€ B
= |
0.1F
i oy~ Rxp
i o %
0.05 o o
i (o]
%0 -10 0 10 20

Radial position (mm)

Figure 5.32 SME soot volume fraction profilespat3

0 SME0.25F =7
1.2+ A SMEO0.50 F =7
: o) SMEO.75 F: =7

g 0.8}
- A
- o) aAé OAOAO © 6“2;: o
I gunn o o o & ©
0 ! ! ! | ! | qnll'lw ! !
-20 -10 0 10 20

Radial position (mm)

Figure 5.33 SME soot volume fraction profilespat7
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Figure 5.39 Methyl stearate soot volume fractioofifgs atg =2
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Figure 5.49 CH PLIF images of all fuels@t3
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Figure 5.50 CH PLIF images of all fuels@t7
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Figure 5.52 Diesel NO concentration profilespat2
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Figure 5.65 Dodecane NO concentration profilep a8
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Figure 5.67 Methyl stearate NO concentration pesfatp=1.2

700
- o NOMS0.25F =2
600 £ A NOMS0.50 F:p=2
e - ®) NOMSO0.75 F =2
o i
& 500f
c i
= 400F
S -
= i
8 300
c i
o i
O 200
% -
o A
100% @ g g o cA: .
i o o)
oL L ‘|‘F"8|Q‘Q‘Q
0 5 10 15 20

Radial Distance (mm)

Figure 5.68 Methyl stearate NO concentration pesfetp =2
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Figure 5.72 Diesel CO concentrationspatl.2 for three axial locations
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Figure 5.73 Diesel CO concentrationgpat2 for three axial locations
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Figure 5.74 Diesel CO concentrationgpat3 for three axial locations
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Figure 5.75 Diesel CO concentrationgpat? for three axial locations
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Figure 5.76 CME CO concentrationsgat1.2 for three axial locations
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Figure 5.77 CME CO concentrationsgat?2 for three axial locations
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Figure 5.78 CME CO concentrationsgat3 for three axial locations
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Figure 5.79 CME CO concentrationsgat7 for three axial locations
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Figure 5.80 SME CO concentrationspat1.2 for three axial locations
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Figure 5.81 SME CO concentrationspat2 for three axial locations
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Figure 5.82 SME CO concentrationspat3 for three axial locations
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Figure 5.83 SME CO concentrationspat7 for three axial locations
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Figure 5.84 Dodecane CO concentrationp al.2 for three axial locations
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Figure 5.85 Dodecane CO concentrationg a2 for three axial locations
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Figure 5.86 Dodecane CO concentrationg a8 for three axial locations
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Figure 5.87 Dodecane CO concentrationg &t for three axial locations
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Figure 5.88 Methyl stearate CO concentrationg=t.2 for three axial locations
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Figure 5.89 Methyl stearate CO concentrationg=2 for three axial locations
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Figure 5.90 Methyl stearate CO concentrationg =8 for three axial locations
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Figure 5.91 Methyl stearate CO concentrationg =i for three axial locations
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Figure 5.92 Diesel C£xoncentrations ap=1.2 for three axial locations
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Figure 5.93 Diesel C£xoncentrations ap=2 for three axial locations
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Figure 5.94 Diesel C£xoncentrations ap =3 for three axial locations
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Figure 5.95 Diesel C£xoncentrations ap=7 for three axial locations
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Figure 5.96 CME C@concentrations ap=1.2 for three axial locations
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Figure 5.97 CME C@concentrations ap=2 for three axial locations
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Figure 5.98 CME C@concentrations ap =3 for three axial locations
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Figure 5.99 CME C@concentrations ap=7 for three axial locations
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Figure 5.100 SME Cg@concentrations ap=1.2 for three axial locations

25
: o CO,SME 0.25 F_: =2
i A CO,SMEO0.50F,:@=2
s | O  CO,SMEO0.75F: =2
°. 20F
©° i
> |
S 1sf
st .
c ¢
% 10 © 2 o a
O T o ° o °
o 5F 6
O - (o)
| E O
i R O
0 I L I L L I L L D L
0 5 10 15 20

Radial Distance (mm)

Figure 5.101 SME Cg@concentrations ap=2 for three axial locations
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Figure 5.102 SME Cg@concentrations ap =3 for three axial locations
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Figure 5.103 SME Cg@concentrations ap=7 for three axial locations
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Figure 5.104 Dodecane G@oncentrations ap=1.2 for three axial locations
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Figure 5.105 Dodecane G@oncentrations ap =2 for three axial locations
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Figure 5.106 Dodecane G@oncentrations ap =3 for three axial locations

25

- 0 CO, Dodecane 0.25 F: =7

i A CO, Dodecane 0.50 F: p=7
< i o CO, Dodecane 0.75 F: ¢=7
°. 20F
o i
> -
S 151
‘§ i
c i
9 10 2 %
c 4 A O
o [ o 4
ON i a
S °f o 4

® ®) o) A

0 i | 1 n | I g L ‘
0 5 10 15 20

Radial Distance (mm)

Figure 5.107 Dodecane G@oncentrations ap =7 for three axial locations
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Figure 5.108 Methyl stearate G@oncentrations ap=1.2 for three axial locations
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Figure 5.109 Methyl stearate G€oncentrations ap =2 for three axial locations
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Figure 5.112 Diesel £xoncentrations ap=1.2 for three axial locations
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Figure 5.113 Diesel £xoncentrations ap =2 for three axial locations
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Figure 5.114 Diesel £xoncentrations ap =3 for three axial locations
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Figure 5.115 Diesel £xoncentrations ap =7 for three axial locations
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Figure 5.116 CME ©@concentrations ap=1.2 for three axial locations
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Figure 5.117 CME @concentrations ap=2 for three axial locations
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Figure 5.118 CME @concentrations ap =3 for three axial locations
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Figure 5.119 CME @concentrations ap=7 for three axial locations

204



O, Concentration (Vol. %)

25

-0 O,SME0.25F :p=1.2
[ A O, SME 0.50 F: 9= 1.2
e} O, SME 0.75F_: ¢=1.2
20 , o 8 8
I A
| O O
15 B 6
- o)
10f
- a
- o
R o)
> | A
- o B©
Og | Q | 9 E | I | | I |
0 10 15 20

l
5
Radial Distance (mm)

Figure 5.120 SME ©concentrations ap=1.2 for three axial locations
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Figure 5.121 SME ©concentrations ap=2 for three axial locations
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Figure 5.122 SME ©concentrations ap=3 for three axial locations
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Figure 5.123 SME ©concentrations ap=7 for three axial locations
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Figure 5.126 Dodecane,@oncentrations ap =3 for three axial locations
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Figure 5.127 Dodecane,@oncentrations ap=7 for three axial locations
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Figure 5.128 Methyl stearate, @oncentrations ap=1.2 for three axial locations
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Figure 5.130 Methyl stearate, ©@oncentrations ap =3 for three axial locations
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Figure 5.131 Methyl stearate, @oncentrations ap=7 for three axial locations
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Chapter 6
Computational Results

Temperature, CO, COO,, and NO concentrations were modeled for laminar
premixed flames of dodecane and one oxygenatediddjofmethyl butanoate.
Computational fluid dynamics software FLUENT versi6.3.26 and chemical
kinetics software CHEMKIN version 4.1 were used &mel results are presented
in this chapter. A heated laminar fuel vapor/airfrem an axisymmetric burner
was modeled. The dimensions of the modeled burreme whe same as the
dimensions of the burner used for the experimgradion (9.5 mm ID, 12.7 mm
OD). The fuel-air mixture was initially set at aguevalence ratio of 1.2 at the
burner exit. Local fuel/air mixtures calculatedrfraghe non-reacting jet were then
used to determine the temperature and concentsatib@0O, CQ, O,, and NO at
each point using the CHEMKIN software package wetfuilibrium and non-
equilibrium combustion models.

The purpose of the developed models was to edtablmedictive method by
which the combustion properties of diesel (n-dodegaand biodiesel (methyl
butanoate) fuels burning in a laminar flame coudddmcumented at a fuel rich
equivalence ratio. The initial equivalence ratidld? was chosen since the largest
global NO was measured at that equivalence ratibenexperimental portion of
the dissertation. Experimental measurements shawad NO production was
primarily due to the Zeldovich mechanism at thisyxeaequivalence ratio of 1.2.

This is in contrast to higher equivalence raticgee (2 to 7) which showed that
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NO production was due to the Fenimore mechanismisadécussed later in this

chapter.
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6.1 Governing Equations

6.1.1 Model Assumptions

Modeling the injection of a heated fuel and air fetjuires the energy,
momentum, and mass conservation equations to beedsolAdditionally,
modeling the combustion of these mixtures requépeecific thermodynamic and
kinetic mechanism equations as well. Thereforesitoplify the complexities
involved in obtaining the solution of these equagiothe following assumptions
were made:

1. The computational domain is assumed to be symmaiacit the injector

axis.

2. Heat transfer from the heated fuel-air jet and butip was neglected. The
radiative losses from the flame in the combustiondel were also
neglected.

3. Single component fuels, methyl butanoatgeH{O,) for biodiesel and n-
dodecane for diesel, were assumed to avoid muttipoment effects.

4. The fuel and air mixture jet was injected above ltbéing point of both

fuels and assumed to be completely in vapor form.

213



6.1.2 Continuity and Momentum Equations

FLUENT software package was used for solving ofltimeinar flow field, the
2-D axisymmetric conservation and momentum equatiohhe continuity
equation is expressed in Eq. (6.1). Equation (G&sents the momentum

equation wherepg is the gravitational body force in the x direction the

velocity, T is the stress tensor given in Eq. (6.2adhe dynamic viscosity, and P

the static pressure.

Ofpo)=0 (6.1)
0 {pov) = -OP+ O [ft) + pg (6.2)
T=p(Oo+0o7) (6.2a)
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6.1.3 Energy Equation

Flows in this study also involved heat transferstmequired additional
equations for energy conservation. Equation (6h@8\s the energy equation used

for this purpose where the dissipation due to \sggavas assumed small.
0 0 oT
—|U,(PE+P)| = —| k— 6.3

Here k is the thermal conductivity, T is the tengtere, and E is defined in Eq.

(6.3a) as:
E=h-"4+Y (6.3a)

Values used in the numerical model for dodecane raethyl butanoate are

presented in Table 6.1 (Baroncini et al., 1981lil&ild, 1934).
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6.1.4 Species Transport Equation

Further, since flows in this study involved speciesxing the species

conservation equation was also solved, Eq. (6.d)en (6.4a).

OpoY,)=-000,

(6.4)

N, -1

J == pD,0Y, (6.4a)
j=1

Where ) is the binary mass diffusion coefficient in thextare, N, is the

number of chemical species, angdi¥the mass fraction of species i.
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6.1.5 Equilibrium Calculations

Equilibrium calculations were used to determinecsgse concentrations of
CO, CQ, NO, Q, and flame temperature. These values were cadculzsed on
the minimization of Gibb’s free energy and thermuaalyic properties of the fuel

used. The equation used for Gibb’s function of steaw is:

G= igka (6.5)

k=1
whereg, is the partial molar Gibb’s function,Mhe number of moles of species k

in the system, and K the total humber of specidge @quilibrium solution is

given by the distribution of Nhat minimized the system Gibb’s function.
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6.1.6 Non-Equilibrium Calculations

To account for residence time and for the histdiryfuel, non-equilibrium
calculations were made. Equilibrium calculationgpidally, greatly over predict
NO concentrations, as will be discussed in latetiees. Thus, by accounting for
the residence time the determination of NO conediotm is more accurate.
Results from this model were obtained with the ofa perfectly stirred reactor
network based on a predefined model in the CHEMH&#tabase which simulated
the formation of NO in a methane-air flame. The elatid not consider transport
processes and hence results are based on the ah&maetics, residence time and
composition of the gas mixtures (CHEMKIN, 2006). skience times and
velocities for these reactors were based on refuwlts the non-reactive heated
fuel/air jet numerical simulations seen in Figgl-6.

Thermodynamic and gas phase mechanisms providé&bbley et al. (2008)
and Westbrook et al. (2009) resulted in the preahstof species and intermediate
products. To solve Egs. 6.6-9 CHEMKIN was used. digan (6.6) shows the
forward rate constant which was assumed to havefdhewing Arrhenius

temperature dependence,
B -E
kKe =A T exg — (6.6)
RT

where A is the pre-exponential factor,; B the temperature exponent, R the
universal gas constant, T the gas temperature Eatite activation energy. The
constants A Bj and E are provided by Dooley et al. (2008) and Westbrebaéil.

(2009) in the gas phase kinetics package for eaeltion. The reverse rate
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constant (k) was related to the forward rate and constant¥ lfi{ the relation
shown in Eq. (6.7).

Ky = (6.7)

The constant Kcan be determined by the relationships in EQs8, (8):

< =K [Pam )5 (6.8)
i pi RT .
K, =ex AS’ _AH; (6.9)

R RT

Whereuv,, is the difference between the stoichiometric cogdfits of the forward

K K

reactiorv,; and the reverse reactiop N> VX, = > UX, and y is the
k=1 k=1

chemical symbol for R species.

It became necessary also to establish furtherriexif€ig. 6.7) to account for

the time history of the gas. For this Eq. 6.10 wsed:

(n) M +y(N)
dY. = = Zmi (Yik _Yk)"'Wkwk
dt mr.E p®

(o]

(6.10)

Where . is the mass through-flow rate, amid is the mass flow rate of th® i

inlet, Y is the mass fraction of the specigsjs the mass density, Ws the

molecular weight of the”lkspecies,c’ok is the molar rate of production of th& k
species by gas phase chemical reaction per unimeal andtis given by Eq.

6.11 as:

T =f_n—v (6.11)



6.2 Reaction Models

The combustion of methane (GQHwhich contains only one carbon atom
involves 325 elementary reactions and 53 specieRI-(@ch 3.0). For
comparison biodiesel is composed of several fatity methyl esters that typically
range in carbon chain length from 15 to 21. Thiplies that a full kinetic model
for a biodiesel fuel will be large and computatibypdaxing. To the author’s
knowledge, there is currently no complete kinetiodel for the combustion of
oxygenated biofuels of carbon chain length 15-2a&welver, without chemical
kinetic models, accurate predictions of temperatunetermediate radicals, and
pollutant concentrations cannot be achieved. Twlvesthis problem some
authors have used surrogate fuels which are soginifiy smaller in length and
hence modest in computational requirements. Autbock as Fisher et al. (2000),
Weiss et al. (2006), and Dooley et al. (2008) hdeeeloped and made available
the chemical kinetic models for a surrogate fuekhylebutanoate (€H:00,).
Methyl butanoate contains the same essential claémsticicture features such as
the RC(=0)OCH or RC(=0)OGHs (where R is an alkyl or alkenyl radical)
hence possessing similar kinetic properties ofokidation of the methyl ester as
a biodiesel fuel (Metcalfe et al., 2007, Herbinedle 2008). The kinetic model by
Dooley et al. (2008) will be used in the numeripattion of this dissertation; the
model consists of 275 species and 1545 reactionsirntmlate the biofuel
combustion.

This mechanism reduces the need for a large comngehfacility, time, and

has been validated as an appropriate surrogatbiddiesel. The mechanism in
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CHEMKIN compatible format can be found at the Costimn Chemistry Centre
website in the following link: http://c3.nuigalwag/biofuels.html.

Diesel fuel is also composed of various saturatedl unsaturated molecules;
see Table 1.1 on page 27. Diesel typically hasrlaocachain length range much
larger than biofuels, ranging from 10-22 of whiokardy 25% are aromatics. A
few authors have used various n-alkane and n-alkeoreatic mixtures as diesel
surrogates. Fuels such as n-hepatne, n-dodecdrexadlecane, and mixtures of
these with toluene (see Table 3.1) have all beed ts simulate the combustion
of diesel (Kitamura et al., 2001, Farell et al.020 Westbrook et al., 2009).
Normal dodecane has been shown to have similamtiyghysical and transport
properties to that of diesel (Farell et al., 20Q7has been used previously and
found to be a satisfactory surrogate for diesebating to a review by Farell et al.
(2007). Also, since experimental data in this disd®n were obtained for n-
dodecane, the predictive mechanism would providi#rect comparison. Hence,
the kinetic model provided by Westbrook et al. @0@vas used; the model
consists of 5030 reactions and 1282 total speaestife combustion of n-
dodecane. The mechanism and thermodynamics file®nmpatible CHEMKIN
format can be found at the Lawrence Livermore Nwtid aboratory website in
the following link: https://www-pls.linl.gov/?url=sence_and_technology-

chemistry-combustion-c8c16_n_alkanes.
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6.3 Grid Development

A schematic diagram of the computational domairhvibundary conditions
and coordinate system can be seen in Fig. 6.1. doynconditions and
dimensions are also given in this figure. The grdended to 2 m in the axial
direction and 0.05 m in the radial direction. Timgluded the burner section
(0.00475 m radial and 0.475 m axial distance) wihiati an initial section prior to
the outlet that was sufficiently long for fully wdeoped flow to occur (50
diameters). The axisymmetric computational domaas aligned along the center
of the burner. The grid was initially assigned ayveoarse mesh of 3 cells/cm
radially and 3 cells/cm axially to reduce the w@litcomputational time of the
solution. After the solution was obtained, thedgsias refined and tested again.
Refinement was done primarily along the centerhef lame where gradients
were large. This process was repeated twice. Resilithe grid refinement
procedure are given in Fig. 6.2 a-c. Temperatuodilps are also shown at the
three axial locations for the different grid vaivais, Figs. 6.3 a-c. The largest
difference occurred between the original grid ahd first adapted grid. The
location and magnitude of the peak temperatureeas®d as the grid was refined
at all three axial locations. With an increased hanof grid cells, the magnitude
and position of peak radial temperature was withiBPb, thus the solution was
reasonably grid independent.

Other considerations during the grid developmentess included: 1) effect
of boundary layer development along the fuel tube 2) heat transfer between

the burner tip and flame. In the present model &lippboundary condition was
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imposed on the outer wall of the burner to accdontthe effect of boundary
layer. Heat transfer between the burner and flamogyever, was neglected as
were the beveled sharp edges at the burner exitadiee complexity of the heat

transfer problem involved (Choudhuri, 2000).

223



6.4 Results

The in species mole fractions and temperature cositof heated non-reactive
dodecane/air and methyl butanoate/air jets predligteéh for the equilibrium
model are shown in Figs. 6.4-6. Although the jes wamulated for the entire grid
only the region of interest is presented in thagarés, approximately 15 cm
above the injector exit. The results from the efjadm model for temperature
and CO, CQ, O,, and NO concentrations are also shown in Figs:16.7In
general, the equilibrium model successfully presticthe concentration of the
combustion products and temperature with the eimepmf NO. Temperature,
carbon monoxide, C£ and Q concentrations showed trends that were in
agreement with experimental data for both fuelsweler, the nitric oxide
concentration predicted by the equilibrium modetl diot correspond with
experimental results for both fuels. For a moreueate prediction of NO, which
has a chemical time scale much larger than otlandl species; the chemical
state, age, and history of the gas mixture must laésaccounted for (CHEMKIN,
2006). Therefore, both the equilibrium and non-Bouum results are presented

in this section.
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6.4.1 Dodecane Equilibrium Model

The predicted carbon monoxide concentrations énrtfdodecane flame are
shown at the same three locations downstream obbuheer as the experimental
portion of this dissertation in Fig. 6.8. The comication profiles become wider
further downstream of the injector and increasethfb.73% to 5.85% and 5.87%
in the near (x = 0.02375 m), mid (x = 0.0475 m)] & (x = 0.07125 m) burner
locations, respectively. These locations downstremie burner were based on
the flame lengths of diesel fuel at the same canditFor the near and mid
portions of the flame, the model predicted the ba&aof the fuel jet and the
species concentrations near the jet centerline. w&dry small amounts of
intermediate compounds, including HOCHO, OCHO, ,0HH,0,, HO,, and
HCO on the order of 1Dto 10® moles, were also predicted along the centerline at
the region where CO decreased. To determine if rthmerically modeled
amounts were feasible, a carbon-carbon balance®résrmed in locations of the
peak CO and COproduction and was found to be in agreement waluas
obtained from the equilibrium code developed byk&ia and Bormann (1975).
The predicted values of CO were larger than medsguantities. Experimental
CO, concentrations increase in the far-burner regibicivwas not found in the
modeled results since residence time, and soot gstoin history was not
accounted in the model. Overall, it was found thatmodel predicted the correct
peak values of CO within 10% in the near burnerorego 20% in the far burner

region despite not accounting for the time histoirgas.
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Carbon dioxide concentration width increased in tfagial direction
downstream of the injector exit. Although the mogetdicted somewhat lower
values than experimental data, computed valueswelll the trend of CO
concentration well. Peak values predicted by theemical model varied little in
the axial direction at the near, mid and far butoeations with values of 10.9%,
11.1%, and 11.2%, respectively. The model did mabant for residence time
and soot history and hence resulted in a lowerigtiied of peak values compared
to experimentally obtained data. It was also skah peak temperatures occurred
at the same places as peaks i, €ancentrations at all three axial locations. This
corresponded with the expected maximum heat relesies as CO oxidized to
CO;, (Turns, 2000). Predicted flame temperatures weghen by 10 to 17%
compared those measured up to 6 to 8 cm from theercef the flame in the
radial direction. Outside of this region, the potdd flame temperatures
decreased to the point of becoming lower than teasured values. Again, this
was due to the effects of radiative losses padityldue to soot combustion from
the flame which were not accounted for in the nucaémodel. The heat released
from the flame resulted in the thermocouple meagutigher temperatures
compared to those predicted. As the thermocoupbeoaghed the flame, it was
exposed to the radiative heat release from thedflatfmus resulting in higher
measured temperatures outside of the primary arwhdary reaction zones.

The predicted values of NO concentration in théamés did not correlate
well with experimentally measured data as seengn@12. In the vicinity of the

flame centerline £0.004 m) in the near-burner and mid-flame locatiothe
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predicted values agreed well with experimental .datagreater radial distances
from the flame centerline (0.006=1r), where the equivalence ratio approached
stoichiometry, temperatures and £@eaked, and NO concentrations greatly
increased to 2400 ppm for n-dodecane. This wasusecBO had a much larger
characteristic chemical time scale than other parits and required a time history
in order to correctly predict its values. Therefdsased on the comparison with
experimental data the current model was not swtédy prediction of NO and
will be done with the use of non-equilibrium modelveloped and shown in Fig.

6.18.
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6.4.2 Biodiesel Equilibrium Model

Results for the carbon monoxide concentrationsirayifrom the biodiesel
combustion, using the equilibrium model are showfig. 6.13. The radial width
of the profiles increased in the mid and far burnegions becoming more
parabolic in shape at these locations. Peak COetration values in the near (x
=0.02375 m), mid (x = 0.0475 m), and far (x = @R% m) burner locations were
5.43%, 5.42%, and 5.42% respectively. For the apdrmid portions of the flame
the model predicted the behavior of the fuel jel @oncentrations well for all
locations. Experimental data for SME was used fomgarison. Far-burner
calculations, however, resulted in overpredictioh tbe amount of CO a
maximum of 25%, as was the case with n-dodecanearAon-carbon balance
was also performed for the biodiesel (methyl busaepin locations of the peak
CO and CQ production and found to be in agreement with valoletained from
the equilibrium code developed by Olikara and Bormg1975). For CO
concentrations, the largest differences betweeneraxental values and
predictions were 15% in the near-burner region 2@ in the mid and far-
burner sections.

Carbon dioxide concentration profile peaks weredown the near-burner
region, 12.9%, increasing in the mid and far burhacations to 13.7%.
Temperature profiles were observed to begin toigeclfter regions of peak GO
concentrations at all three axial locations. Als®,with n-dodecane the predicted
flame temperatures were higher than the measureget@tures up to 6 to 8 cm

from the center of the flame in the radial direstidOutside of this region
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experimentally measured temperatures were highar those predicted by the
model. This was attributed again to the effectagfiative losses from the flame
which the thermocouple detected resulting in highe¥asured temperatures
outside of the primary and secondary reaction zones

The nitric oxide concentration calculations in #dkames did not correlate
well with experimentally measured data as can len sa Fig. 6.17. Similar
behavior was observed for biodiesel as with n-dadec Near the flame
centerline (r<0.004 m) in the near-burner axial location, thedmted values
corresponded well with experimental data. At gneaselial distances from the
flame centerline (0.006 ¢ r), where the equivalence ratio approached
stoichiometry and C®peaked, the magnitudes of NO concentrations werehm
larger than experimentally obtained data (1650 pdigrefore, for biodiesel also
the current model was also not suitable for preaticof NO and will be done
with the use of non-equilibrium model which is shoim the next section of this

report.
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6.4.3 Non- Equilibrium Model

Results obtained from the equilibrium model werenid to be in reasonable
agreement with experimental data for CO, CQ@, concentrations and
temperature. The model, however, significantly pvedicted the amount of NO
produced in the actual combustion of the two fuRlssults obtained from use of
the non-equilibrium model showed the NO concerdretito be far below its
equilibrium value.

Figure 6.18 and Fig. 6.19 show the NO concentrafmm biodiesel and
dodecane at the same three axial locations dovamstod the injector as presented
before in Figs. 6.11 and 6.16. At x = 0.02375 ne, ithsults peaked at a value of
231ppm for biodiesel and 206ppm for dodecane coetpéw the experimental
peaks of 155ppm and 169ppm, respectively. Similadak values obtained at the
mid (x = 0.0475 m) and far burner (0.07125 m) lowad for the numerical model
of biodiesel were 356ppm and 465ppm, comparedddiésel values of 320 ppm
and 430 ppm for the experimentally obtained dath242 ppm and 328 ppm for
dodecane compared to 260ppm and 315ppm at the samesponding
experimental locations of dodecane. Also, sincemmto NO formation was
characterized by the presence of CH, as seen ipt@h& of this dissertation, a
plot of predicted CH mole fraction plotted agaittst axial location is given in
Fig. 6.20. Using this plot, dominant regions of N@mation by the prompt
mechanism can be determined by locating regiopeak CH production.

Overall, measurements were in much better agreemémthe results of the

non-equilibrium model than those predicted with #ugiilibrium model for both
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fuels. Nitric oxide concentration profiles showeshgs near the flame boundaries
where local equivalence ratios were near unity ahere the previous model
greatly over predicted concentrations. At furthecations downstream, the
profiles became more parabolic and increased fr@8dp@m in the near burner
region, 356ppm in the mid flame region, and 465pprthe far burner location.
The temperature peaks corresponded to the pedk® iconcentrations, implying
a strong influence of NO formation by the thermadadmanism. This agrees with
experimentally obtained data that showed the saemel tat the initial equivalence
ratio of 1.2 (Love et al., 2009).

Nitric oxide production for biodiesel was predictedoe higher than those for
n-dodecane at every location. Experimental vallesved the same trend with
the exception in the near burner region where datee within experimental
uncertainties. Temperature data for experimentalthe numerical model showed
that n-dodecane and biodiesel produced comparahigesy and were within
temperatures (above 1800K) required for the foromatf NO by the Zeldovich
mechanism. Additionally, both the numerical and exkpental results showed
that NO concentrations increased downstream of lihener indicating a
dependence on residence time, thus the primarydiom mechanism at this
condition was attributed to the Zeldovich mechanism

In conformity with the initial objectives of the apter predictive models have
been established for the combustion of diesel @edane) and biodiesel (methyl
butanoate) laminar flames at a fuel rich equivadenatio of 1.2. The results

obtained from an equivalence ratio of 1.2, howewge, in contrast to those at
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higher equivalence ratios from 2 to 7 which showett NO production was due
to the Fenimore mechanism. From Fig. 6.20, CH rfraletion was found to reach
a maximum for both fuels in the near-burner regibnthis same region the
biofuel showed higher predicted mole fraction of @ldn n-dodecane. This value
subsequently dropped for both fuels further dovasstr. Based on this prediction
and experimental data at this condition, it is &tpeé that at as the mixture
becomes more fuel rich (higher equivalence ratios)amount of CH, particularly
in the near burner region, would grow in magnitudibis coupled with lower
temperatures, based on experimental results, wiawor the formation of NO
through the Fenimore mechanism.

In this chapter since the predictive models cowadpd well with
experimental data it can be assumed that radiddsses due to the presence of
soot were small. The more fuel rich equivalencesaare not presented in the
chapter as soot formation is expected to signiflgaadfect temperatures through
radiative losses at these conditions. Soot formasoot concentration, and their
effect on the radiative losses were not accountednf the present model and

could significantly effect overall NO productiontagher equivalence ratios.
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6.5 Chapter Summary and Conclusions

The following was obtained regarding the numersiadulation of biofuel and

hydrocarbon and flames.

* Numerical models for the combustion of laminar féemof biodiesel and
n-dodecane were successfully developed using FLUBNT CHEMKIN
software packages.

» Equilibrium model predicted peak values of CO,,CQ, and temperature
within 20% of experimentally obtained data.

* Equilibrium model did not correctly predict the ammb of NO and
therefore a non-equilibrium model was used.

* Non-equilibrium model predicted NO concentratiorasonably well for
both fuels.

» Data obtained from numerical models showed thanatquivalence ratio
of 1.2 the NO formation mechanism was primarily daehe Zeldovich

mechanism and secondarily due to the prompt mesimani
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Table 6.1 Material Properties for fuel mixture watin

Biodiesel (Methyl Butanoate

) n-dodecane

ble

Inlet A/F Ratio by Mass 10.36 12.45
Thermal Conductivity (W/m-K)* 0.0831 0.106
Viscosity (kg/m-sy° 3.05e-05 3.25e-05
Mass Diffusivity (nf/s)’ 2.51e-5 2.88e-05
Density (kg/r) Incompressible Ideal Gas Incompressi
Ideal Gas
Cp (J/kg-K) Mixing-Law Mixing-Law

'Baroncini et al., (1981%anury (1975) Maxwell (1950),"Gilliland (1934)

Table 6.2 Under - Relaxation Parameters

Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Cy2H26 Or Biodiesel | 0.8
O, 0.8
Energy 0.9
Table 6.3 Discretization Methods
Pressure Standard
Momentum First Order Upwind

C1oHos0r Biodiesel

First Order Upwind

O,

First Order Upwind

Energy

First Order Upwind
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Table 6.4 Boundary Conditions

Outflow Boundaries

Pressure Outlet

Gauge Pressure (Pa) 0
Backflow Total Temperature (K) 300
Backflow Direction Specification Method  Normal t@&ndary
Species Mass Fractions Biodieartl GoHzs=0
02 =0.23
No= 0.77
Inlet
Velocity Inlet
Velocity Specification Method Magnitude, NormalBoundary
Reference Frame Absolute
Velocity Magnitude (m/s) 7.21 forsgHzsand 7.17 for Biodiesel
Temperature (K) 700
Species Mass Fractions 1826 =0.074
0,=0.216
N.,=0.71
For Biodiesel
Biodieselk= 0.0874
0,=0.213
N, = 0.699
Burner Top and Side
Wall
Wall Motion Stationary
Shear Condition No Slip
Heat Flux (W/rf) 0
Heat Generation (W/M 0
Species Zero Diffusive Flux
Symmetry
AXxis
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Figure 6.3 Temperature variation with grid sizetfor (a) near the burner at x = 0.024 m,
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Chapter 7
Summary and Conclusions

7.1 Summary of Results

Increased energy consumption in the United Sta#ssldd to a push for the
development of new bio-derived fuels. This studyswotivated by the need to
test these fuels and provide quick feedback to desklopers on the combustion
characteristics. Therefore this dissertation preeskh) a technique to characterize
the combustion properties of liquid fuels basedr@chemistry of the fuel alone
and 2) an investigation on the cause for \Ni@crease for biodiesel when
compared to conventional diesel in internal combuastngines.

For the first part of the study the developmentaomethod for the rapid
characterization of combustion properties, suchewrmssion index and flame
radiation, that required only small amounts of quiil fuel was presented. The
technique provided a way of comparing existing aad fuels such as biodiesel.
Burner conditions were selected to make flame ptasesensitive primarily to
fuel chemistry. The technique was validated throagtomparison of measured
radiative heat release fraction and pollutant (N@ &€0O) emission indices of
several fuels in laminar flames available in litara. It was seen that the relative
changes compared well with the values documentethglengine testingnd
other combustion configurations.

After establishing the validity of the techniquévetsecond part of the
dissertation used this same experimental setupreedtigated the cause for the

increase in NQ produced in compression ignition engines by biselievhen
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compared to diesel. For this purpose the equivaleato and iodine number
were varied and their effect on the formation of,$fudied for the four different
fuels: canola methyl ester, soy methyl ester, dliesel normal dodecane fuels.
Measurements of intermediate species, flame tepem soot volume fraction,
and global emissions were done to determine theecdResults indicated that at
the most fuel rich conditions, similar to operatimgnditions found in a

compression ignition engine, the Fenimore mechamasiresponsible.
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7.1.1 Development of Experimental Technique

In order to characterize liquid fuels on a chemizasis alone the following
criteria needed to be met: 1) laminar flow needmdée maintained in order to
avoid the effects of flow parameters, 2) Fuel nédedebe pre-vaporized to avoid
the atomization and vaporization effects, and 3 &ppropriate burner needed to
be selected.

The final version of the experimental techniqududed the use of a tubular
burner (yielding repeatable results and easy to ufaature), temperature
controlled heating tapes (to pre-vaporize the fusllinge pump (for steady liquid
fuel flow supply), and an external ignition souft® avoid pyrolysis effects when
burning with other fuels). Findings showed that rpleum-derived diesel
produced a higher radiative heat fraction than ieel. The biodiesel flames also
had lower emission index of CO and higher emissmaiex of NO compared to
those of the diesel flame. Overall, the presentrigpie was determined to be
valid tool in the determination of NO and CO enuosspotentials of new fuels
and could obtain quick feedback to fuel developsitsce the entire experiment
was completed within twenty minutes per fuel. M@ the relative ease with
which the current setup was operated and the smadlints of fuel used made the

present method a valuable predictive tool of fughbustion characteristics.
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7.1.2 Primary Mechanism of Formation of NO

During the experimental development process gldlaahe results showed
that NO emission was higher in flames of biodieseinpared to diesel. In
general, previous research onto why this occurestibeen a topic based on the
assumption that temperatures were higher in dexsgihes that ran on biodiesel,
therefore, resulting in more NO through the Zeldavinechanism. In the case of
engine studies, however, the problem had not beeoupled into chemical and
physical mechanisms involved in the combustion &fsel/biodiesel thus the
direct cause not isolated. Since the developea@renpntal setup described in
this dissertation obtained results based on thenidtey of the fuel alone,
isolating the primary formation mechanism was passiwith the current
technique.

Initially global measurements from the flame weakein at one set of air and
fuel flow rates, and later expanded to include aasiamounts of air flow rates
corresponding to different equivalence ratios. &#éhces in the amount of NO
produced varied as the amount of air supplied ¢offdame changed. However, it
was observed that the biodiesel fuel produced ni@ than diesel at all
conditions. In flame pollutant species concentratiovere taken to observe
locations of peak pollutant concentration. At tbeést equivalence ratio tested of
1.2, more NO was observed at the location furtirest the burner indicating that
residence time was a primary factor in the develapnof the pollutant. At higher
equivalence ratios, peak NO was found very nearmtireer exit indicating the

dominance of another mechanism. Further tests weexled to identify the
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dominant mechanism in these flames, thereforeymediate radicals associated
with each mechanism were captured and temperaistréodtions recorded.
Temperature distributions showed that for most damrds differences
between flames of CME, SME, and diesel were natiiggint and therefore the
amount of NO produced not necessarily due to higbeperatures. This was
later confirmed by observing the intermediate radipopulations (CH, OH)
which showed that OH concentrations, a primary rdoutor to NO formation by
the Zeldovich mechanism, were greatest at the lbaesivalence ratio of 1.2 for
all fuels. This was also in agreement with the nucaé model for these fuels
which predicted similar results. Additionally, CHorrcentrations, a primary
contributor to NO formation by the prompt mechanismere found to increase
from the equivalence ratio of 2 to 7 and were fotmde higher in fuels with
higher iodine numbers such as SME and CME. Thisetaied with more NO
emission being produced for the higher iodine nunibels in areas of high CH
radical concentration. This indicated the dominapicBlO formation through the
prompt mechanism for both diesel and biodieselsfalthe fuel rich conditions

from2to 7.
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7.2 Conclusions

From the present study the following conclusions loa made:

Currently a simple and quick method to compare pheticulate and
pollutant emissions for different liquid fuels (e.gliesel/biodiesel),
particularly when the liquids are available in shaghantities does not
exist.

The developed technique in this dissertation adésesthe above
deficiency. It allows a comparison of pollutant esidon potential of
hydrocarbon and biofuels, that can be assessedlgu@20 min), with
small amounts of fuel (50 ml).

This technique can assist fuel researchers inglieldpment of new fuels.
Since bench scale experiments yield small amourfiseb they cannot be
run in an engine which requires fuel on the ordeliters. Additionally,
this technique can provide quick feedback on thelagstion properties of
the fuel thus allowing the developers opportunatyrtodify the molecular
structure and produce improved products.

This burner technique successfully predicts thetisg tendency and
emission potential of different fuels for dieselgare applications. This
was validated by comparing results obtained froim tdchnique to those
in literature on diesel engine combustion. As hesnbobserved in diesel
engines, global and in-flame NO pollutant specieacentrations were
found to be higher for CME and SME biodiesel comepato diesel fuel

while using the developed experimental setup.
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The study showed that at lower equivalence rati@ pModuction was
primarily due to the Zeldovich mechanism for boitsél and biodiesel.

A numerical model simulating the combustion of thésels also showed
that NO production was primarily due to the Zeladbvmechanism at the
lowest equivalence ratio (1.2).

At higher equivalence ratios (2 to 7), similar h@$e predicted to exist in
diesel engines; NO production was primarily due th@ Fenimore
mechanism for both diesel and biodiesel. At theg@valence ratios it
was observed that biodiesel produced significantre NO than diesel
for the in-flame and global emissions.

NO pollutant was observed to correlate with iodmenber. Fuels with
lower iodine number values (diesel and methyl steamproduced less NO
while fuels with higher iodine numbers (SME and CMitoduced the
highest. The double bonds present in unsaturatel$,fsuch as SME,
facilitated the production of more CH radical camcations. Hence this

led to the production of more NO by the Fenimorenagism.
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7.3 Practical Implications

The techniqgue and experimental setup describedhim dissertation were
applied to the testing of the combustion charasties of several petroleum based
fuels and biodiesel. Currently many fuels are camgpausing different engines
running at different load settings. Since most costérs incorporate factors such
as: high pressure, droplet evaporation, turbuleaad, injection timing into the
combustion process this can significantly effecgiee outputs (emissions,
particulate matter, performance) and makes itiatiff to compare outputs of
different engines. Burning fuel vapor in a congdlllaminar flame environment
as described in this study removes most physicéas that are encountered in
more complex combustors. Use of this technique @véeshd to a more uniform
comparison of the combustion characteristics oflsfuattributable to their
chemical structure and result in production of drettiels and methods to control

their contribution to environmental pollution.
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7.4 Recommendations for Further Study

This dissertation could be extended to investitfaeollowing:
Experimental Work:
1. As described in chapter 5 section 5 of thisatission, it would be desirable to
investigate the effect of droplet versus fuel vapammbustion and its effect on the
production of NQfor diesel and biodiesel.
2. The primary focus of this dissertation was oa #pplication of petroleum
based and biofuels to internal combustion engiAsshe use and application of
biofuels grows and it is used in more combustohsas gas turbines (Habib,
2008) combustion properties at these conditionsaie required. Thus a study
investigating the combustion of these fuels at lo@ess than stoichiometric)
equivalence ratios would further improve the untérding of these fuels.
3. The types of fuels tested could also be expamdedclude gasoline/ethanol,
biodiesel/ethanol, or biodiesel/methanol flamese#isanol and gasoline also
represent a large population of the automotive strguin the US.
4. This study investigated the effect of iodine f@mon the NO pollutant. The
range of iodine numbers could be extended in tharduto better see the
correlation between the two properties.
Numerical Work:
1. The current model neglected effects of soot &irom and radiative losses from
the flame. Numerical simulations can be performedtlee estimation of soot
precursors, soot concentrations, and the effectadfative losses for biofuel

flames for fuel rich and non-premixed flames.
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Appendix A
Estimated Uncertainties

Precision (random) and bias (fixed) errors werewated and presented in
the figures of this report as error bars. The gieni error was statistically
determined based on the sample size and standsaiaide of the data points.
Bias error was also found based on the calibragioor or least count of the
instrument used, typically 0.1 — 1% of the full lecaalue. The overall uncertainty

(w) can be expressed mathematically as:

w=~/P?+B®

where P is the precision and B the bias error efrtteasurements. The precision

error was calculated based on the following:

S
P=t,, -~
/2 \/ﬁ
where § represents the standard deviation of the datagamis the number of
data points, andyt the student’s t-distribution value for a 95% cdefice

interval. Typical §,values are presented below.

n=| v= | ty2fora 95% confidence
interval
3 2 4.303
4 3 3.182
5 4 2.776
6 5 2.571
7 6 2.447
8 7 2.365
9 8 2.306
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Precision errors were much larger than correspgndiras errors and
accounted for most of the uncertainty in the prestémdy. For this reason the
measurements were repeated 5 to 9 times and institancalibrated before use
each day. For some cases where multiple uncedaintere present, as in the
calculation of the Emission Index, the errors warepagated. Below is a sample

of how the error was propagated for the Emissialexof NO.

OEI > (9EI > (oEl ’
OEl,, = NO &y J +(—N°6x J +| —NO 5y
"o ( X no " 0X co « aXco2 oo

where;

— Xno N MW o
Ely =
Xco T Xco, MW,

OEl,o _ 1 (N EIMWNOJ
X no Xco * Xco, MW,

0El\o —_ Xno N DMWNOJ
aXCO (Xco +Xcoz )2 MWf
0El\o —_ Xno N DMWNOJ
aXCO2 (Xco +Xcoz )2 MWf

X no = Overall uncertaintycf) associated with the NO measurements
OX o = Overall uncertaintycf) associated with the CO measurements
OXco, = Overall uncertaintyd) associated with the GOneasurements

The uncertainty associated with the Emission InafeXO is then expressed as:
Elyo * 6El
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Appendix B
Soot Concentration

The volumetric soot concentration measurement wag avith the use of the
relationship from the application of Beer's Law allie’s theory as seen in a
paper by Yagi and lino (1962) for a propane-aimiga This relationship has been
used by various authors including Bryce et al. ®0@ho studied the soot
distributions in a diesel-air flame and combustiora diesel engine. Pickett and
Siebers (2004) also used this relationship forrestant volume, high pressure and
temperature, constant volume combustion of a diestiet flame.

Y k, [
where;
ls = Incident laser intensity
lo = Attenuated laser intensity
K. = Spectral extinction coefficient based on tHeative indices of
the soot
A = He:Ne laser wavelength
d = Flame thickness
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Using the equation for soot volume fraction forsdiefuel atgp = 7 along the

centerline.

ls = 3.88 mW

| = 2.65 mW B

° f, = —In( 255) 23310 _ 514E-6
= 2.72 cm 388/ 416[0.027

A = 633 nm

k. = 4.16
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Appendix C
Reynolds Number Approximation

The mixture flow rates were kept so as to mainkaminar flow hence a low
Reynold’s number (Re) at the exit of the injecidensities and viscosities for the

vaporized fuel and air mixture were calculated wdtta from Maxwell (1968)

and the equations shown below from Kanury (1975).

umixture = Z nXil'li
=X,

=

where;
X = mole fraction
Mmixture = dynamic viscosity
MW = molecular weight

For dodecane and air at the preheat temperatut@0 atp =7

Dodecane Air
MW 170 28.85
Density (kg/n) 3.02 0.49
i (N-s/nf) 1.09x 10° | 3.3910
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Qi i=1 i =2
Dodecane Air

j=1 Dodecane 1 4.59
j=2 Air 0.25 1

From the stoichiometric balance:
C,H,, +185(376N, +0,) - 12CO, +13H,0 +6956N,
Thus for an equivalence ratio of 7:

C,,H,, + 264(376N, +0,) — CombustionProducts

The mole fractions of the species are:

1
= = 007
Xdodecane 1+ 264[&476)
2641476 _ oo

Xar =14 264(476)
The viscosity of the mixture is then:

007({109x10°) _ 093[{339x10°)

o = 277x10° N-s/m’
H mixture 007 [61)4_ Og3|:qo_25) 007[Q459)+ 093[@-) X0 S
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Density of the mixturep(ixwre) IS €xpressed in the equation below.

pmixture = ZXipi = Xdodecane@)dodecane-'-Xair |1)air = 066

i=1
Dynamic viscosity was then calculated:

-5
o =Hmawe o 2I7X107 _ g 008 m2 s
066

p mixture

Given that the exit velocity of the dodecane -naixture atgp= 7 is 1.32 m/s (see
Appendix E) thus Reynolds number for this mixtui@svapproximated as:

U [@Xit diameter_ 1.32[0.0095 _

=300
v 419x107°

Re=

mixture
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Appendix D
Flame Temperature Correction

Due to radiative, convective, and conductive hessés the temperature read
from the thermocouple bead was less than the teumeeftemperatures. Thus it
was necessary to correct for these losses. Thiglaaes with the use of the energy
balance equation for the thermocouple bead preddmow (Jha et al., 2008,

Hariharan, 2004, Chinthamony, 2005).

hA, (Tg _Tb): o By (LTb _TW)+03Ab (le _Toj)

where;

Ap = Surface area of the beadtd?

. . 1t(wire diametey’
Ay = Cross-sectional area of the thermocouple vwres( 1 )

h = Convective heat transfer coefficient betweentttermocouple bead and

surrounding gases
kw = Thermal conductivity of the thermocouple wire
L = Length of the thermocouple wire
Ty = Uncorrected thermocouple bead temperature
Ty = True flame temperature

T., = Cold junction temperature or room temperature
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o = Stefan-Boltzmann constant

e = Emissivity of the thermocouple bead wire

The heat transfer coefficient between the thermpleobead and surrounding gas
was calculated using the following relationshiplse Diameter of the bead was

measured in-house and was found to be 0.25 mm.

Ny =D [beanlameter: 2+ (04Re + 006[Re™ ) Pr*

air

_ ulbeaddiameter

Re=
Umix
where;
Kar = Thermal conductivity of air at measured flammperature
Pr = Prandtl number
u = Burner exit velocity
vmix = Viscosity of air-fuel mixture
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Appendix E
Sample Calculations

Stoichiometric Equations:

CyH2yO2; + a (Q +3.76N) > XCO; + y H,O + (3.76a) N

a=x+y-z
2

AE = a(32+ 376128)
stoic 12X + 2y + 322

For diesel fuel (&.4Hz4.9:

1245

a=144+ -0=20625

A 20.62532+ 376(28)

o =1432
stoie ~ [ﬂ14-4) +249+32 EQO)

For CME (QgH 3602):

a=19+3-1=27
2
27(32+ 376128)

= =1252
o 120f19) + 36+ 32rf1)

Jet Exit Velocity of Burner:

- r.nmix = mair + mfuel
pmix |mExit pmix D3‘E><it

u exit

Given:
m, =42x10° kg /s P, = 066kg/m?

My, = 199% 107 kg /s _ TD.0095

Ag, = = 709x 10° m?
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L (42x10%)+(199x10°)
® " 0660709x10°)

=132m/s

Emission Index Calculation:

ElNo:{ Xno ](Na‘ﬂv\\;\/“‘ojﬂooo

Xco *Xco, f
Given:
Concentration of NO =27 ppm
Concentration of C® =0.9%
Concentration of CO =8 ppm
MW;i = 296 kg/kmol MWo = 28 kg/kmol
MW o = 30 kg/kmol MW, = 44 kg/kmol
N = Number of moles of carbon in a mole of fuel$
27 _
= =27x10°
o 1x 10°
09
= —=0.009
Xco, 10C
8 -6
= =8x10
xeo 1x 10°

5
Elyo =| 2 X190 [19[:30) [1000= 577 9wo
(8x10°)+(0.009 \ 296

gfuel burnt
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Radiative Fraction of Heat Released:

E= 4T|Z€2 |]'\lcorrected
mLHV

fuel

qcorrected = qtotal - q back

Each test was run for a time duration of 3 minwtél a sampling rate of 2
Hz, allowing the heat flux to reach a steady valllee data was averaged over
this sample time. Next, after the flame was extisiged the background radiation
(gpacy Was obtained and used for correction of the t@diation (Qorrected. SOMe

sample values obtained for CME@¢ 7 are presented here for the calculation.

Cotal =157.5 W/M Oback = 85.7 W/m
‘ =50 cm m = 2.35 x 1kg/s
LHV = 37.4 MJ/kg

=1575-857=71.8W/m?

q corrected

_ 4m(os)ri)  _ 026
(235x10°)0(37.4 x 10°)
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Appendix F
Nomenclature

English
Aj

Bi

AF

Cp

D

El

Qbackg round
Ocorrected
Giotal

R
R
Re
u
S

Pre-exponential factor
Temperature exponent

Air to fuel ratio

Specific heat at constant pressure
Binary mass diffusion coefficient
Emission index

Soot volume fraction

Total energy

Activation energy

Radiative fraction of heat released
Visible Flame Length

Soot Volume Fraction

Gibb’s function

Gravity

Partial molar Gibb’s function
Enthalpy of formation

Attenuated laser intensity
Incident laser intensity

Total number of species

Thermal conductivity

Forward rate constant

Reverse rate constant

Spectral extinction coefficient
Distance from flame centerline to pyrheliometer
Lower heating value

Mass flow rate of liquid fuel

Mass through flow rate

Molecular weight

Number of carbon atoms

Number of moles

Number of chemical species

Static pressure

Background radiation

Corrected total radiation

Total flame radiation

Universal gas constant

Source energy due to chemical reaction
Reynolds number

Bulk velocity

Net rate of production of species by chemicattien
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Acronyms
BBO
CME
FDO
ICCD

MS

OPO
PLIF
SME

Time
Temperature
Mass fraction

Mole fraction

Flame thickness

Equivalence ratio

Real part of soot refractive index
Imaginary part of soot refractive index
Wavelength

Dynamic viscosity

Density

Stress tensor

Velocity vector

molar rate of production

Beta Barium Borate

Canola methyl ester

Frequency doubler option
Intensified charged coupled device
Methyl stearate

Optical Parametric Oscillator
Planar Laser Induced Fluorescence
Soy methyl ester
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