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ABSTRACT

The chemical kinetics of 1,3-butadiene (1,3-C4Hs) are important because 1,3-butadiene is
a major intermediate during the combustion of real fuels. However, there is only limited
information on the chemical kinetics of 1,3-butadiene combustion, which has applications in
several combustion schemes that are currently being developed, including spark-assisted
homogeneous charge compression ignition and fuel reformate exhaust gas recirculation.

In the present work, the ignition delay times of 1,3-butadiene mixtures has been
investigated using pressure data. Oxidation of 1,3-butadiene/oxygen mixtures diluted in argon or
nitrogen at equivalence ratios (®) of 0.3 behind reflected shock waves has been studied at
temperatures ranging from 1100 to 1300K and at pressures ranging from 1 to 2atm. Reaction
progress was monitored by recording concentration time-histories of 1,3-butadiene and OH*
radical at a location 2cm from the end wall of a 13.4m long shock tube with an inner diameter of
14cm. 1,3-Butadiene concentration time-histories were measured by absorption spectroscopy at
10.5um from the P14 line of a tunable CO, gas laser. OH* production was measured by
recording emission around 306.5nm with a pre-amplified gallium phosphide detector and a
bandpass filter. Ignition delay times were also determined from the OH* concentration time-
histories. The measured concentration time-histories and ignition delay times were compared
with two chemical kinetics models. The measured time-histories and ignition delay times provide

targets for the refinement of chemical kinetic models at the studied conditions.
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CHAPTER ONE: INTRODUCTION

1.1: 1,3-Butadiene

1,3-Butadiene (1,3-C4Hg) is a small alkene having four carbon atoms. At room
temperature and pressure 1,3-butadiene exists in a gaseous phase, attributed to its vapor pressure
of 1800Torr at 20C [1]. During the combustion process of large hydrocarbons, like those
typically found in gasoline, diesel and jet fuels, smaller hydrocarbons are formed as the atomic
bonds of the larger hydrocarbon molecules break and rearrange. Therefore the combustion
process of typical hydrocarbon fuels is highly dependent on the reaction pathway it takes to
reach the final products, ideally carbon dioxide (CO,), water and in most cases some diluent.

1,3-Butadiene is an integral intermediate species during the combustion of larger
hydrocarbons and therefore it is imperative to study 1,3-butadiene combustion to increase the
fidelity of modern hydrocarbon fuel combustion modeling [2-4]. Furthermore, 1,3-butadiene has
been found in the exhaust emissions of automobiles and aircrafts as a product of incomplete
combustion which is not only undesired because of the apparent decrease in efficiencies of any
unburned hydrocarbons but also because 1,3-butadiene is known to be highly carcinogenic to
humans and animals [5]. Although 1,3-butadiene released into the atmosphere undergoes several
reactions mainly leading to the formation of acrolein and formaldehyde, atmospheric 1,3-
butadiene can still be found in urban and suburban areas [5].

The chemical Kkinetics of 1,3-butadiene combustion has applications in several
combustion schemes that are currently being developed, including spark-assisted homogeneous

charge compression ignition and fuel reformate exhaust gas recirculation [6, 7].



1.2: Shock Tube Theory

The basis of shock tube theory is nested in the concept that gases at any pressure
differentials which are allowed to interact on one another will attempt to equilibrate. At high
pressure differentials, which value’s depends on the ratio of specific heat capacities and the
speed of sound of both the high and low pressure gases and assuming sufficient run-up distance
IS given, isentropic pressure waves will coalesce in the flow and form an adiabatic shock wave
that travels through the system increasing the temperature and pressure of the gas and imparting
a velocity in the direction the shock wave is traveling.

Typical shock tubes are separated into two major sections called the driver and driven
sections, associated with the high and low pressure sides of the system, respectively. The driver
section is typically filled with a gas with a relatively high ratio of specific heat capacities and
relatively low atomic weight, which propagates into a high speed of sound gas and ultimately
correlating to a stronger shock wave. The driven section is filled with the test mixture being
studied. In a shock tube, the process of reaching equilibrium after the driver and driven gases are
allowed to act on one another causes three main gas dynamics effects to occur within the system,
the formation of: an incident shocks wave though the test mixture in the driven section, a contact
surface between the gases in the driver and driven propagating in the direction of the driven
section as would be suggested by the pressure differential and expansion waves in the direction
of the driver.

Although the incident shock wave and contact surface both travel in the same direction
the incident shock wave travels much faster and therefore reaches the end wall of the driven
section sooner. Upon interaction between the incident shock wave and the end wall, a reflected

shock wave is formed and travels in the opposite direction as the incident shock wave does as the



test mixture is brought to a quiescent state. The kinetic energy associated with the test mixture’s
velocity imparted by the passage of the incident shock is converted into an increase of
temperature and pressure, this process is illustrated in Figure 1 and is sometimes referred to as,
“shock heating” [8, 9].

The time before the reflected shock wave and contact surface interact at any certain
longitudinal location is referred to as the test time of the experiment at that circumferential plane
and is a measure of the maximum time interval that can be studied at the constant elevated

temperature and pressure behind the reflected shock.

High Pressure Driver Low Pressure Driven .

Test Mixture

Time

Expansion Contact Surface Incident Shock Wave

&
<

Expansion Contact Surface Reflected Shock Wave

Figure 1: Shock tube concept

A more detailed graphical approach to understanding the phenomena within the shock
tube is the x-t diagram, which plots the propagation of the major gas dynamics effects as a
function of longitudinal location and time; an x-t diagram of a generic shock is shown in Figure

2.
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Reflected
Shock Wave
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Incident Shock Wave

High Pressure Driver Low Pressure Driven

Figure 2: x-t Diagram of a generic shock

1.3: Optical Diagnostics

Optical diagnostic are among the best measurement techniques for any fluid flow-based
system due to the highly non-intrusive nature of low power radiation on flowing systems, unlike
direct measurement techniques [10]. Three types of optical diagnostic techniques are employed
in this study: ultraviolet emissions and direct laser absorption, the theory of each is discussed in

the respective subsection.

1.3.1: Ultraviolet Emissions
Due to the quantized nature of electron energy transitions of an atom or molecule,
assertions about a certain excited species can be made by focusing on a particular wavelength
associated with the energy between electron transition levels [11, 12]. Therefore, by filtering
spectral emissions of a highly energetic system, like combustion, one is able to target the

presence of an excited species as it releases photons associated with an energy level transition. In



this work, the ultraviolet emissions of excited hydroxyl radicals (OH*) are measured and used to

assess trends associated with the presence of radical species during the ignition of 1,3-butadiene.

1.3.2: Direct Laser Absorption
Direct laser absorption is a widely used technique for accurately determining path line
averaged target species concentrations through the use of absorption spectroscopy [13, 14]. The
theoretical basis for absorption spectroscopy is the relation between the attenuation of light
traveling through a medium and the medium itself, defined by the Beer-Lambert Law shown in
Equation 1 [14].

I

a,1=—ln(1 )A=al-(/1, T,P)=x; L )

o

Where o, is the absorbance at a particular wavelength, | is the transmitted intensity, lo is the
reference intensity, o; is the absorption cross section of species i (cm?mol), Py is the total
pressure (atm), T is the temperature (K), R is the ideal gas constant (cm? atm / mol K), x; is the

mole fraction of species i and L is the optical path length (cm).

1.4: Combustion and Chemical Kinetics

The combustion process of hydrocarbon fuels and oxidizers is more complex than the one
step chemical reactions typically used to convey simple chemistry concepts. In reality, the
combustion of hydrocarbon fuels is dependent on the chemical breakdown to simpler species, in
many cases atomic species, which react to produce stable products. Radicals, a class of highly
reactive and unstable species, are created in a process known as initiation where a stable species

breakdowns to form at least one radical. Following initiation, radicals react via: propagation,



branching or termination corresponding to the net result of radicals produced by the reaction
being either zero, positive or negative, respectively.

Chemical kinetics is the foundation of understanding combustion from a chemical
reaction perspective. Two important chemical Kinetics parameters are measured in this work,
ignition delay times and species time-histories.

One important parameter of a combustible mixture is the fuel-oxidizer equivalence ratio
(®), this quantity is defined as the ratio between the actual molar fuel-oxidizer ratio of the

mixture and the stoichiometric fuel-oxidizer ratio, shown in Equation 2.

Nfuel

Noxidizer

¢ — Actual (2)

Nfuel/
Noxidizer

stoichiometric

Where N represents the number of moles for the subscripted component. The fuel-
oxidizer equivalence ratio is used to quantitatively determine if a combustible mixture is fuel

lean, stoichiometric or fuel lean.

1.4.1: Ignition Delay Times
The ignition delay time of a certain combustible mixture can be defined as the time
interval at a particular temperature and pressure before the onset of ignition; the trouble lies in
the definition of the term, “ignition” [14-16]. Ignition can be defined as the point of maximum
radical concentration, maximum rate of radical formation extrapolated to a baseline value of
radicals (typically zero), the point when 2/3 of the initial fuel concentration is depleted or by the

maximum rate of pressure increase extrapolated to a baseline value of pressure; graphical



representations of each of these definitions is shown in Figure 3, since only the trends of excited

hydroxyl radical emissions are considered the emissions are normalized to their peak value.
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Figure 3: Ignition delay time definitions — a) maximum radical concentration, b) maximum rate of radical formation
extrapolated to a baseline value of radicals, c) maximum rate of pressure increase extrapolated to a baseline value of
pressure, d) 2/3 of the initial fuel concentration.



Practically, the ignition delay time of a fuel at a particular temperature and pressure is a
critical parameter of engine performance and optimization and therefore is highly studied [14-
19]. Due to the practicality constraints of measuring all radical species during combustion, it is
very common to focus on one radical species; the most common are hydroxyl (OH) and methyl

(CH) radicals.

1.4.2: Species Time-Histories
The concentration of a particular species as a function of time during a chemical reaction
is referred to as the time-history of that species. The species time-history is dictated by the
concentration of all species present and the reaction rate constants of all possible reactions taking
place at the conditions present. Therefore, reaction rate information can be obtained by
measuring species time-history during a chemical reaction. In this work, such a method is

employed by determining the species time-history of 1,3-butadiene.



CHAPTER TWO: LITERATURE REVIEW

2.1: 1,3-Butadiene Combustion

Although 1,3-butadiene combustion has been studied for over 30 years, very limited

literature exists on lean 1,3-butadiene combustion; alternatively, rich 1,3-butadiene combustion

has been studied to a great extent [2-4, 20-22].

2.1.1: Flat Flame Burners

Rich 1,3-butadiene combustion has been studied using flat flame burners by Cole et al.

and Hansen et al, see Table 1, these studies focused on species concentrations as a function of

distance from the burner measured by mass spectrometry techniques [2, 20]. Table 1 shows a

literature summary of experimental condition for 1,3-butadiene combustion studied in flat flame

burners.

Table 1: Flat flame burner - literature summary

. 1,3-C4Hs Diluent | Pressure Temperature
Apparatus Phi (%) Species (atm) (K) References
Flat Flame Cole et al.
Burner 2.4 29.5 Ar 0.026 - [20]
Flat Flame 18 76 Ar 0.039 i Hansen et al.
Burner [2]




2.1.2: Reactors

1,3-Butadiene combustion has also been studied in flow and jet stirred reactors over a

wide range of conditions by Brezinsky et al., Dagaut et al. and Laskin et al. [3, 4, 22]. The

chemical kinetics of 1,3-butadiene combustion was studied through species concentrations

measured by flame ionization detectors, thermal conductivity detectors and mass spectrometry

techniques [3, 4, 22]. Table 2 shows a literature summary of experimental condition for 1,3-

butadiene combustion studied in reactors.

Table 2: Reactors - literature summary

Apparatus Phi 1’3('()%'_'6 SDF;L:JC?Q; Pr(;i;llj)re Tem?lir)ature References
RFeL%‘{‘(’)r 1.18 0.143 No 1 1125 B”;T_"['zg’ et
RFeL%‘{‘(’)r 1.65 0.143 No 1 1125 B”;T_"['zg’ et

Jeéeitci[g?d 0.25 0.15 No 1 750 - 1250 Daga[“;]et al.

fersuned | o 0.15 N; 10 750 - 1250 Daga[‘g]et al.

jersted |y 0.15 N; 1 750 - 1250 Daga[‘g]et al.
jersted |y 0.15 N; 10 750 - 1250 Daga[‘g]et al.
R';L%‘;‘(’)r 0.55 0.14 N; 1 1035 - 1120 LaSk;Z]et al.
REL%‘;‘& 1 0.14 N, 1 1120 LaSk;Q]EI al.
REL%‘;‘& 1.62 0.144 N, 1 1110 LaSk;Q]Et al.
REL%‘;‘& 1.63 0.142 N, 1 1035 LaSk;Q]Et al.
Rigoc\;\ér 47 0.14 N, 1 1120 Lask;z]et al.

10




2.1.3: Shock Tubes

Prior to this work, 1,3-butadiene combustion was only studied in a shock tube by Fournet
et al.; who focused on moderate pressures from 8.5-10atm [21]. The ignition delay times of 1,3-
butadiene mixtures were measured by excited hydroxyl radical emissions measured with a
photomultiplier tube and monochromator assembly.

To the best of the author’s knowledge, the present work is the first one which measures
1,3-butadiene time-histories during combustion in a shock tube at high temperatures by direct
absorption spectroscopy. Table 3 shows a literature summary of experimental condition for 1,3-

butadiene combustion studied in shock tubes.

Table 3: Shock tube - literature summary

. 1,3-C4,H Diluent | Pressure Temperature

Apparatus | Phi % ; 6 Species | (atm) I?K) References
Shock Fournet et al.
Tube 0.69 1 Ar 85-10 1300 - 1500 [21]
Shock Fournet et al.
Tube 1.38 1 Ar 85-10 1300 - 1700 [21]
Shock Fournet et al.
Tube 1.38 3 Ar 85-10 1200 - 1500 [21]
Shock 0.3 1 Ar | 1.0-20 | 1150-1250 This Work
Tube
Shock 0.3 1.13 N, 1 1200 - 1300 This Work
Tube
Shock 0.5 1 Ar | 14-16 | 1100-1300 | ThisWork
Tube

11



CHAPTER THREE: EXPERIMENTAL SETUP

3.1: Manifold and Mixing Tank

The foundation of all experiments conducted for this work is the reactive gas mixtures
which are studied at target conditions behind a reflected shock. The mixtures studied in this work
were created manometrically using a ten-port manifold and mixing tank assembly.

The mixing tank utilized in this study was constructed from 304-stainless steel, the
internal volume of the mixing tank is 33L and the entire internal volume is
Polytetrafluoroethylene (PTFE) coated for both chemical compatibility between the steel surface
of the mixing tank and the reactive gases and also to maintain low surface roughness by filling
any small pores or cavities of the steel surface that condensed liquids may adhere to. The
physique of the mixing tank is separated into three sections the: upper blind flange, central
cylindrical body, and lower blind flange. A fluoroelastomer O-ring is used to make the seal
between the blind flange sections and the cylindrical body. A heating jacket for the mixing tank
can be utilized to increase the mixing tank’s wall temperature when using reagents of low vapor
pressures at room temperature but this heating system was not required for the range of
experiments included in this work.

The ten port manifold (Figure 4) utilized for this work was used to couple the mixing
tank, shock tube and reagent cylinders. The manifold was equipped with two capacitance
manometers (MKS Baratron E27D and 628D, accuracies of 0.12% and 0.25% of reading,
respectively) used to accurately measure the pressure within the mixing tank and shock tube
during the mixture creation process and mixture introduction, respectively. An isolation valve

was placed inline of the 100Torr range capacitance manometer and was used to manually ensure

12



the manometer was never exposed to pressures above the specified tolerance of the unit. The
entire body of the manifold is constructed of 316-stainless steel. All ports on the manifold are
fitted with bellow seal valves (Swagelok SS-4H-VCR) utilized to maintain a low leak rate across
the valves despite high pressure differentials.

Capacitance Manometers

To
Fuel Shock Tube
| t

Valve : 5
To Mixing Tank

<>

t t | |

Oxygen Argon or To To
Nitrogen Vacuum Vent

Figure 4: Manifold schematic

Prior to creating a mixture, the mixing tank was evacuated below 5.00x10Torr,
measured by an ion gauge (Lesker KIJLC354401YF), using a turbo molecular pump (Agilent
model V301). This was done to ensure a high fidelity mixture was created by minimizing the
error associated with the presence of extraneous species in the mixture.

Mixtures were prepared manometrically at room temperature by partial pressure
contribution to the total mixture pressure. Prior to the introduction of a new mixture component,
the supply line was pressurized and evacuated three or more times to create a flow which purges
the supply lines and manifold with that component. After the manifold was purged with a new
component and directly prior to introducing the new component into the mixing tank, the

manifold was pressurized higher than the mixing tank to mitigate the effects of back flow from

13



the tank into the manifold which would cause for an erroneous mixture from the loss of some
unmixed mixture.
Prior to mixture introduction into the shock tube, the mixture was left in the mixing tank

for about six hours to homogenize though diffusion.

3.1.1: Chemicals and Reagents
Throughout the facilities used for this work, many chemicals and reagents are used. All
gas species used in this work are of high purity, nitrogen (99.999%), oxygen(99.999%),
argon(99.999%) and helium(99.999%) were purchased from Nexair,; 1,3-butadiene (>99%) was

purchased from (Sigma-Aldrich 295035).

3.2: The Shock Tube

The stainless steel shock tube (inner diameter of 14.17cm) with driver and driven sections
separated by a polycarbonate diaphragm of thickness about 127um, other thicknesses are
possible and available but were not used in this study. The inner surface of the driven section is
electro-polished to reduce the effects of surface nucleated reactions and boundary layer effects.

Prior to the experiment, both sections of the shock tube are evacuated by rotary vein
pumps (Agilent DS102). After the pressure in the driven section is sufficiently low (<
200mTorr), measured by convection gauge (Lesker KJL275804LL), to engage a turbo molecular
pump (Agilent model VV301), the driven section is isolated from the rotary vein pumps and the
turbo molecular pump and driven section are integrated. The driven section is left to further
evacuate to below 5.00x10°Torr, measured by an ion gauge (Lesker KJLC354401YF); after

which, the driver and driven sections are isolated from all vacuuming systems.
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To initiate the shock process, and thus the experiment, the test mixture previously created
in the mixing tank was introduced into the shock tube though the manifold. The pressure and
temperature of the test mixture filled driven section are measured utilizing the capacitance
manometers coupled to the manifold and a T-type thermocouple imbedded in-line between the
manifold and driven section. The driven section and manifold are then isolated from one another
and the driver section is filled with pure helium gas. After a short time, the pressure differential
across the driver and driven sections causes the diaphragm to rapidly deflect towards the driven
section where it makes contact with an in-house fabricated cutter. Eventually, the interaction
between the diaphragm and cutter causes a sudden rupture of the diaphragm which, in turn,
creates the large pressure differential to initiate the shock heating process. All pressure and
spectroscopic data presented in this work are taken at a location 2cm away from the end wall of

the driven side of the shock tube.

3.2.1: Shock Velocity

Due to the viscous effects of the test mixture the incident shock wave does not travel at a
constant velocity. Therefore it is necessary to determine the attenuation of the incident shock’s
velocity as a function of distance traveled. In this work, the incident shock attenuation was
measured by use of five piezoelectric pressure transducers (PCB 113B26) coupled to four time-
interval counters (Agilent 53220A). The distance between each piezoelectric pressure transducer
was measured and in conjunction with the time value measured with the time-interval counters
an accurate determination of the shock velocity is achieved. By means of linear regression an
extrapolated value for the velocity, and thus Mach number, of the incident shock at the end wall

of the driven section is determined. This extrapolated Mach number is used to predict the
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strength of the reflected shock wave and provides the basis for the conditions behind the

reflected shock wave.

3.2.2: Pressure
The pressure at a location 2cm away from the driven section end wall is measured using a
piezoelectric pressure transducer (Kistler 603B1), this pressure trace is used to determine the
arrival of the reflected shock wave and the available test time. In this work only combustible
mixtures are studied and therefore all pressure data recorded shows an increase in pressure at the
time of ignition due to energy release associated with the combustion process. A schematic of the

pressure measurement system can be seen in Figure 5.

14.17cm Pre-Amplified GaP Detector
(Thorlabs PDA25K)

/

et O]
R \

Piezoelectric Pressure
Transducer 310=%=10 nm Bandpass Filter
(Kistler 603B1) (Edmund Optics 67-819)

Figure 5: Pressure and emission measurement schematic

3.3: Spectroscopic Measurements

This study employs three different types of optical measurements: ultraviolet emissions
from excited hydroxyl radicals (OH*), direct absorption spectroscopy of 1,3-butadiene and
atomic resonance absorption spectroscopy of hydrogen atoms, each of which is discussed in

further detail in the following sections.
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3.3.1: Ultraviolet Emissions
The ultraviolet emissions of OH* was measured with a pre-amplified gallium phosphide
(GaP) detector (Thorlabs PDA25K) with detection range of 150 - 550nm, a 310+10 nm bandpass
Filter (Edmund Optics 67-819) was integrated with the GaP detector in order to focus on the
emissions of OH* at 306.5nm [11]. A schematic of the ultraviolet emissions detection system is

can be seen in above in Figure 5 with the pressure measurement system.

3.3.2: Direct Absorption Spectroscopy

Direct absorption spectroscopy of 1,3-butadiene was achieved in this study by means of a
continuous waveform CO; laser (Access Laser LAGS) operated at the P14 transition near 10.532
pm. In order to decrease the intensity of the laser power a neutral density filter (Thorlabs
NDIR10A) was placed directly in front of the laser’s transmission port, Similar to the works done
by Stranic et al. [23]. After the neutral density filter, a beam splitter was used to create two beam
paths: one for transmission through the shock tube and one for referencing any fluctuations in the
laser’s output, further on referred to as the transmission beam and reference beam, respectively.
The reference beam was directed through an iris and made incident on a photovoltaic mercury
cadmium telluride (HgCdTe) detector (Vigo PVI-3TE-10.6, Optimal Wavelength of 10.6um).
The transmission beam was directed though an iris, then a set of zinc selenide (ZnSe) windows
(Thorlabs WW70530) of the shock tube, followed by a 10.00£2.0um bandpass filter (Andover
Corp. 10.00GA40-25) to reduce the effects of extraneous radiation produced by black body
emission of gases in the shock tube during the combustion process, the beam is then reflected on
to another photovoltaic mercury cadmium telluride (HgCdTe) detector (Vigo PVI-3TE-10.6) by

a curved mirror used to maintain the alignment of the beam on the detector’s surface despite
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slight beam steering effects caused by the refractive index change associated with the sharp
density gradients across the shock waves, a phenomena sometimes referred to as “Schlieren
spike” [24, 25]. A schematic of the direct absorption spectroscopy system can be seen in Figure

6.

Neutral
Density
i I Beam Splitter Filter (OD1)
~varror i CO; Laser
S . 1W CW Tanable CO,
> gas laser @P14 line
r around 10.532
1 Photovoltaic HgCdTe detectors (Access L asel:ui 4GS)
14.17cm Ig. Optimal Wavelength of 10.6pm
(Vigo PVI-3TE-10.6)
2em)
l"l'r:l
ZnSe Windmvs__l
| / Curved
~ | —/ Mirror
Mirror

10.00 % 2.0 um Bandpass Filter
(Andover Corp. 10.00GA40-25)

Figure 6: Direct absorption spectroscopy system for 1,3-butadiene
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CHAPTER FOUR: RESULTS AND DISCUSSION

In this work, the ignition delay times and 1,3-butadiene species time histories are

reported for lean mixtures of 1,3-butadiene and oxygen (O,) diluted in argon (Ar) and nitrogen

(N3) at pressures ranging from about 1atm to 2atm and temperatures ranging from about 1100K

to 1300K. Results are compared against two common chemical kinetics mechanism, Aramco 2.0

mechanism and Lawrence Livermore National

Laboratory (LLNL) Gasoline Surrogate

mechanism using CHEMKIN PRO to test each mechanism’s predictability [26, 27].

Three 1,3-butadiene/oxygen mixtures sets were studied in this work, ® = 0.3-argon

diluted, ® = 0.5-argon diluted and ® = 0.3-nitrogen diluted. Table 4 shows the relevant mixture

information and experimental conditions studied of each mixture, the uncertainty of the

temperature and pressure is estimated to be less than £1%.

Table 4: Mixture information and experimental conditions

Mixture Information

1] Péﬂiggfelr;g' Diluent Species Temperature (K) Pressure (atm)
0.3 1% Ar 1143 1.927
0.3 1% Ar 1224 1.790
0.3 1% Ar 1142 1.031
0.3 1% Ar 1171 1.651
0.3 1% Ar 1232 1.451
0.5 1% Ar 1289 1.439
0.5 1% Ar 1091 1.614
0.5 1% Ar 1124 1.427
0.3 1.13% N 1296 1.035
0.3 1.13% N> 1241 1.091
0.3 1.13% N 1192 1.134
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4.1: Ignition Delay Times

The ignition delay time of each mixture and condition was determined by each of the four
ignition delay time definition discussed above. Table 5, Table 6 and Table 7 show the ignition

delay time results of the ® = 0.3-argon diluted mixture and the average value is reported for

comparison.
Table 5: Ignition delay time for the ® = 0.3-argon diluted mixture
Ignition Delay Time (ps)
Temperature | Pressure | Emissions | Emissions | Pressure | 2/3™ Fuel Average
(K) (atm) Peak Baseline | Baseline | Depletion g
1143 1.927 1422.5 1364.1 1375.3 1381.0 1385.7
1224 1.790 424.5 372.2 3734 391.5 390.4
1142 1.031 2104.0 2071.3 2101.6 2047.5 2081.1
1171 1.651 1012.5 987.2 990.1 988.0 994.5
1232 1.451 495.5 447.8 439.3 451.0 458.4
Table 6: Ignition delay time for the ® = 0.5-argon diluted mixture
Ignition Delay Time (ps)
Temperature | Pressure | Emissions | Emissions | Pressure | 2/3" Fuel Average
(K) (atm) Peak Baseline | Baseline | Depletion g
1289 1.439 360.0 337.7 335.1 334.0 341.7
1091 1.614 4081.0 4038.2 4017.2 4058.5 4048.7
1124 1.427 2888.5 2830.2 2844.1 2851.5 2853.6
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Table 7: Ignition delay time for the ® = 0.3-nitrogen diluted mixture

Ignition Delay Time (ps)

Temperature | Pressure | Emissions | Emissions | Pressure | 2/3™ Fuel Average
(K) (atm) Peak Baseline | Baseline | Depletion g
1296 1.035 177.5 126.4 131.5 145.0 145.1
1241 1.091 449.5 376.2 368.0 405.5 399.8
1192 1.134 1232.7 1045.2 1015.3 1412.0 1176.3

The spread of the ignition delay times shown above is well within the +18% estimated

uncertainty of the measurement. It can be seen that the ignition delay time is a function of

temperature and pressure, where increasing either will decrease the ignition delay time.

1,3-Butadiene time-history measurements, taken by absorption spectroscopy using a CO,
laser, for each mixture and experimental condition are provided below in Figure 7, Figure 8 and
Figure 9. Since the absorption cross section for 1,3-butadiene was not determined in this work,
the 1,3-butadiene mole fraction of the mixture was used to determine the initial mole fraction
from the spectroscopic measurement. T5 and P5 represent the temperature and pressure of the

test mixture behind the reflected shock wave, respectively.

4.2: Species Time-Histories
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Figure 7: 1,3-Butadiene time histories for the ® = 0.3-argon diluted mixture
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Figure 8: 1,3-Butadiene time histories for the @ = 0.5-argon diluted mixture
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Figure 9: 1,3-Butadiene time histories for the ® = 0.3-nitrogen diluted mixture
4.3: Comparison with Simulations
The ignition delay times and 1,3-butadiene time-histories were compared with two

common chemical kinetics mechanisms, Aramco 2.0 mechanism and Lawrence Livermore

National Laboratory (LLNL) Gasoline Surrogate mechanism, CHEMKIN PRO was utilized to

evaluate the mechanisms at the experimental conditions. As can be seen in Figure 10, the

pressure behind the reflected shock wave in all presented data is approximately constant; for this

24




reason, the chemical kinetics modeling for both the ignition delay times and 1,3-butadiene time-

histories was done under constant pressure and internal energy assumptions.

2.0- v'v‘

15 <— Combustion
g Constant Pressure
8
@ 1.0 4
S
gi) €—— Reflected Shock
Q
o 0.5 4

< Incident Shock
0.0 ot
-150 -75 0 75 150 225 300 375 450 525

T5=1232 K T|me (us)

Figure 10: Sample pressure traces with constant pressure behind reflected shock

Experimental results and simulations do not agree for the combustion of lean 1,3-

butadiene mixtures to a significant extent which can be seen in Figure 11 .
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Figure 11: Sample comparison between experimental data and simulations

4.3.1: Ignition Delay Time Modeling
For comparative purposes, only the peak concentration of excited hydroxyl radicals will
be used to determine the ignition delay time for each chemical kinetics mechanism. Table 8,
Table 9 and Table 10 show a comparison between the experimental and simulated ignition delay

times.
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Table 8: Ignition delay time comparison for the ® = 0.3-argon diluted mixture

Ignition Delay Time (us)

Temperature | Pressure | Emissions LLNL Aramco
(K) (atm) Peak 2.0
1143 1.927 1423 7455 8212
1224 1.790 424.5 1631 1355
1142 1.031 2104 10071 10000
1171 1.651 1013 4515 4294
1232 1.451 495.5 1570 1287

Table 9: Ignition delay time comparison for the ® = 0.5-argon diluted mixture

Ignition Delay Time (us)

Temperature | Pressure | Emissions LLNL Aramco
(K) (atm) Peak 2.0
1289 1.439 360 902 690
1091 1.614 4081 36647 43545
1124 1.427 2889 18686 17641

Table 10: Ignition delay time comparison for the ® = 0.3-nitrogen diluted mixture

Ignition Delay Time (ps)

Temperature | Pressure | Emissions LLNL Aramco
(K) (atm) Peak 2.0
1296 1.035 177.5 760 666
1241 1.091 449.5 1647 1377
1192 1.134 1233 3763 3326
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It can be seen that both chemical kinetics mechanisms are not in agreement with the
experimental values of ignition delay times in any mixture. This is most likely due to the lack of
experimental data focusing on lean 1,3-butadiene combustion at the presented conditions. In all
cases presented in this work, the chemical kinetics mechanisms over predict the ignition delay

time proven though experimentation.
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CHAPTER FIVE: CONCLUSIONS

In conclusion, 1,3-butadiene is an important intermediate species during the combustion
of real fuels like gasoline, diesel and jet fuel. In this work, the combustion of lean 1,3-butadiene
mixtures were studied behind the reflected shock wave in a shock tube. Ignition delay times and
1,3-butadiene time-histories for three different mixtures are reported. Ignition delay times were
determined by four different definitions: the point of maximum radical concentration, maximum
rate of radical formation extrapolated to a baseline value of radicals, the point when 2/3 of the
initial fuel concentration is depleted and by the maximum rate of pressure increase extrapolated
to a baseline value of pressure. 1,3-Butadiene time-histories was determined by absorption
spectroscopy using a CO, laser operating at the P14 line near 10.532 um. To the best of the
authors knowledge this work is the first to include 1,3-butadiene time-histories during 1,3-
butadiene combustion in a shock tube measured with absorption spectroscopy. As well as, the
first work to study 1,3-butadiene combustion using N as a diluent in a shock tube.

Results obtained from this work were compared to two common chemical kinetics
mechanisms, Aramco 2.0 mechanism and Lawrence Livermore National Laboratory (LLNL)
Gasoline Surrogate mechanism using CHEMKIN PRO under constant pressure and internal
energy conditions. In all cases, both mechanisms over predict the ignition delay time of lean 1,3-
butadiene combustion. Future works should include refinement of chemical kinetics models to
better match experimental results presented in this work by validating rate coefficients for major

reactions during 1,3-butadiene combustion.
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