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ABSTRACT

The motivation of this study is to explore the feasibility of extending the EGR (exhaust gas
recirculation) diluent tolerance for methane/air mixtures with reformer gas (CO and H,). A
preheated cylindrical combustion chamber was used to measure the laminar burning velocity of
methane/air mixture with variations of EGR diluent, reformer gas, temperature and pressure. The
experiments were carried out at the range of initial temperature from 298 K to 498 K and initial
pressure from 1 atm to 5 atm. Reformer gas was introduced to raise the burning velocity of
methane/EGR mixture to undiluted level. The relationships of the burning velocity as functions of
temperature, pressure, and percent of EGR diluent were derived from the experimental data. The
theoretical nitric oxide equilibrium concentration and formation rate were calculated. The reformer

gas has potential to improve the burning velocity while reducing the nitric oxide emission.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The automotive industry faces continuing pressure from the publicand government to reduce
vehicle emissions as vehicles are a significant source of urban pollution. Oxides of nitrogen (NO,)
produced by vehicles accounted for49%of U.S. national NO, in 2002 [1]. Asa valuable tool,
EGR (exhaust gas recirculation) has been widely used to reduce the NO, emission by lowering the
combustion temperature, a major factor of NO, formation [2-4]. EGR also reduces NO, emission
by diluting oxygen concentration in combustion mixtures [3]. 10~25%EGR is able to substantially
reduce NO, concentrations [4]. Sasaki etal. [5] investigated the effects of EGR on a direct inject
gasoline engine and a large volume EGR (above 30%) reduced NO, to a extremely low level to
1/20 of the base value under stable ignition. EGR also reduces heat transfer rate from the cylinder
contents to the surrounding surface and lowers specific fuel consumption [4]. A large volume of
EGR dramatically increases the exhaust gas temperature which accelerates warm up of catalysts

and enables early activation.

However, EGR has a key drawback, slowing down the burning velocity. Lower burning velocity

works against ideal combustion stability and leads to more heat loss, lower combustion efficiency
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and more misfires. EGR clearly reduces the flame temperature and consequently causes lower
chemical heat release rates and less maximum power of the engine [3, 6] . Selimetal. [7] found
that the thermal efficiency and pressure rise rate declined with over 5% EGR in a dual fuel engine.
Increasing EGR also harms fuel economy and Hydrocarbon emission due to occurrence of misfire
[5]. These combustion problems restrict the tolerance of EGR and potential benefits of high

volumes of EGR.

To overcome those problems, hydrogen with high burning velocity and wide flammability limits is
considered as an ideal fuel to raise the burning velocity and to extend the EGR tolerance. Ina
natural gas engine, 20% hydrogen addition broadened the EGR tolerance from 8% to 25% while
retaining the stable combustion and low emissions [8]. Swain etal. [9] indicated that a volumetric
mixture 0f 20% hydrogen and 80% methane reduced both flame initiation and flame propagation
problems. Inaddition, even a small amount of hydrogen significantly decreases hydrocarbon
emissions and cycle-by-cycle variability [10]. Combining EGR and a three-way catalytic

converter, a hydrogen-fuelled engine was able to reduce NO, emissions to as low as less than

1 ppm [11].

However, the demands of production, distribution and storage of hydrogen on a vehicle are
challenging. Therefore, a promising technology on-board fuel reforming that converts hydrocarbon
fuel to reformer gas, i.¢., hydrogen and carbon monoxide, emerged to suit the demands. The
effects of the reformer gas on a gasoline engine were tested by Tully etal. [12]. The peak net

2
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indicated fuel conversion efficiency was raised 12% and NO, emission dropped 94% (165 ppm
vs. 2800 ppm) at the peak efficiency point compared to data obtained from an engine operating
stoichiometrically on gasoline only. In summary, reformer gas (CO and H,) has potential to
practically broaden the tolerance of EGR and reduce the NO, emission while retaining combustion

stability.

1.2 INTRODUCTION

The motivation of this study was to experimentally explore the temperature and pressure effects
of reformer gas addition on methane/EGR mixtures by measuring the laminar burning velocity. The
experiments were carried out to investigate the amount of reformer gas required to raise the
burning velocities of methane/EGR mixtures to the undiluted level for elevated initial temperature
and pressure conditions. The laminar burning velocity is a fundamental parameter to understand
the combustion process and flame propagation and a necessary input to model the turbulent
combustion and pollutant formation. Precise values of laminar burning velocities are useful for
practical applications on internal combustion engines, which operate at pressure range from 5 atm
to 60 atm and unburnt gas temperature range from 500 K to 1100 K [13]. The effects of reformer
gas on engine performance and characteristics at near diluent limit and lean mixture have been
studied in past [ 12, 14]. The burning velocities and flammability limits of n-butane and iso-butane

with reformer gas addition were analyzed at 300 K [15]. However, all of these studies [12, 14]
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[15] were concentrated on gasoline or partial oxidation reactions, and the data of burning velocities
of methane/EGR/reformer gas mixtures are scarce, especially at elevated temperature and pressure
to simulate the real engine operation. The burning velocity at elevated temperature and pressure
draws a better picture to understand the effects of diluents and reformer gas. Furthermore, an
interesting question remains whether the methane/EGR/reformer gas mixture loses the potential of

low NO emission as the mixture maintains the undiluted burning velocity.

Methane, a major component of natural gas, was used in this study for experimental practicality
and potential application in natural gas engines. The high octane rating, low level of non-HC
impurities and low carbon/hydrogen ratio of methane provide the natural gas engine fundamental
emission advantages[7]. However, the natural gas engine has relatively undesirable high nitrogen
oxide emission [8] despite thorough development[16, 17]. Thus, EGR is essential for a methane-
fuelled engine. However, the tolerance of EGR was restricted by the methane characteristics in
order to avoid unacceptable poor combustion problems. A natural gas engine operating at
2 atmospherical indicated mean effective pressure (I.M.E.P.) and 2000 rpm, could only tolerate
maximum 8 percent EGR, and this amount of EGR only reduced at most half nitric oxide emission
[8]. Reformer gas is, therefore, necessary to broaden the EGR tolerance and improve the

combustion stability.

This study focused on the stoichiometric mixtures used with three-way catalyst systems. Lean

mixture causes lower flame temperature and consequently reduces NO, emission. Meanwhile,

4
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engines operating with lean mixture have an efficiency benefit [12]. However, low flame
temperature leads to low chemical heat release rates and thus the loss of maximum power. Extra
lean mixture also has problems of flame blowout and loss of efficiency in spite of extremely low
NO, emission. Stoichiometric mixture is comparatively worse than lean or extra lean mixture in
NO, emission, but 3-way catalytic converters require the exhaust gas of stoichiometric combustion
for the best effectiveness and efficiency. When considering both NO, emission and torque output,
stoichiometric mixtures with EGR produced nearly 30% more torque than lean-burmn mixtures and
low NO, emission (<10 ppm) in a hydrogen-fuelled engine [11]. Therefore, this study deals only

with stoichiometric mixtures.

Houseman and Cerini demonstrated the technical feasibility of onboard steam reforming of gasoline
or methanol to generate hydrogen for automobiles [ 18]. Steam reforming of methane has been
developed and a catalyst, such as Ni-YSZ, was strongly recommended to reduce the reaction
temperature [19,20]. Animproved novel membrane reformer [21] was able to generate alarge
volume of hydrogen by steam reforming of methane at relative low temperature. Jamal etal. [22]
concluded that stcam reforming generated the maximum quantity of hydrogen and no nitrogen was
involved. On the other hand, partial oxidation produced less hydrogen than steam reforming in
spite of an exothermic reaction. For example, the products of partial oxidation of gasoline were
only composed of a quarter hydrogen, a quarter carbon monoxide and halfnitrogen [12] [14].
Additional CO was slightly effective in improving combustion efficiency, emissions and stability
[12]. Furthermore, steam reforming has higher thermal efficiency and potential energy output than

5
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partial oxidation (the calculation is given in Appendix A). Steam reforming also has the economic
benefits of a comparatively low cost and relatively high efficiency of hydrogen production [23].
Therefore, hydrogen-rich products of ideal steam reforming were used in present experiments.
Reformer gas was simulated by a mixture of H, and CO with volumetric ratio of 3:1, which

corresponded to the ideal products of steam reforming of methane:

CH,+H,0=CO+3H, (1-1)

Due to inability to introduce the real exhaust gas to the combustion chamber, a mixture of 18.5%
CO, and 81.5% N, was chosen to simulate the EGR diluent by the same specific heat (the

calculation of specific heat is give in Appendix B).

Chapter 2 reviews the past studies on the laminar burning velocity and theoretical background on
stretch rate and NO, mechanisms. Burning velocities of methane/air mixture investigated with
various methods by a number of authors are analyzed. The effects of temperature and pressure
on burning velocity are discussed as well. Stretch rate, a considerable influence on burning
velocity, isanalyzed. Inorder to further explore the influence of EGR and reformer gas on the
emission of nitric oxides, the last section of this chapter describes NO, mechanisms and equations

for predicting NO equilibrium concentration and formation rate of NO.
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Chapter 3 describes the experimental apparatus and mixtures. The experimental procedure is also
presented indetail. The maximum initial experimental temperature and pressure were upto 473 K
(200°C) and 5 atmospheres, respectively. The maximum volumetric percent of EGR was 40%.
A theoretical model, the Multi-zone Thermodynamic Equilibrium Model (MTEM) is described.
The more basic Lewis and Von Elbe Model is briefly introduced to verify the Multizone
Thermodynamic Equilibrium Model. The effects of dilution, temperature and pressure on stretch
rate are evaluated in order to investigate its impact on burning velocity. Finally, evaluation of
burning velocity from the experimental pressure traces is analyzed and two sets of burning
velocities are compared with published results to verify the reliability of the experimental system

and analysis method.

Chapter4 presents experimental and calculated results. Burning velocities at elevated temperature
and pressure are analyzed. The correlations of burning velocity at various temperature, pressure
and dilution are derived. Finally, data of NO equilibrium concentration and formation rate of NO

at all experimental initial conditions are illustrated.

Final conclusions are presented in Chapter 5. The major conclusions are summarized and future

work and improvements are suggested.
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CHAPTER 2

LITERATURE REVIEW AND BACKGROUND STUDY

This chapter describes prior research on burning velocity, flame stretch rate and nitrogen oxide

(NO,) emissions.

2.1 BURNING VELOCITY

A number of methods have been developed to determine laminar burning velocity, defined as the
velocity of the flame wave with respect to unburnt gas [1]. Some of them, such as tube method,

bomb method, and burner method, were summarized comprehensively by Andrews and Rallis [2-

4].

2.1.1 Burner Method

The burner method measures the adiabatic burning velocity from a flat flame operating at
atmospheric pressure. The typical idea is to measure burning velocity and heat loss to the burner
as a function of inlet velocity. The adiabatic burning velocity is obtained after extrapolating the
results to zero heat loss. Since extrapolation generally causes uncertainty, the heat flux method

avoiding the extrapolation was introduced to calculate more accurate burning velocity.
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Dyakov etal. [S] used the heat flux method to evaluate the stretch-free flat flame propagation by
a detailed C/H/N/O reaction mechanism. Errors from experimental performance, including
variation in the mass flow controller, gas velocities and temperature measurement, were carefully
analyzed. Results were in good agreement with others obtained from a stretch-free or stretch

correction flame. The burning velocity of stoichiometric methane/air mixture was 36 cn/s.

Bosschaart and de Goey [6] improved the heat flux method on the burner head and temperature
measurement. The temperature and heat loss were measured and evaluated. The heat flux method
was also utilized to measure the burning velocities of several hydrocarbon fuels [7]. A parabolic
parameter relative to the temperature, ¢, was calculated and the adiabatic burning velocity was

obtained by interpolating the burning velocity to a = 0.

2.1.2 Effects of Mixture Composition

Additional gas, diluent or fuel, influences the burning velocity. Diluent, most often referred to as
CO,, N, or steam, reduces the burning velocity. In contrast, another fuel addition increases
burning velocity. Dlugogorski et al. [8] investigated the effect of steam on laminar burning velocity
of methane/air mixture by a C,-C, mechanism and concluded that a higher steam concentration
resulted in lower burning velocity. Oostendrop and Levinsky [9] also studied the effects of various
additions, from ethane, propane, nitrogen to carbon dioxide, on the burning velocities of

methane/air mixtures by a burner method. As expected, ethane and propane increased the burning
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velocity, while the amount of diluent, nitrogen or carbon dioxide, was inversely proportional to
burning velocity. Moreover, carbon dioxide had more reductive impact on burning velocity than
nitrogen, and the authors attributed the reason to the differences in transport properties between

COz and Nz‘

2.1.3 Bomb Method

The bomb method is recommended to measure burning velocity at a wide range of temperatures,
pressures and equivalence ratios. Lewisand Von Elbe [1] explained the laminar flame propagation
and determination of burning velocity in a constant-volume bomb with a central spark. The flame
begins to propagate from the spark point spherically after the ignition. Because of the restriction
of the vessel wall, the pressure increases and so does the unburnt gas temperature according to

the adiabatic compression law. As a result, the burning velocity rises.

Assumptions for spherical flame propagation were analyzed thoroughly by Rallis etal. [4] and Hill
et al. [10], respectively. They are summarized as the following:
l. The flame front is thin, smooth and spherical, so that effects of flame curvature and

instability are negligible;

2. The pressure is spatially uniform;
3. The unburnt and burnt gas mixtures behave as ideal gases;
4. Chemical equilibrium is achieved immediately behind the flame front, i.e., the
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temperature of burnt gas mixture is spatially uniform and theoretical
equilibrium adiabatic value at this point;
5. Unburnt gas mixture is compressed isentropically;
6. No dissociation or pre-flame reactions occur in the unburnt gas mixture and all
dissociation products in the burnt gas region are in equilibrium;

7. Buoyancy effects are neglectable.

A number of studies on laminar burning velocity of methane/air mixture by the bomb method are
summarized in the following. The summary provides a thorough review ofthe constant-volume

bomb method on burning velocity study to compare with this study.

Sharma et al. [11] studied the pressure and temperature dependence on burning velocity of
methane/air mixture by abomb method. A high speed camera and a pressure transducer were
both used to record the flame propagation. A correlation equation was derived for the
experimental pressure from 0.5 to 4 atm and capable to extrapolate to as high as 20 atm. The
authors also simply compared the equations of previous researches for buming velocity calculations
and analyzed the difference. Burning velocity was determined from the flame radius-time record.
A series of empirical equations of temperature, pressure and equivalence ratio dependence on
burning velocities were derived. The laminar burning velocity of stoichiometric methane/air

mixture at 1 atm and 298 K was determined as 33 cni/s.
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Iijima and Takeno [ 12] briefly compared laminar burning velocities calculated by the spherical
bomb, burner, double kernel and numerical calculation. The burning velocities of methane/air
mixtures were measured in a 16.0 cm diameter spherical combustion chamber at an initial pressure
from 0.5 to 30 atm and room temperature. The burning velocity was calculated from the pressure
trace on the basis of the quasi-steady flame surface model. No stretch effect was considered here.
The method reliability was discussed in detail and the conclusion was reached that the chemical
equilibrium, heat loss, the flame thickness, the small scale flame wrinkling and the quenching in the
vicinity of the electrodes were not important. This conclusion was consistent with what was drawn
from Metghalchi etal. [13]. Finally, the effect of buoyancy attracted the authors’ concern. In
order to minimize the effect of buoyancy, the equivalence ratio was restricted from 0.8 to 1.3 so
that the asymmetry of the propagating flame was remained in the tolerant range. The laminar

burning velocity of stoichiometric methane/air mixture at 1 atm was 35 cm/s.

Tsengetal. [ 14] determined laminar burning velocities in a quasi-spherical test chamber by a
shadowgraph motion picture photography. The measurements were limited to a flame radius of
less than 60 mm, so that the effects of flame thickness, curvature and unsteadiness were minor and
neglectable. The authors also discussed the effects of cold and hot flame boundaries on the
burning velocity and concluded that the uncertainties were small and distinction was unnecessary.
Finally, a hot flame boundary was used. The stretchrate, curvature and unsteadiness, and relating
Markstein length and Karlovitz number were discussed thoroughly for outwardly propagating
spherical flame.

16
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However, Taylor and Smith [15] corrected Tseng et al.'s [14] results. Tayloretal. proved that
the density ratios calculated by Tseng et al. had large errors and that the raw data used by Tseng
etal. were wrong as well. Tayloretal. calculated the corrected data and compared them with the

[16] previous data. These two sets of data showed agreement.

Later, Aung et al. [17] responded to Taylor and Smith's [15] comments and improved their
previousresults. Aungetal. listed the test conditions, such as density ratio, characteristic flame
thickness, flame stretch, Karlovitz number and Markstein number. The revised stretched and
unstretched burning velocitics were given as well. The results agreed with Taylor’s[16]. Aung
etal. attributed the slight discrepancy in the burning velocities to the different analysis methods in
spite of the same experimental data. Taylor simply applied the density ratio correction, while Aung
etal. used a more complicated way to re-analyze the results. The revised burning velocity of

stoichiometric mixture was 34 cnv/s.

Clark et al. [ 18] measured the laminar burning velocity of methane/diluent/air mixtures in a
spherical bomb with 15.0 cm diameter in a micro-gravity environment. Burning velocity were
calculated by Lewis and Von Elbe's equations assuming a smooth spherical flame front. The
authors indicated that the micro-gravity environment overcame the buoyancy effects that raised the
centre of flame kernel and deviated spherical flame front. Meanwhile, micro-gravity environment
retarded the time of the flame front to touch the chamber wall. The authors did not correct the

results for stretch rate when arguing its minor effects. The burning velocity was evaluated by
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normalized flame radius from 0.49 to 0.93 due to small stretch rate. The flame stretch was found
to be sufficiently small after normalized flame radius 0of 0.66. Since methane/diluent mixtures had
slow flame propagation, Clarke et al. further pointed out that the stretch rate was reduced for slow
flame propagation and therefore had less impact on burning velocity. The correlation equations
were extended to a large range of temperature and pressure later [ 19]. The burning velocity of
a stoichiometric methane/air mixture at 298 K and 1 atm was 37 cm/s. The cellularity effect was
discussed cautiously, since it changed the assumption of smooth spherical flame front. Fortunately,
it seemed that the combustion flame of methane-air mixture had no evident cellularity, even though

Bradley [20] showed that flame loss at the spark electrodes might develop into cellularity.

Eliaetal. [21] constructed a spherical combustion chamber with a pressure transducer, ionization
probes and a thermocouple to measure burning velocity of methane/diluent mixtures in the
pressure range from 0.75 to 70 atm. The computational model determined the burnt mass fraction
from thermodynamic properties and pressure trace. The model also considered the effects of
temperature gradients in the burned gas and flame stretch. Finally, the unstretched burning velocity
was corrected from the measured stretched burning velocity. The burning velocity of
stoichiometric methane/air mixture was determined as 37.2 cny/s. The burning velocities calculated
by authors were slightly higher than the results of Clarke et al. [ 18] and lijima and Takeno [ 12]
even though similar models were used. Elia et al believed that Clark and Iijima ignored the

temperature gradients and stretch effect.
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Hassan et al. [22] studied the outwardly spherically propagating premixed methane/air flame ata
pressure range from 0.5 to 4 atm. Experimental measurements were strictly limited so that effects
of flame curvature and transient were neglectable. Experiments were recorded by means ofa
motion picture shadowgraph. The test conditions, including the various equivalence ratios, the
initial pressures and density ratios, burning velocities and Markstein numbers, were given as well.
Authors eventually drew the conclusion that there was a substantial stretch effect on laminar
burning velocity. The unstretched burning velocity of stoichiometric methane/air mixture at 1 atm

was found to be 35 cm/s.

Guetal. [23] used a 38.0 cm diameter spherical combustion chamber to measure the unstretched
burning velocity at initial temperature between 300 K to 400 K, and at pressure between | atm
and 10 atm. The burning velocity was measured by a photographic observation of the flame. Two
computational models were utilized, one considering one-dimensional flame propagation with fully
detailed kinetics for unstretched buming velocity, and the other considering spherically expanding
stretched flame withareduced scheme for stretched burning velocity. Authors indicated that
photographic measurement observed the flame distortion and cellularity and those two effects
increased the burning velocity. After being correlated, the unstretched burning velocity of

stoichiometric methane/air mixture at 298 K and 1 atm was 35.8 cn/s.

Bradley et al. [24] computed the burning velocity of spherical flame propagation using the reduced

kinetic C,; scheme of Mauss and Peters. The relationship between the Markstein lengths and
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burning velocity were discussed in detail. Asextrapolated to a zero stretch rate, the burning

velocity of a stoichiometric methane/air mixture was 37.8 cr/s.

In summary, all methods generally predict a peak burning velocity on the slightly rich stoichiometric.
The bomb method has a average stoichiometric burning velocity 35.9 cm/s with a standard
deviation 1.39 cm/s. The burner method has slightly higher values than bomb method. Laminar
burning velocities of methane/air mixtures measured in a constant-volume bomb at 1 atm and
298+2 K from several previous reports are plotted in Figure 2-1. Itisclear thatall results agree
well despite of the different measurement and calculation methods. This study also used a constant
volume bomb to measure laminar burning velocity due to the measurement advantages on a wide
range of temperature, pressure and equivalence ratio. The above references on the bomb method
provide a complete comparison with this study. The resuits from this study and above studies will

be compared in Chapter 3.
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2.2 STRETCH RATE

The stretch rate has drawn considerable attention on the laminar burning velocity [14,22-26]. The
Markstein number and Karlovitz number are critical characteristics to represent the stretch rate.
The unstretched laminar burning velocity can be derived from the stretched laminar burning velocity
and stretch rate. For example, 45+2 cm/s was a general accepted burning velocity of
stoichiometric methane/air mixture at 1 atm and 298 K in the past[2, 3]. However, Bosschaart
etal. [6] demonstrated that this higher burning velocity was caused by ignoring stretchrate. As
stretch rate was considered, recent experiments explored a lower burning velocity. A lower
burning velocity was also obtained from the old experimental data as new methods considering the
stretch rate were employed. Inorderto eliminate the stretch effect, some methods such as, the
counterflow method [27], were developed to unambiguously determine the unstretched laminar

burning velocity.

The stretch rate K on a flame surface is the time rate of change of the infinitesimal surface element

of area, A, normalized by that area [24]:

K =i€/—1 (2-1)
A dt

Considering the geometry of a spherical flame front, the following expression is obtained from the

above Equation 2-1:

_2dn,
v, dt

o

K (2-2)
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where ry, is the flame radius.

The positive stretch rate of outward propagating flame normally has a negative effect on laminar
burning velocity. The stretch effects on burning velocity are correlated by the following equation
[28]:

Suzsuoo_LK (2'3)
where,

S, is stretched laminar burning velocity;
S, 1s unstretched laminar burning velocity;
L is Markstein length, a measure of the response of the flame to stretch;
K is the stretch rate.
The Markstein length is represented by a dimensionless Markstein number, M,,
L

M, =— 2-4
r (2-4)

where,
M, 1s Markstein number;

Op, is the characteristic flame thickness.
In general, positive Markstein number represents a stable flame while negative Markstein number
represents a unstable flame [22]. Another dimensionless parameter, Karlovitz number, K, is also
defined to describe the flame stretch.

K = (2-5)

Therefore, the dimensionless relationship between burning velocity and stretch rate is shown as the
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following:

Smk, (2-6)

un
The Equations 2-3 to 2-6 are generally used to represent the relationship of burning velocities and
stretch rate. A number of studies were carried out on stretch rate and Markstein number. For
example, Mishra analyzed the stretch rate by a numerical model with detailed chemistry [29] and
Davis etal. evaluated the stretch rate by a counterflow flame [30]. However, determination of the

Marsktein number and stretch rate is still debated topics [30].

However, Eliaetal. [21] pointed out that for a spherical flame the correction of burning velocity
from flame stretch is less than 0.2 cm/s as the flame is close to the vessel wall (a spherical vessel
with a diameter of 15.24 cm) and 1 cm/s at the smaller flame radius. A 10% increase of'initial
pressure promoted the flame radius by 50% and consequently reduced the stretchrate. They also
illustrated that the stretch rate dropped significantly after normalized flame radius 0.5. Similarly,
Clarke et al. [18] used a spherical combustion chamber with a diameter of 150 mm in a
micro-gravity environment. Authors calculated burning velocity ina normalized flame radius from
0.49 to 0.93 corresponding to small stretch rate, and explained that the flame stretch was
sufficiently small after anormalized flameradius 0of 0.66. Because of slow flame propagation of
methane/diluent mixtures, Clarke et al. further demonstrated that slow flame propagation decreased
the stretch rate and resulted in less effect on burning velocity of methane/diluent mixtures.

Therefore, the stretch rate does not affect the results of this study as only larger flame radius was
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used to analyze the burning velocity. Moreover, the stretch rate declines with additional dilution.

In summary, the burning velocity does not corrected with stretch rate in this study.

2.3 NITRIC OXIDE

Oxides of nitrogen (NO,) is one of the major pollutants from internal combustion engines and has
strong adverse environmental effects. It forms nitric acid when itreacts with water vapor and
forms ground level ozone when reacting with atmospheric hydrocarbon in the presence of solar
radiation. Nitric oxide (NO) and nitrogen dioxide (NO,) are two major components in oxides of
nitrogen. Nitric oxide is the dominant component, contributing to over 90% in total oxides of
nitrogen. For spark ignition engines, which burn near-stoichiometric mixture, the difference
between NO and NO, measurement was negligible [31]. Therefore, only nitric oxide was studied

in this research.

The primary source of NO is the oxidation of atmospheric nitrogen, while nitrogen contained in the
fuel is another source. Because no nitrogen is presented in the currently used experimental fuels,
nitric oxide is only formed by nitrogen from the air during combustion. There are three major
chemical mechanisms, i.e., the Zeldovich or thermal mechanism:, the Fenimore mechanismand

N,O-intermediate mechanism [32].
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As generally accepted, the extended Zeldovich mechanism is the primary mechanism that governs
NO formation in combustion of near stoichiometric fuel-air mixture [31]. The Zeldovich
mechanism consists of two reactions:
O+ N, NO+ N (2-7)
N+0O,< NO+O (2-8)
It is called the extended Zeldovich Mechanism when one more reaction is added:
N+OH < NO+ H (2-9)
In extended Zeldovich mechanism, NO is formed in the burned gas region of high-temperature

behind the flame front. The reaction of NO formation is strongly temperature dependent.

The derivation of formation rate of NO is simplified after assuming that NO formation begins with
N,,0,,0 and OHconcentrations are at their post-combustion equilibrium values and N atoms are
in steady state. Another assumption is that fuel combustion process and NO formation process
are uncoupled [32] since the combustion process is much faster than NO formation. Whenno
production begins, the reverse reactions are negligible as the NO concentrations are much less than

their equilibrium values. Finally, the initial formation rate of NO is expressed as:

d[NO]

—2k, [O] N.] (2-10)

where,
[]is species concentration in combustion products before any nitric oxide has been

formed, kmol/m?;
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k, is the rate coefficient, 1.8x10" exp[-3 83 70/T] , m*/kmol-s;

T is flame temperature, K;

As the unit of formation rate of NO in Equation 2-10 is changed from kmol/m’-s to ppm/s, the

Equation 2-10 becomes [32]:

d[ NO] R
7=2kleOZN:R T (2-11)

u

where,
P, is peak combustion pressure, kPa;
T i1s flame temperature, K;
R, is universal gas constant, 8.31434 kPa-m*/kmol-K;
X is equilibrium post combustion molar fraction of component i in total combustion

products.

Figure 2-2 demonstrates the rise of NO concentration as a function of time. NO concentration
rises from effectively zero at the beginning and finally reaches the equilibrium post combustion
value. This NO equilibrium concentration is strongly affected by flame temperature and atomic
oxygen concentration in mixtures. The formation rate of NO is not only temperature dependent,

but also combustion pressure and NO equilibrium concentration dependent.

In this study, the NO equilibrium concentration and formation rate of NO were calculated by the
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above equations with the combustion properties from Stanjan [33] running as the constant-volume
combustion at experimental initial temperature, pressure and components. The two parameters,

NO equilibrium concentration and formation rate are also marked in Figure 2-2.

INO] Equilibrium concentration (calculated by STANJAN)
T e 1 i gyt el S IS

NO concentration

Initial NO formation rate (calculated by Equation 2-11)

time
Figure 2-2 Schematic diagram of NO concentration as a function
of time after combustion. Diagram shows the two
parameters calculated in Section 2-3
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CHAPTER 3

EXPERIMENTAL APPARATUS AND METHODS

3.1 EXPERIMENTAL APPARATUS

The experimental apparatus consists of a mixing chamber, a preheated high pressure cylinder
combustion chamber and a data acquisition system. The schematic diagram of the system is shown

in Figure 3-1.

3.1.1 Cylinder Combustion Chamber

A preheated high pressure cylinder combustion chamber with central spark ignition designed by
Checkel [1] was reconstructed. The chamber was a thick-wall carbon steel cylinder capped by
two steel flanges with O-ring seals. The chamber volume was 1.1 Liter with 114 mm equal
diameter and length. The heavily insulated chamber was wrapped in electric heating elements
capable of producing an initial temperature up to 498 K (225 °C) using a 1200 Watt AC power.
Two K-type thermocouples were used to monitor the initial temperature of the cell exterior and
inside chamber. The chamber was able to withstand peak combustion pressure up to 225 atm at
498 K. An extended-electrode spark plug was located along the axis of the chamber and
insulated by heat shrink tubing to ensure central ignition. The spark gap was 2.5 mm. The ignition

energy was provided by a spark generator mainly composed of a high voltage capacitor and an
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ignition coil. A schematic diagram of the combustion chamber is shown in Figure 3-2.

3.1.2 Data Acquisition System

The data acquisition system consists of pressure transducers, and a National Instruments CB-68
LP Data Acquisition Card (68-Pin Digital and Trigger I/O Terminal Block) controlled by a
Labview 6i program. Two channels were created on the Data Acquisition Card. One generated
apulse to trigger the spark box through a Digital Delay Generator— 201 AR, and the other was
an analog input channel to record the pressure trace from the pressure transducer. Two pressure
transducers were utilized for different initial pressure. A Flush Diaphragm Pressure Transducer
7820 with 13.6atm (200 psi) pressure range was used for 1 atm pressure experiments and an
Omega PX800-2KSV pressure transducer with 136 atm (2000 psi) pressure range was used for

experiments at elevated initial pressure up to 5 atm.

3.2 EXPERIMENTAL MIXTURES

The experimental gases were methane, carbon dioxide, nitrogen, carbon monoxide, hydrogen, and
compressed dry air. The purity of experimental gases except air was 99.9%. The experimental
mixture was a stoichiometric blend of three gas mixtures: methane/air, simulated EGR and
simulated reformer gas. The mixture composition is shown in Table 3-1, where V, V,and V;

are volumetric percentage of methane-air mixture, EGR and reformer gas, respectively. Fraction
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V, consists 0f 9.5% methane and 90.5% dry air; a stoichiometric methane/air mixture composition.
The EGR percent, V,, consists of 18.5% CO, and 81.5% N, to simulate the exhaust gases since
it has almost the same molar mass and heat capacity of the real exhaust gases. This composition
was slightly different from that used by others (14% CO, and 86% N, in [2] or 15% CO, and
85% N, in [3]), which only simulated the "dry" exhaust gas and ignored the significant water
content of real exhaust gas. Appendix B demonstrates the calculation of EGR simulation. Tokeep
the total mixture stoichiometric, reformer gas, V; includes 22.1% H,, 7.4% CO, and 70.5% air

by volume. The ratio of volume fraction of hydrogen to carbon monoxide is 3:1 in order to

simulate the ideal steam reforming products of methane. Totally, ¥, + V, + V; = 100% . The

experimental initial pressure ranged from 1 atm to 5 atm and initial temperature varied from 298 K
to 473 K. There are two definitions of EGR percent. One is defined as a mass ratio and the other
is defined as a volumetric ratio [4]. In this thesis, the volumetric ratio has been used. Itis the ratio
of the volumetric percent of EGR to total mixture. The maximum percent of EGR is40% in this

study.

Table 3-1 Composition of Experimental Mixtures

Vi Methane-air mixture 0.095V, CH, 0.905V, air
V, EGR 0.185V, CO, 0.815V, N,
V, Reformer gas 0.221V; H, +0.074V; CO | 0.705V; air
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3.3 EXPERIMENTAL PROCEDURE

The mixture with desired components was initially prepared by the partial pressure method ina
7 Liter stainless steel mixing chamber at ambient-temperature to ensure that each experimental
series had a consistent mixture. One experimental series included experiments from 298 K to
473 K at a certain pressure with the same composition mixture. The mixing chamber was
evacuated and filled with air several times before each series of experiments to purge the residual

gases.

After the evacuated combustion chamber (Figure 3-2) was heated to the desired temperature, the
mixture was fed to the combustion chamber and allowed to stabilize for 5 to 8 minutes before
ignition. Wierzbaetal. [S, 6] argued that such short time had neglectable effects on flammability
limits of hydrogen at the initial temperature up to 473 K and ambient pressure. Therefore, itis
reliable to conclude that experimental results were not changed by the short residence time (time
before ignition). The combustion chamber was vacuumed during preheating to avoid soot
formation from the exhaust gases of the last run, especially at high temperature and pressure.
Goethals etal. [7] tested soot formation from the rich flammability limits of methane at elevated
temperature and pressure. Soot was found at 10 atm and room temperature and at S atm and
473 K, respectively. Because current experimental mixtures and initial conditions were far away
from the above limits (equivalence ratio and initial conditions), soot formation was neglected at this

study. The initial experimental temperature inside the combustion chamber was cautiously
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controlled to an accuracy of = 1 K by a type K thermocouple probe (thermocouple 1). Because
the probe junction directly contacted the mixture that was heated by the surrounding chamber wall,
the thermocouple read the mixture temperature accurately within the 5~8 minute stabilization
period. Afterignition, the combustion pressure was measured by the pressure transducer. The
pressure data were collected instantaneously at 5 KHz by a National Instruments CB-68 LP data

acquisition board.

3.4 FLAME GROWTH MODEL
3.4.1 Lewis and Von Elbe Model

Lewis and Von Elbe [8] studied the burning velocity in a constant-volume combustion bomb. A
series of equations was derived to calculate essential properties, such as, unburnt gas temperature,
burnt mass fraction and flame radius.

Unburnt gas temperature:

(rua=V)/r.
P
T,=T|— G-)
H
burnt mass fraction:
n=L=E (3-2)
P-P
flame radius:
14
PT P-P
R =R |- 3-3
b cell( P ]-: Pe—})‘j ( )
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Finally, the burning velocity was derived as:
dR( R\
i
di \R,

S, 1s the laminar burning velocity;

).
)

where,

P; and T; are initial pressure and temperature, respectively;
R;1s nominal radius of burned gases in their unburnt state;
R..; 1s the radius of the combustion bomb;

¥, is the specific heat ratio of unburnt gases;

P is instantaneous pressure.

3.4.2 Multi-zone Thermodynamic Equilibrium Model

A multi-zone thermodynamic equilibrium model described previously [9-11] was developed to
calculate the laminar burning velocity from the pressure trace. This model divided a mixture into
1500 elements with equal mass fraction and assumed isotropic, adiabatic flame propagation in the
radial direction from the spark point. Each element was treated as a spherical shell which reacted
to equilibrium to produce a pressure rise. Unburnt and burnt gas mixtures were assumed to
behave as ideal gas. The temperature and pressure were assumed to be uniform ineach element
but vary among different elements. Two dissociation reactions, carbon dioxide dissociation and

water gas reaction were considered.
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CO, = CO+ —21-02 (3-5)

CO+H,O0< H, +CO, (3-6)
Consequently, six species (CO, CO,, O,, N,, H,, and H,0) represented the burnt gas.

After a combustion pressure was estimated for each given element, the volume and energy
properties for all burnt and unbumt elements were evaluated. As energy balance and equilibrium
calculation were performed, and the pressure iteration was carried out until the calculated sum of
all element volumes was equal to the total combustion chamber volume. Eventually, a series of
theoretic data from pressure, unburnt gas temperature, burnt gas temperature torelative flame
radius, etc. were evaluated. Appendix C presents a comparison of results from multi-zone model
and Stanjan that was set up as a standard. The results agree surprisingly well witha maximum
error of 2.5%. After the theoretic data were interpolated with recorded experimental pressure,

burning velocity was obtained as:

_dr

Su=—
dt

3-7)

where dr is radial consumption rate of unburnt gas during the time interval dt.

Unburnt gas temperature, flame radius and burnt mass fraction obtained from multi-zone model
were compared with corresponding results from Lewis and Von Elbe's equations in Figures 3-3,
3-4and 3-5. Except that the burnt mass fraction differs by maximum 14% because of different

assumptions, the flame radius and unburnt gas temperature agree extremely well with less than
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0.5% difference. Lewis and Von Elbe assumed that burnt mass fraction is a function of pressure
gradient, while multi-zone model accounts for changing thermodynamic properties during

combustion

3.5 EVALUATION OF BURNING VELOCITY

3.5.1 Effects of Diluent, Temperature and Pressure on Stretch Rate

The stretch rates of stoichiometric methane/air and methane/10% EGR mixtures are plotted in
Figure 3-6. It is clear that adding diluent reduces the stretch rate because of the slow flame
propagation. For example, at 45 mm flame radius, the stretch rate decreases from around100s™
to 60 s with 10% EGR addition. Temperature and pressure influence stretch rate slightly.
Elevated initial temperature increases stretch rate but elevated pressure decreases stretch rate. The
stretch rates of stoichiometric methane/air mixture at elevated initial temperature and pressure are
illustrated in Figure 3-7 and Figure 3-8. The stretchrate increases from about 100s™ to 135 s™
as initial temperature raises from 298 K to 373 K and decreases fromaround 100s™ to 605" as

pressure increases from 1 atm to 5 atm.

3.5.2 Evaluation of Burning Velocity

In this study, the flame radius over which burning velocity was calculated was chosen due to small

correction by stretch rate. Figures 3-6,3-7 and 3-8 illustrate that the stretchrate is small enough
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after 45 mm flame radius. In order to minimize the stretch effect, only the burning velocities from
a flame radius 45 to 57 mm were analyzed. Eliaetal. [2] and Clarke etal. [3] showed that stretch
rate of 80 s™! is a significant indicator which only has 1 cm/s correction on burning velocity of
stoichiometric methane/air mixture. Asdescribed in Section 2.2, the stretch effect would be
sufficiently small during this range, especially with reductive effects of diluent and elevated pressure.
Additionally, the incremental effect of temperature on stretch rate decays significantly during this

range.

Anignition energy above the minimum ignition energy leadsto a high apparent initial flame speed,
but it has the advantage to overcome quenching effects and establish the early flame propagation.
Bradley et al. [12] showed that the enhancement of flame propagation has been observed at the
radii up to 10 mm with a very high ignition energy of 1 J. Asthe ignition energy justabove the
minimum requirement, this radii was only 6 mm. The ignition energy during the whole current
experiments was much less than 1 J, so the effects of spark energy on enhancement of flame speed

were sufficiently neglectable after the flame radius 45 mm.

In this chamber, the flame does not contact the chamber wall ideally until the flame radius reaches
57 mm. Flame instability changes the assumption of a smooth spherical flame front. The
development of instability leads to cellularity which increases the surface area and consequent flame
speed. However, Stone and Clarke [13] argued that cellularity does not occur for a methane
flame. Therefore, this study ignored the flame instability impact on burning velocity.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Eventually, the measured burning velocities from a flame radius 45 ~ 57 mm were fitted by

equation 3-8 and then extrapolated to initial experimental pressure to obtain the burning velocity:
a B
T P
Su=SuO(_u_) (—) (3'8)
L) \ K

T, is reference unburnt gas temperature, 298 K;

where,

P, is reference pressure, 1 atm;
S,0 1s laminar burning velocity at reference temperature and pressure;

o, 3 are exponents dependent on equivalent ratio and fuel properties.

Giilder [14] compared laminar burning velocities of methane/air mixture from a number of authors
and concluded that the proper values of ¢ and [3 are 2 and -0.145, respectively. Figure 3-9
shows a typical calculated burning velocity trace of stoichiometric methane/air mixture as a function
of combustion pressure at | atm and 298 K. Burning velocity increases during the combustion
process due to rising unburnt gas temperature caused by adiabatic compression of the mixture.
The solid line indicates the portion of the trace where burning velocity is fitted by above equation

3-8 and the dotted line indicates the extrapolation back to initial pressure, 1 atm.

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P! I L

B O Multi-zone 7
X LewisandVon Elbe XXX%

unbumt gas temperature (K)

100 200 300 400 500 600
pressure (kPa)
Figure 3-3 Comparison of unburnt gas temperature from
Multizone and Lewis and Von Elbe models

O Multi-zone

B S LewisandVonEibe 7

flame radius (mm)

pressure (kPa)
Figure 3-4 Comparison of flame radius from Multizone
and Lewis and Von Elbe models

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

46



0.8 T | T T T T T T

Multi-zone
Lewis and Von Elbe )2(

XO

burnt mass fraction

pressure (kPa)
Figure 3-5 Comparison of burnt mass fraction from
Multizone and Lewis and Von Elbe models

500 T | T T T T
400 |— —
O stolchiometric methane/air mixture
3 -+ methanet10% EGR mixture 4
1”, 300 p- 1
2
& B -
=4
£
<4
k7] 200 t— —]
100 |— -
[ 1

flame radius (mm)
Figure 3-6 Comparison of stretch rates of methane/air and
methane/10% EGR mixtures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

47



el ] O 2k ]
/\ 3K
[~ [:] 473K 1

stretch rate (s-')

flame radius (mm)
Figure 3-7 Initial temperature effects on stretch rate of
methane/air mixture

500 T T T T T T T
L + .
O

400 b —
@ 300 f— O O 1 atm 7
% + + 5 atm
8 ++Q§>O _

+ o
100 |— —
0 L

flame radius (mm)
Figure 3-8 Initial pressure effects on stretch rates of
methane/air mixtures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

48



3.5.3 Comparison of Previous Published Results

The burning velocities of stoichiometric methane/air mixture at | atm and 298 K from various
resources, including this study, are displayed in Table 3-2. Allresults agree well, even though
Aungetal. [15], Hassan et al. [16] and Guet al. [17] corrected their results for stretch rate. The
average burning velocity of all other resources is 35.2 cn/s with the standard deviation 0.79 cm/s.

This burning velocity value agree very well with 35.3 cm/s in this study.

Guetal. [17]and Sharma et al. [ 1 8] measured the burning velocity of a methane/air mixture ina
constant-volume combustion chamber at elevated initial temperature and pressure. Mishra [19]
investigated the initial temperature effect on buming velocity of methane/air mixtures by a numerical
model of flame structure and propagation. Current burning velocities of methane/air mixtures at
elevated initial temperature are compared with results from the above studies in Figure 3-10. It
should be noted that the burning velocity in this study without stretch rate adjustment agrees well
with Gu’s unstretched burning velocity. The data of burning velocities of methane/diluent mixture
at specific diluent composition are scarce. Elia et al. [2] measured the burning velocity of
methane/diluent mixtures in a spherical combustion chamber. The diluent was composed of 86%
nitrogen and 14% carbon dioxide. Clarke et al. [3] determined the burning velocity of
methane/diluent mixture in a spherical bomb in a micro-gravity environment with 85% nitrogen and
15% carbon dioxide as a diluent. The burning velocities of methane/diluent mixtures at 298 K and

1 atm measured here are compared with results of Elia and Clarke in Figure 3-11. The diluent in
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this study consisted of 18.5% carbon dioxide and 81.5% nitrogen. All results fit well despite the
minor difference in diluent composition. The agreement of present results with other published

results readily supports current measurement and analysis.

Table 3-2 Burning Velocity of Stoichiometric Methane/Air Mixture at 1 atm and 298 K

No. Resources Method S, (cm/s)
1 Iijima (1986) Bomb Method 35
2 Aung (1995) Bomb Method 34
3 Hassan (1998) Bomb Method 35
4 Gu (2000) Bomb Method 35.8
5 Bosschaart (2003) Burner Method 36
6 This Study Bomb Method 353
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£ |
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Figure 3-9 Calculation of burning velocity of stoichiometric
methane/air mixture at 298 K and 1 atm
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

Measurements of the burning velocities of methane/air mixtures were made as functions of diluent,
reformer gas, pressure and temperature. The equivalence ratios of all experimental mixtures were
unity and mixture compositions are expressed as volume percentage. Experiments were carried
outat the range of initial temperature from 298 K to 473 K and initial pressure from 1 to 5 atm.
The experimental results at | atm and elevated initial temperature with maximum 20% diluent are
analyzed in Section4.2.1 and 4.2.2. Burning velocities of methane/15% diluent mixtures were
measured for a range of pressure and ambient temperature. Another set of experiments with 40%
diluent was carried out at 5 atm and elevated initial temperature. Section4.2.3 includes those high
pressure results. The effects of reformer gas are discussed at Section 4.2.4. Finally nitric oxide

emissions at the experimental initial conditions are presented in Section 4.3.

4.2 LAMINAR BURNING VELOCITY
4.2.1 Effect of EGR

EGR (exhaust gas recirculation) dilution was simulated by mixtures consisting of 18.5% carbon
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dioxide and 81.5% nitrogen in this study. Here after, the term “EGR” is replaced by “diluent” to
refer to this specified components. The peak combustion pressure and the time of peak pressure
for methane/EGR mixtures at 298 K and 1 atm are shown in Figure 4-1. The systematic
uncertainty of the pressure trace is 1% according to the pressure transducer’s output tolerance.
The systematical uncertainty of the measured burning velocity caused by the pressure trace is 1.5%
[1]. The flame radius is the radius of the spherical volume occupied by the burnt mixture. The
burnt mass fraction is the fraction of burnt mass compared with the total burnt and unburnt mixture
mass. Those two important parameters of flame propagation are shown in Figures 4-2 and 4-3.
[tis readily seen from Figures 4-1 to 4-3 that EGR lowers the peak combustion pressure and
slows down the flame propagation. For example, 10% EGR reduces the peak combustion

pressure 9.3% and slows down the combustion time 43%.

Figure 4-4 illustrates the effect of initial temperature on burning velocity of methane/EGR mixtures.

The standard deviations of mean are also marked in Figure 4-4. The maximum standard deviation
of mean of all results in this study is less than 1.5 cny/s. The effects of EGR on burning velocities

of methane/air mixtures at elevated initial temperature are shown in Figure 4-5. Asexpected, EGR

fraction is inversely proportional to burning velocity atall range of initial temperature. Shrestha et

al. [2] analyzed the thermodynamic effects of diluents, CO, and N, on burning velocities of

methane/air mixtures. The diluent reduces the effective heating value of the mixture resulting ina

lower flame temperature and leading to a decreasing burning velocity.
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4.2.2 Effect of Temperature

In general, initial temperature plays an important role on burning velocity of all kinds of fuels. The
flame radius and burnt mass fraction of methane/air mixtures at 1 atm and elevated initial
temperature are shown in Figures4-6 and 4-7. Initial temperature dramatically promotes the flame
propagation which leads to an increasing burning velocity. Mishra [3] analyzed the flame structure
of stoichiometric methane/air mixtures at elevated initial temperature by a numerical model. The
elevated initial temperature resulted in growing mass fraction of combustion species, such as H,,
CHj;, Hand CHO, which contributed to the escalating heat release rate. On the other hand, the
elevated initial temperature promoted total energy release. Asaresult, the increase of heat release

rate and total energy release improved the burning velocity.

To better understand the effects of EGR and initial temperature on burning velocity, Figure 4-8
illustrates the burning velocity ratio as a function of initial temperature. [tis the ratio of burning
velocity ata given temperature to that at 298 K with the same EGR percent. The burning velocity
ratios converge below 373 K but diverge above that temperature. Neglecting the methane/air
mixtures, burning velocity ratios of methane/EGR mixtures converge remarkably well in full range
of temperature. It may show the consistent effect of temperature on the burning velocity of
methane/air mixtures regardless of the percent. A certain temperature increases burning velocity
of methane/EGR mixture by nearly the same ratio. Figure 4-9 shows the burning velocity ratio

against the EGR percent. Itis theratio of burning velocity of methane/EGR mixture to that of
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methane/air mixture at the same initial temperature. The burning velocity ratio declines with EGR.
For example, the methane/20% EGR mixture only has around 40% burning velocity of the
methane/air mixture. The initial temperature is effective to raise the burning velocity and the effect
becomes stronger athigher temperature. The mixtures at473 K have the highest burning velocity
ratios at the full range of EGR percent. That indicates the hot EGR mixture has faster burning
velocity than the cold EGR mixture. The exhaust gas temperature in internal combustion engines
was able to reach roughly around 773~873 K [4]. The high temperature is very helpful toreduce
the hydrocarbon emission [4] and accelerate the catalyst converter. Therefore, hot EGR is more
desirable to internal combustion engines in terms of high burning velocity and low hydrocarbon

emission.

Anempirical Equation 4-1 was derived to fit the burning velocity of methane/EGR mixtures at

1 atm and elevated initial temperature,

T 2.006
Su:SHO (591_8) (4'1)

S ,=2808D°~864 D> ~2827D+3058

where T; is initial temperature in K and D is a volumetric fraction of EGR. Although this equation
was derived from experimental EGR fraction between 0.05 and 0.2, it is possible to extend to the
full EGR range at | atmospheric pressure. Without methane/air mixture included, the maximum

error of Equation 4-1 is 5.1%.
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Burning velocities of stoichiometric methane/air mixtures at [ atm were correlated well by the

Equation 4-2 with a maximum error 0.5%, where T; is initial temperature.
q p

T 63
Su=35.33(—-‘——) (4-2)
298
The power equation such as Equations 4-1 and 4-2 is a generally accepted expression to fit the
burning velocity. The temperature exponent for methane/air mixtures varied in different studies.
One early study by Andrews and Bradley [5] showed the exponent as 2. Babkin etal. [6] and
Rallis et al. [7] both showed experimentally that the temperature exponent was pressure
dependent. Babkinetal. [6] also pointed out that the temperature exponent increased with the
lean mixture. Gulder [8] summarized that the temperature exponent ranged from 1.37t0 2.33 with
the various pressures and equivalence ratios. Sharma et al. [9] and Elia et al. [10]obtained
different temperature exponents as 1.68 and 1.857, respectively despite the similar bomb method.
The exponent varied slightly as only stoichiometric methane/air mixture was considered. lijima et
al. [11]and Guetal. [12] showed a close temperature exponent, 1.6 and 1.612, respectively.
Stone etal. [13] gave a lower temperature exponent 1.42 with a micro-gravity environment
measurement. Mishra [3] constructed a chemical model to obtain a temperature exponent 1.575.
Liao etal. [ 14] measured the laminar burning velocity of natural gas and air mixture ina cubical
chamber. The temperature exponent for the stoichiometric mixture was determined as 1.58. In
this study, the larger exponent of methane/EGR mixtures indicates that initial temperature has more

significant impact on methane/EGR mixtures than methane/air mixtures.
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4.2.3 Effect of Pressure

High pressure restricts the flame propagation of methane/air and methane/diluent mixtures and
consequently results in low burning velocity. Figures4-10and4-11 show the flame radius and
burnt mass fraction of stoichiometric methane/air mixture at elevated initial pressure and 298 K.
The pressure dependence on burning velocity is caused by dissociation equilibrium and chemical
reactions [15]. Pressure change affects reaction rates more than dissociation for methane/air
mixture. Hence, increasing pressure decreases the concentrations of free radicals in the reaction
zone and consequent burning velocity. Figure 4-12 illustrates the burning velocities of
stoichiometric methane/air mixtures and methane/15% EGR mixtures at initial pressures up to 5 atm
and 298 K. Clearly, the pressure has an inverse proportional impact on burning velocity. At
5 atmospheric pressure, even a moderate 15% EGR drops down the burning velocity to an
extremely low level. Furthermore, due to the unstable combustion a large amount of EGR is not
applicable to methane-fuelled engines despite its low NO emission. The burning velocities from
other studies are also plotted in Figure 4-12. The burning velocities of methane/15% EGR
mixtures are in good agreement with Elia’s [10] results with less than 1 cm/s difference and a
maximum 2 cnv/s lower than Stone’s [ 13] data. The discrepancy may be attributed to the micro-
gravity method and small difference diluent components used by Stone. Comparing the burning
velocities of stoichiometric methane/air mixtures with those from Gu et al. [12], Sharma et al. [9],
Eliaetal. [10] and Stone et al. [13], all results agree well with a maximum 2 cnv/s difference

including the higher burning velocities of Sharma etal. and Stone et al. at4 and 5 atm. Bradley
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etal.[16] and Gu etal. [12] argued that the pressure record above atmospheric pressure masked
the flame distortion and cellularity which enhanced the burning velocity. The authors believed that
visual observation overcame the problems. However, Gu’s recent results from photographic

measurement show good agreement with present results from pressure measurement.

An empirical equation derived from the bumning velocity of stoichiometric methane/air mixtures at

P -0.37
S,=36.1 1[—‘j (4-3)

0

elevated pressure and 298 K is:

where, P; is initial pressure, atm and Pyisreference pressure, | atm. The maximum error equals
to 4%. The burning velocities of methane/air mixtures at elevated pressure and 298 K with the

curve fitting by Equation 4-3 are shown in Figure 4-13.

Different studies have given the various pressure exponents as the data of burning velocities were
fitted by the power equation. Andrew and Bradely [5] reported the pressure exponent as — 0.5,
while Babkin etal. [6] gave a higher exponent, —0.3. However, some studies indicated that the
pressure exponent was pressure dependent. Rallis and Garforth [ 7] summarized that pressure
exponent was —0.51 at 3~10 atm pressure and — 0.265 at 0.6~3 atm pressure. Gulder [8] found
the pressure exponent as —0.5 or —0.145. Elia et al. [10] suggested pressure exponent as
—-0.435. Asto stoichiometric methane/air mixture, Guetal. [12] and Liao etal. [14] found similar

pressure exponents; —0.374 and -0.398, respectively. Stone et al. [13] obtained a larger
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pressure exponent —0.297.

The burning velocities of methane/air mixtures at 5 atm and initial temperature from 298 K t0 473
k are compared with results from other studies [7, 9] in Figure 4-14. The burning velocities of
methane/air mixtures at | atm are also plotted in Figure 4-14 for comparison. The burning
velocities agree well at most temperature range but are clearly unacceptable high at 473 K. The
reasons have been carefully explored and the problem was linked to the pressure transducer. At
473 K the temperature of the pressure transducer was over the operating temperature range.
Appendix D has the detailed error analysis on the burning velocities at 473 K. Hence, the data

at 473 K were ignored at later analysis.

A correlation relationship of stoichiometric methane/air mixtures at 5 atmospheric pressure and

elevated temperature up to 423 K was derived with a maximum error 1.8%:

T 2.119
S"=19'23(§i8) (4-4)

where T, is initial temperature in K. A curve fitting of the burning velocity ratios by Equation 4-4
from 298 K to 423 K was plotted and extrapolated to 473 K. The original experimental result
at473 K was neglected in the curve fitting. The correlated burning velocities are in reasonable

agreement with published data with amaximum 2.5 cn/s difference, as shown in figure 4-14.
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Finally, an empirical Equation 4-5 for burning velocity of stoichiometric methane/air mixtures with
temperature and pressure was derived. The temperature ranges from 298 K to 700 K
corresponding to initial temperature range from 298 K to 473 K. The maximum error is 5.4% and
the other errors are less than 3%.

p -0.37 7 \e
S, =361 1[—'] (—L) (4-5)
F, 298

a=1566+0.087 P

where,

P, is initial pressure, atm;
P, 1s reference pressure, 1 atm;
T, is unburnt gas temperature, K;

o is the temperature exponent as a function of initial pressure.
The temperature exponent is pressure dependent. The temperature exponent increases with
pressure. Babkin etal. [6] also found the pressure effect on temperature exponent and attributed
itto decrease in dissociation with increase in pressure. But authors did not derive a relationship
between the exponent and pressure. The unburnt gas temperature T, in Equation 4-5 ranges from

298 K to 700 K as corresponding to initial temperature between 298 K and 473 K.

Appendix E gives all data of measured burning velocities in this study.
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4.2.4 Effect of Reformer Gas

Hydrogen has a high burning velocity. Heimel [17] measured the burning velocity of hydrogen/air
mixtures at elevated temperature, and Iijima and Takeno [ 1 | measured that at elevated pressure.
The burning velocities of stoichiometric hydrogen/air mixture from above two studies are displayed
inthe Table 4-1. The reformer gas in this study consisted 0f22.1% H,, 7.4% CO and 70.5% air
by volume to simulate the ideal steam reforming products of methane. McLean et al. [18]
determined that the burning velocity with the similar consistent at 1 atm and 298 K was
156.7 cm/s, much higher than the burning velocity of methane/air mixture at the same conditions.
Evidently, reformer gas has the potential to enhance the combustion of methane/diluent mixtures

due to its high burning velocity. The abbreviation RG refers to reformer gas in this thesis.

Table 4-1 Burning velocity of stoichiometric hydrogen/air mixtures

Initial Pressure 1 atm[17] S atm [11]
Initial Temperature °C 23 100 150 200 23
S, (cmv/s) 181.1 269.6 334.7 405.7 439.8

Ateachdiluentlevel, the repeated experiments were run with varying percent of reformer gas in

order to identify the required amount to return the burning velocity to the desirably undiluted value.
Table 4-2 displays the fractions of EGR corresponding fractions of reformer gas and the ratios of

fractions of reformer gas to EGR. The reformer gas effects on burning velocities of methane/EGR
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mixturesat | atmare plotted from Figures 4-15 to4-18. Itis interesting to note that reformer gas

raises the burning velocity at the full range of initial temperatures. In other words, the percent of

reformer gas is temperature independent, but pressure and percent of EGR dependent. Theratio

of fractions of reformer gas to EGR at high pressure drastically decreases. The increase of the

burning velocity of hydrogen/air mixtures with pressure might be the reason. The burning velocity

of stoichiometric hydrogen/air mixture at 5 atm is about 2.4 times of that at 1 atm from the Table

4-1. Theratio of fractions of reformer gas to EGR declines with EGR fraction. That indicates

the rising effect on buming velocity with reformer gas. The increasing burning velocity by reformer

gas is caused by the increases of H atom and the chain branching reaction O, +H <> O+HO

[19].

Table 4-2 EGR and required reformer gas fractions to retain the undiluted burning velocity

Initial Pressure | atm 5 atm
EGR dilution 0.05 0.1 0.15 0.2 0.4
RG required 0.11 0.19 0.28 0.34 0.53

RG/EGR 2.2 1.9 1.867 1.7 1.325

correlated RG | 0.1095 0.1942 0.2716 0.3445 0.53

[t can be readily found from Figure 4-12 that the methane/15% EGR mixture is close to the

flammability limit at 5 atm and 298 K. Hence, greater than 15% EGR undermines the stability of
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methane combustion at 5 atm. Asa matter of fact, methane/30% EGR mixture failed to be ignited
at 5 atmin the experiment. In order to take advantage of the desirable fuel-economy and low
emission with high EGR, the reformer gas was used with methane/40% EGR mixtures to achieve
the target of undiluted burning velocity. After repeated experiments, it was found that 53%
reformer gas suits the demand for methane/40% EGR mixture at 5 atm. In other words,
methane/40% EGR/53% reformer gas mixture has the same burning velocity as stoichiometric
methane/air mixture at 5 atm. Therefore, the reformer gas widens the flammability limits of
methane/EGR mixtures and broadens the tolerance of EGR use in methane-fuelled engines. The
burning velocities of methane/air mixtures and methane/40% EGR/53% reformer gas mixtures at
5 atmand elevated initial temperature are compared in Figure 4-19. The burning velocities of
methane/air mixtures at 1 atmare also shown in Figure 4-19. The scattered data at temperature
200°C with a large standard deviation 2.6 cm/s (see appendix E for the data) may be attributed
to the large uncertainty in the combustion reaction rate of the CO/H, mixture at high temperature.
The uncertainty raised 5 times as the temperature rose from room temperature to473 K [18].
However, due to a large number of sample number on 473 K experiments, the mean of standard

deviation is less than 1 cm/s.

In orderto find a relationship between fractions of EGR and reformer gas which produces the
same burning velocity, several empirical equations were tried. Equation4-6 provided the best
fitting with a 3% maximum error. The correlated fractions of reformer gas are also given in Table

4-2.
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RG=exp(O.826910gD+0.2652)(§)'°‘°885 (4-6)

0
where,
D and RG are volumetric fractions of EGR and reformer gas, respectively;

P, is initial pressure, atm;

P, is reference pressure, 1 atm.

This study has experimentally investigated the reformer gas effects and obtained the desirable
reformer gas percent. However, no theoretical model is available to explain the experimental
results in the Table 4-2 due to the limited knowledge on chemical effect on flame structure of

CH/EGR/RG mixtures [20].
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4.3 NITRIC OXIDE EMISSIONS

Stanjan was run as the constant-volume combustion with all dissociation products at experimental
initial temperature, pressure and components. The combustion properties, such as the flame
temperature, peak combustion pressure and equilibrium concentrations of combustion products,
were obtained. The initial NO (nitric oxide) concentration was assumed as zero and all nitrogen
came from the air. The NO equilibrium concentration and formation rate of NO were calculated
with the combustion properties from Stanjan. The calculation equation shown in Chapter 2 was
derived from the equilibrium assumption and extended Zeldovich mechanism. The resuits,
including the flame temperature, peak combustion pressure, NO equilibrium concentration and NO
formation rate are given in Appendix F. The same theoretical model was used by other
researchers to calculate the NO concentrations. Ryan etal. [21] measured the experimental NO
equilibrium concentration of the isooctane and n-heptane mixture combustion products in a bomb
by aREM chemiluminescent detector. The combustion products were collected in Tedlar bags
at atmospheric pressure. Shahed and Newhall measured the NO concentration of stoichiometric
H,/air mixture combustion behind a planar flames propagating axially in a cylinder bomb by g-band
absorption technique [22,23]. Both of the measured NO concentrations agreed very well with

the theoretical values.

4.3.1 Nitric Oxide Equilibrium Concentration

The theoretical flame temperatures and peak combustion pressures of methane/EGR mixtures at
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elevated initial temperature and 1 atm are shown in Figures 4-20 and 4-21, respectively. EGR
clearly declines the flame temperature and peak combustion pressure. CO, and N, as diluent
reduced the thermal enthalpy of the mixture and then resulted in reduction of flame temperature
[20]. Since flame temperature plays a decisive role in NO formation, EGR dramatically decreases
the NO concentration. Figure 4-22 illustrates the EGR effects on NO equilibrium concentration

at 1 atm.

The elevated initial temperature increases NO concentration by increasing the flame temperature
and decreasing the peak pressure. Both of changes on flame temperature and peak pressure
promotes the carbon dioxide dissociation and therefore produces more oxygen. Asaresult, nitric

oxide concentration increases.

Elevated pressure slightly decreases the nitric oxide concentration as shown in Figure 4-23. Drake
and Richard showed the same descending trend of NO equilibrium concentration in a
stoichiometric methane/air mixture [24]. The reasons are contributed to the significant increase of
peak combustion pressure with pressure. The peak combustion pressure and flame temperature
of methane/air mixtures at elevated initial pressure are plotted in Figure 4-24. The higher pressure
prohibits the carbon dioxide dissociation and results in a less oxygen in combustion products which

leads to a decreasing nitric oxide concentration.

This study has successfully introduced reformer gas to methane/EGR mixtures to remain the
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burning velocity as the undiluted level. It is well known that H, addition on CH,/air mixture
decreases the NO species but CO addition increases the NO species [19]. However, it is
unknown if the reformer gas drastically damages the low NO emission of methane/EGR mixtures.
Since NO concentration is strongly dependent on flame temperature, the change of flame
temperature of methane/EGR mixtures due to the additional reformer gas becomes important.
Figure 4-25 gives one example of the effects of reformer gas on flame temperature of methane/5%
EGR mixture at elevated initial temperature. Obviously, the flame temperature is only raised by
the reformer gas a little but still lower than that of methane/air in spite of the same burning
velocities. Therefore, it is possible to draw the conclusion that the NO concentration of
methane/EGR/RG mixture is lower than that of methane/air mixture but higher than that of
methane/EGR mixture. Figure 4-26 proves this conclusion showing the effects of reformer gas on

NO equilibrium concentration of methane/5% EGR mixture.

Figure 4-27 shows the effects of 53% reformer gas on NO equilibrium concentration of
methane/40% EGR mixtures at 5 atm and clevated initial temperature. Figure 4-28 plots the ratios
of NO equilibrium concentration of methane/40% EGR and methane/40% EGR/53% RG mixtures
to that of methane/air mixtures at 5 atm. The significant advantage of large amount of EGR and
EGR/reformer gas mixture is easily seen from those two figures. The methane/40% EGR mixture
only has less than 10% nitric oxide emission compared with the methane/air mixture. Withan
additional 53% reformer gas, the nitric oxide emission is still Iess than 12% based on the NO

emission of the methane/air mixture. The methane/40% EGR is out of the flammability limit at

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



experiments, but with 53% reformer gas addition, the mixture has the same burning velocity with
the methane/air mixture. It is now known that the methane/40% EGR/53% reformer gas also has
significant advantage at lowering NO emission. In summary, reformer gas is effective to improve

the combustion stability and reduce the nitric oxide emission for the large amounts of EGR.

4.3.2 Nitric Oxide Formation Rate

The formation rate of NO is temperature dependent. That means the formation rate of NO rises
rapidly with increasing temperature. Figure 4-29 shows the EGR effect on formation rate of NO.
As EGR reduces the flame temperature, the formation rate declines as well. The formationrate
is also pressure dependent. That indicates that the formation rate of NO reduces with decreasing
pressure. The formation rate is NO concentration dependent as well, i.e., high NO concentration
accelerates the formation rate. The elevated initial temperature increases formation rate slightly.
The elevated initial pressure greatly increases formation rate as shown in Figure 4-30. The reasons

are attributed to higher flame temperature and peak combustion pressure.

As reformer gas was added, the formation rate slightly increases. One example of the reformer
gas effects on formation rate of NO of methane/5% EGR mixture at clevated initial temperature
and | atm are shown in Figure 4-31. The methane/5% EGR mixture has only less than 50%
formation rate compared with methane/air mixture and 11% reformer gas raises the formation rate
to less than 60%. Similar to the NO concentration at 5 atm, the large amount of EGR drastically
reduces the formation rate of NO. The formationrate is slightly raised by reformer gas compared
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with that of methane/EGR mixtures but still lower than that of methane/air mixtures. Figure 4-32
plots the ratios of NO formation rate of methane/40% EGR and methane/40% EGR/53% reformer
gas mixtures to that of methane/air mixtures at S atm. It shows that with a large reformer gas the

formation rate reduces to a extremely low level to 0.02% compared with methane/air mixture.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSIONS

The effects of temperature, pressure, EGR and reformer gas on the burning velocities of
methane/air mixtures have been studied in this thesis. The measurements were made in a preheated
cylindrical combustion chamber at the range of initial temperature from 298 K to 473 K and initial
pressure from | to 5 atm. EGR diluent was simulated by 18.5% CO, and 81.5% N, and the
reformer gas was simulated by 22.1% H,, 7.4% CO, and 70.5% air. The methane/air mixture
consisted 0f 9.5% methane and 90.5% air. The maximum EGR percent was 20% for experiments
at 1 atmosphere and 40% at 5 atmospheres. All percentages were shown in volume and the
equivalence ratios of all mixtures were unity. The combustion pressure was recorded by a
pressure transducer. The burning velocity was calculated by a Multi-zone Thermodynamic

Equilibrium Model. The following conclusions were reached:

1. Initial temperature plays an important role in the burning velocity. Elevated initial temperature

dramatically increases the burning velocity of all kinds of fuel/air mixtures.

2. Elevated initial pressure decreases the burning velocities of methane/air and methane/diluent

mixtures but raises the burning velocities of hydrogen/air mixtures.
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3. Diluent, simulated as EGR in this thesis, is inversely proportional to burning velocities of

methane/air mixtures. At 5 atm, 40% EGR .

4. Reformer gas has a promising effect on improving combustion. The certain percent of reformer
gas was found to maintain the burning velocity of methane/EGR mixtures at undiluted level. The
percent of reformer gas is temperature independent but EGR percent and initial pressure

dependent. A correlation relationship between fractions of reformer gas and EGR was derived.

5. A series of empirical power equations of effects of temperature, pressure and EGR on burning
velocity of methane/air mixtures was derived. Allequations fitted the data of burning velocities
reasonably well. The initial temperature ranges from 298 K to 473 K and unburnt gas temperature

ranges from 298 K to 700 K. Burning velocity of methane/EGR mixtures at 1 atm was fitted as:

T. 2.006
Su :SuO (59—1-8_)

S,,=2808D°~864 D*-28.27 D+30.58

Burning velocity of stoichiometric methane/air mixtures at 1 atm was fitted as:
1653
T
Su=35.33(—’—)
298

Burning velocity of stoichiometric methane/air mixtures at elevated pressure and 298 K was fitted

as the following equation,
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P -0.37
S, =361 1(-—")
g

Burning velocity of stoichiometric methane/air mixtures was finally derived as:

P -0.37 7 \®
e 2) (L)
P, 298

a=1566+0.087 P

Fractions of EGR and reformer gas which produces the same burning velocity were fitted as:

RG=exp(0.826910gD+O.2652)(£L)“0-0885

0

Nomenclature is summarized here,
D and RG are volumetric fractions of EGR and reformer gas, respectively;
T, is unburnt gas temperature, K;
T, is initial temperature, K;
P, is initial pressure, atm;
P, is reference pressure, 1 atm.

o is the temperature exponent as a function of initial pressure.

6. Experimental measured burning velocities at 5 atm and 473 K were determined to be
inaccurate. Thereason was linked to the pressure transducer. The temperature of the pressure
transducer at 473 K was over the operating temperature range. The data at this condition were

eliminated for further analysis (see appendix D for details).
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7. Stanjan was run as constant-volume combustion with all dissociation reactions at experimental
initial conditions. The peak combustion pressure, flame temperature, and equilibrium
concentrations of products were obtained. Formation rate of nitric oxide was evaluated by Extend
Zeldovich mechanism and equilibrium assumption. It was found that EGR dramatically reduces
equilibrium NO concentration, especially at high pressure. The NO equilibrium concentration of
methane/40% EGR mixture at 5 atm is only less than 10% based on that of methane/air mixture.
Using sufficient reformer gas to raise the burning velocity to undiluted level also increases NO
concentration a little but the NO concentration is still much lower than that of methane/air mixtures,
especially at high pressure. In summary, reformer gas has the potential to improve the combustion

and reduce the oxides of nitrogen emissions of methane/air mixtures.

5.2 FUTURE WORK

I. More data at high pressure and temperature

Due to the operating temperature range of the pressure transducer, the measured burning velocities
were limited at the temperature range of 298 K to 423 K at S atm. The dataat473 Kand S atm
were not accurate foranalysis. Further experiments are required to investigate the bumning velocity

at extended high temperature and pressure range to verify the correlation equation.
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2. Multizone Thermodynamic Equilibrium Model

Current Multizone Thermodynamic Equilibrium Model only considers two dissociation reactions,
i.e., water-gas reaction and carbon dioxide dissociation. As a large amount of hydrogen was used
atexperiments, the multizone model should consider the additional hydrogen dissociations. In this
study, the reformer gas included 22.1% hydrogen. The hydrogen dissociation becomes important
with more hydrogen involved in spite that it seemed no obvious impacts on present experimental
results (see Appendix C for details). Depending on the temperature, pressure and extent of
reaction, the hydrogen dissociation may include as many as 40 reactions with eight species
involved: H,, 0,, H,O, OH, O, H, HO,and H,0, [1]. The multizone model should consider some

of the important dissociation reactions.

3. Analysis of Burning Velocity
As shown in the chapter two, the burning velocity is suggested to be corrected by the stretch rate
through the Markstein equation [2, 3]:

S11=Suoo~LK (5'1)

where,
S, is stretched laminar burning velocity;
S, is unstretched laminar burning velocity;
K is the stretch rate;

L is the Markstein length.
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In spite of no big difference between stretched and unstretched burning velocities as shown in this

study, the unstretched burning velocity provides more accurate and comparable value.

4. Effects of reformer gas

A theoretical model with chemical or thermodynamic effects of reformer gas is expected to analyze
the burning velocity of methane/EGR/reformer gas mixture at elevated temperature and pressure.
This study has investigated the effect by experiments and a theoretical model is welcome to verify

the experimental results.
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APPENDIX A
COMPARISON OF THERMAL EFFICIENCY AND ENERGY
OF STEAM REFORMING AND PARTIAL OXIDATION

The thermal efficiency and thermal energy of steam reforming and partial oxidation are compared

in this appendix. The thermal energy is referred as the lower heating value,

NOMENCLATURE:

LHV Lower heating value
M Molar mass

PO Partial oxidation

SR Steam reforming
TE Thermal Efficiency

A.1 DEFINITIONS AND DATA

Fuel: methane

Reform products: hydrogen, carbon monoxide

Thermal efficiency: the ratio of lower heating value (LHV) of reform products to lower heating
value of methane (reactant)

(All data came from Heywood “Internal combustion engine fundamentals” (1988))

CO CH, H,
LHV (MJ/kg) 10.1 50 120
M (kg/kmol) 28.011 16.043 2.016
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A.2 REACTION EQUATIONS
Steam Reforming CH,+H,0=CO+3H,

Partial Oxidation CH, +%02 =CO+2H,

A.3 RESULTS AND CONCLUSIONS

Table A-1 Thermal efficiency and thermal energy of steam reforming and partial oxidation

Steam Reforming Partial Oxidation

Thermal LHV (MJ) Thermal LHV (MJ)

Efficiency Reactants | Products Efficiency Reactants | Products

1.25 802.2 1008 0.95 802.2 766.8

Itis evident that the thermal efficiency of steam reforming is 1.3 times of that of partial oxidation.
Meanwhile, the ratios of energy output to energy input in steam reforming and partial oxidation are
1.25and 0.96, respectively. Therefore, steam reforming is better than partial oxidation in thermal

efficiency and energy output.
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APPENDIX B
EGR SIMULATION

The major components of EGR (exhaust gas recirculation) diluent are CO,, N, and H,O, which
are the complete combustion products of stoichiometric hydrocarbon fuel/air mixtures. Since it
was infeasible to add vapor or liquid water to an unheated combustion chamber, a mixture of N,
and CO, was used to simulate the complete combustion products. Therefore, the specific heat and
molar mass of the mixture of N, and CO, should be as close as possible to those of the complete
combustion products. The chemical equations of stoichiometric combustion of methane and

gasoline are:
CH;+2(0,+3.773N;) = CO,+2H,0+7.546 N,

CgHig+12.5(0,+3.773 N,) > 8CO,+9H,0+47.1625 N,

A 81.5% N, and 18.5% CO,mixture was determined to have the closest specific heat to the EGR
mixture. This mixture composition is different with mixtures with 86% N, and 14% CO,or 85%

N, and 15% CO, used by other researchers [1, 2].

The specific heat capacity and molar mass of the combustion products of stoichiometric methane
and gasoline and simulated EGR mixtures were calculated [3] for comparison. The molar mass
of each mixture is shown in Table B-1. The Figure B-1 illustrates the specific heat capacity of all
above mixtures. The Figure B-2 also illustrates the specific heat capacity of the simulated EGR
mixtures and the dry combustion products of methane and gasoline, i.e., only N, and CO,. The
unburned gas temperature was considered approximately from 298 K to 580 K corresponding
to the experimental initial temperature range from 298 K to 473 K. Hence, it is clear that the

mixtures of 86% N, and 14% CO, or 85% N, and 15% CO, only simulate the N, and CO,blend
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in the exhaust gas of gasoline combustion and ignore the big amount of water. But amixture of
81.5% N, and 18.5% CO, has nearly the same specific heat capacity of the real “wet” exhaust
gas of both gasoline and methane combustion. Hence, amixture of81.5% N, and 18.5% CO,

was used in this study to simulate the EGR diluent.

Table B-1 Calculation of molar mass of mixtures

Mixtures | Products of | Productsof | 81.5% N, | 86% N, +
methane gasoline + 18.5% 14% CO,
combustion | combustion CO,
Molar
mass 27.63 32.97 30.97 30.25
(kg/kmol)
REFERENCES:
1. Elia, M., M. Ulinski, and M. Metghalchi, Laminar burning velocity of methane-air-

diluent mixtures. Journal of Engineering for Gas Turbines and Power-Transactions of the

Asme, 2001. 123(1): p. 190-196.
2. Clarke, A., R. Stone, and P. Beckwith, Measuring the laminar burning velocity of
methane/diluent/air mixtures within a constant-volume combustion bomb in a

microgravity environment. Journal of the Institute of Energy, 1995. 68(476): p. 130-
136.

3. Cengel, Y.A. and M.A. Boles, Thermodynamics: An Engineering Approach. 3rd ed.
1998.
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Figure B-1 Comparison of specific heat capacity of simulated and wet exhaust
gases
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APPENDIX C
COMPARISON OF MULTI-ZONE MODEL AND STANJAN

NOMENCLATURE:
molar mass
volume

internal energy

T < Z

enthalpy
entropy

initial temperature

i I

initial pressure

unburnt mixture temperature

-

temperature after mixture burnt

Thame  flame temperature

C.1 INTRODUCTION

This appendix compares the results calculated from Multi-zone Thermodynamic Equilibrium Model
and Stajan, respectively. Modienand Ting[1, 2] compared the results from two models before.
More comparison is given in this appendix. Multi-zone model splits the combustion mixture into
1500 elements, and calculates the theoretical pressure, unburnt mixture temperature, burnt mixture
temperature, burnt mixture mass faction, etc. of every element. The multi-zone model consists of
several subroutines. Some results were evaluated by subroutines, while others were evaluated from
main program. Stanjan [3] was set up as a standard. First of all, the properties of lean and

stoichiometric methane are calculated; second, the properties of reformer gases, i.c., carbon
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monoxide and hydrogen, are calculated; finally, the properties of methane with simulation EGR,

carbon dioxide and nitrogen, are calculated.

C.2 COMPARISON OF RESULTS

L INITIAL COMPOSITIONS AND CONDITIONS
CH4 Oz N'.’
composition 0.075 0.1938 0.7312

T, =297.65K P, =1atm=101.325kPa Equivalence ratio = 0.77
Reactant properties (Stanjan): M= 27.888 kg/kmol

V= 8.7579¢-1 m3/kg U=-2.9063¢5 J/kg

H=-2.0189eS5 J/kg S=7.1653e3 J/kg-K

Molar mass of reactants (Multizone): M=27.889 kg/kmol

1. Adiabatic Flame Temperature at Constant Volume Combustion
Multizone model: subroutine "Flame" can evaluate the flame temperature at constant pressure or
constant volume, but now only the flame temperature at constant volume was calculated.

Stanjan: Products*, and Option 12, V and U same as last run.

Stanjan Multizone error

Thame 2335 K 2344 K 0.36%

2. Unburnt Gas Temperature

Mutizone: an arbitrary pressure P, = 1.0208 atm=103.4303 kPa.

Stanjan: Products, gas compositions CH,, O, , and N,, Option 17, one of above at specified
composition, the same compositions with reactants, and Option 6 specified P and S,

P =P, S=S . .cun (isentropic compression).
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Stanjan

Multizone

€rror

T,

2993 K

2995K

0.08%

3. Burnt Gas Temperature

Multizone: an arbitrary pressure P, =1.0208 atm

Stanjan: Products, Option 5, specified P and H, P=P,, and H=Hreactant

Stanjan Multizone error
T 1953 K 1965 K 0.63%
IL. INITIAL COMPOSITIONS AND CONDITIONS
CH, 0, N,
composition 0.095 0.1896 0.7154

T, =29415K P; =1atm=101.325kPa

Equivalence ratio =1.00

Reactant properties (Stanjan): M= 27.632 kg/kmol

V=8.7351e-1 m'/kg
H=-2.6171e5 J/kg

U=-3.5021e5 J/kg
S=7.2217e3 J/kg-K

Molar mass of reactants (Multizone): M=27.633 kg/kmol

1. Adiabatic Flame Temperature at Constant Volume Combustion
Multizone model: subroutine “Flame” evaluated the flame temperature at constant volume.

Stanjan: Products, and Option 12, V and U same as last run.

Stanjan

Multizone

error

Tﬂzlmc

2585 K

2548 K

1.4%
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2. Unburnt Gas Temperature

Mutizone: an arbitrary pressure P, = 1.00358 atm=101.688 kPa

Stanjan: Products, gas compositions CH,, O, , and N, Option 17, one of above at specified
composition, the same compositions with reactants, and Option 6 specified P and S,

P =P, S=S,.. (isentropic compression).

Stanjan Multizone error

T, 2943 K 2944 K 0.004%

3. Burnt Gas Temperature
Multizone: an arbitrary pressure P, =1.00358 atm

Stanjan: Products, Option 5, specified P and H, P= P, and H=Hreactant

Stanjan Multizone error

T 2222 K 2241 K 0.86%

III. INITIAL COMPOSITIONS AND CONDITIONS

CO H, 0, N,

composition 0.1 0.15 0.1571 0.5929

T, =296.15K P; =1atm=101.325kPa Equivalence ratio =0.8
Reactant properties (Stanjan): M= 24.74 kg/kmol

V=9.8176e-1 m“/kg U=-5.4881e5 J/kg

H=-4.4934¢S J/kg S=7.8463¢3 J/kg-K

Molar mass of reactants (Multizone): M=24.7412 kg/kmol
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1. Adiabatic Flame Temperature at Constant Volume Combustion
Multizone model: subroutine “Flame” evaluated the flame temperature at constant volume.

Stanjan: Products, and Option 12, V and U same as last run.

Stanjan Multizone error

Toame 2551K 2536 K 0.57%

2. Unburnt Gas Temperature

Mutizone: an arbitrary pressure P, = 1.582 atm = 160.30 kPa

Stanjan: Products, gas compositions CO, H,, O,, and N,, Option 17, one of above at specified
composition, the same compositions with reactants, and Option 6 specified P and S,

P=P, S=S . (isentropic compression).

Stanjan Multizone error

T, 3372K 336.7K 0.16%

3. Burnt Gas Temperature
Multizone: an arbitrary pressure P, = 1.582 atm = 160.30 kPa
Stanjan: Products, Option 5, specified P and H, P=P|, and H=Hreactant

Stanjan Multizone error
T 2202 K 2257K 2.5%
As P, =101.4767 kPa
Stanjan Multizone error
T 2195 K 2223 K 1.2%
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IV.  INITIAL COMPOSITIONS AND CONDITIONS

CH4 CO') N'> Air

< &

composition 0.0912 0.0344 0.0056 0.8688

T, =297.15K P; =1atm=101.325 kPa Equivalence ratio =1.00
Reactant properties (Stanjan): M= 28.197 kg/kmol

V= 8.6472¢-1 m*/kg U= -8.1093e5 J/kg

H=-7.2331e5 J/kg S=7.1493¢3 J/kg-K

Molar mass of reactants (Multizone): M= 28.1988 kg/kmol

1. Adiabatic Flame Temperature at Constant Volume Combustion
Multizone model: subroutine “Flame” evaluated the flame temperature at constant volume.

Stanjan: Products, and Option 12, V and U same as last run.

Stanjan Multizone error

Tame 2497K 2462 K 1.39%

2. Unburnt Gas Temperature

Mutizone: an arbitrary pressure P, = 1.0217 atm = 103.5264 kPa

Stanjan: Products, gas compositions CHy, O,, and N,, Option 17, one of above at specified
composition, the same compositions with reactants, and Option 6 specified P and S,

P=P, S=S,.can (isentropic compression).

Stanjan Multizone error

T, 298.7K 298.5K 0.064%
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3. Burnt Gas Temperature
Multizone: an arbitrary pressure P, = 1.0217 atm

Stanjan: Products, Option 5, specified P and H, P= P, and H=Hreactant

Stanjan Multizone error

T 2147 K 2168 K 0.98%

C.3 CONCLUSION

Itis clear that Multi-zone model calculates the correct molar mass of reactants. Furthermore, the
molar mass of reactants in the model! is related to equivalence ratio, so it proves that the
equivalence ratio calculated in model is correct too. The difference of unburnt mixture temperature
between the model and Stanjan is slight, less than 1%. Multi-zone model only considers two
dissociation reactions in combustion process, i.¢., carbon dioxide dissociation and water-gas
reaction. Therefore, six gas species are represented as products, viz. CO, CO, N, H, O, and
H,O. Incontrast, all gas species are considered as products in Stanjan. Even though the species
of products are different, the error of adiabatic flame temperatures at constant volume is less than
1.5%, and the maximum error of burnt mixture temperatures is 2.5%. In summary, the multi-zone

model is reliable and accurate.

* Except special noted, all gas species in Jannaf file are chosen for products.
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APPENDIX D
ERROR ANALYSIS

The measured burning velocities of methane/air and methane/40% EGR/53% reformer gas
mixtures at 5 atm are in reasonable agreement at most temperature range except 473 K as
compared with other results. The burning velocity at 473 K is surprisingly high (see figure 4-14
and 4-21 for comparison). The reasons have been thoroughly investigated. The experiments on
above two mixtures were repeated a few times to check the reproducibility. The standard
deviation of the data at 473 K is as high as 2.08 cm/s, but the standard deviation of mean is only
0.69 cm/s as considering a large number of data. Since each experimental series was carried out
by the same experimental method and mixtures except various initial temperature, it is unreasonable
to question the sudden “burning velocity jump” at 473 K to the experimental method or mixtures.
Hence, experimental method and mixtures are undoubtable at the 473 K. On the other hand, a
certain percent of reformer gas retains the burning velocity at the full range of initial temperatures
at 1 atm. Inother words, the percent of reformer gas is temperature independent. The burning
velocities of methane/air mixtures and methane/40% EGR/53% reformer gas mixtures agree well
at full range of temperature between 298 K to 473 K. It indicates that unacceptably high burning
velocity at 473 K is not caused by the properties of gas mixtures. Therefore, the focus was
switched to the experimental instrument. Eventually, the problem was linked to the Omega
PX800-2KSV pressure transducer used at the elevated pressure and temperature. [t was found
that the temperature of the pressure transducer was over the operating temperature range as the
combustion chamber was heated to 473 K. Evidently, the pressure transducer did not have an
accurate measurement after a long time over-range explosion (about 5~8 minutes from mixture

filling to stabilization).
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Inorder to correct the “too high” burning velocity at 473 K, two pressure calibrations were carried
out in order to find the temperature compensation. The sensitivity drift [1] which reflects the
temperature effect on a pressure transducer was determined by two calibration tests. In one test
a series of pressures was recorded as the evacuated combustion chamber was heated up to
473 K. Inthe other test another series of pressures was recorded as the combustion chamber at
room atmospheric pressure was heated up to473 K again. Therefore, a pressure calibration at

a certain temperature was able to be evaluated by the equation D-1.

sensitivity a’rift—M’L (D-1)
V.. —dV

eva armm

where,
P is pressure in Pascal;
V is voltage in V;

eva is evacuated condition and atm 1s atmospheric condition.

The sensitivity drift at various temperature was then determined by the pressure calibrations from
the above equation. It decreased slightly with elevated temperature. The new sensitivity driftat
473 K was applied to the measured pressure trace and burning velocity. Unfortunately, the
burning velocity was only slightly changed by the new sensitivity (typically 1 cnvs difference) and
unable to return to the reasonable range. Hence, the unacceptable data of burning velocities at

473 K and 5 atm were ignored in later analysis.

REFERENCE:
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APPENDIX E
BURNING VELOCITY

Allmeasured burning velocity data in this study are displayed from the table E-1 to E-5. Table E -
1 shows the burning velocities of methane/EGR mixtures at elevated pressure and 298 K. Table
E-2 shows the burning velocities of methane/EGR mixtures at 1 atm. Table E-3 shows the burning
velocities of methane/EGR/reformer gas mixtures at | atm. Table E-4 gives the burning velocities
at5 atmand from 298 K to 423 K. Table E-5 gives the inaccurate burning velocity at 5 atm and
473 K.

NOMENCLATURE:
T;: initial temperature
RG: reformer gas

Table E-1 Burning velocity of methane/EGR mixtures at elevated pressure and 298 K

EGR No. Initial Pressure (atm)
%
2 3 4 5
] 28.7 248 20.0 18.9
2 29.0 248 21.9 18.8
0 3 28.2 25.6 20.7 19.5
4 29.1 25.4 22.0 19.9
5 - - 223 19.2
1 14.2 11.6 9.3 8.7
15 2 14.2 11.2 9.8 8.7
3 14.7 11.2 9.7 8.5
4 14.0 11.1 - -
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Table E-2 Burning velocity of methane/EGR mixtures at 1 atm

T, No. EGR %
K
0 5 10 15 20

1 35.4 28.2 21.7 16.3 12.7

298
2 34.7 28 21.8 16.9 12.7
3 35.8 26.8 23 16.5 13.5
] 50 43.5 34.8 25 19.7

373 2 50.1 43.5 34.2 25.7 21.3
3 53.55 42.5 33.4 25.4 19.4
4 54.3 - - - -
1 64.6 57.5 43.5 34.3 26.7

423 2 63 57.4 43.5 31.1 24.6
3 64.3 57.7 42.5 32.8 25.8
4 62.3 - - - -
1 76.9 70.2 56.0 42.6 34.2
2 76.8 72.0 56.2 41.1 34.5

473 3 74.8 67.2 57.3 44.0 33.4
4 75.6 - - - 33.4
5 79.9 - - - 37.4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

120



Table E-3 Burning velocity of methane/EGR/RG mixtures at 1 atm

T, No. EGR+RG %
K
5+11 10+19 15+28 20+34
1 34.9 34.4 34.8 35.0
298 2 35.6 35.7 34.5 35.1
3 353 35.3 36.5 349
1 53.8 52.3 53.1 52.6
373 2 51.4 52.5 52.0 51.9
3 53.2 49.5 54.2 54.1
1 63 67.1 66.2 64.1
423 2 66.1 64.2 66.3 65.2
3 63.6 63.1 70.5 65.3
1 76.9 76.2 86.3 80.7
2 77.9 77.5 78.7 75.8
3 77.9 75.6 77.8 83.2
473
4 743 - 80.0 80.8
5 - - 77.1 79.9
6 - - 77.8 77.9
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Table E-4 Burning velocity at 5 atm

T, No. EGR+RG %
K 0+0" 40+53?

1 18.9 17.7

2 18.8 18.9

298 3 19.5 18.8
4 19.9 20.3

5 19.2 20.4

1 29.7 31.9

2 32.0 33.6

373 3 29.4 33.5
- 34.4

5 - 34.3

1 38.5 42.6

2 41.3 416

423 3 41.9 42.3
4 41.8 40.2

5 - 42.7
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Table E-5 Inaccurate burning velocity at 5 atm and 473 K

No. EGR+RG %
0+0t) 40+53®

1 64.5 64.7
2 63.5 61

3 65.2 60.6
4 62.9 60.2
5 61.7 65.8
6 62.6 61.7
7 59.6 62.3

Note: data in table E-5 were not included in analysis of this study.

1. Stoichiometric methane/air mixture
2. Methane/40% EGR/53% reformer gas mixture
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APPENDIX F
NITRIC OXIDE FORMATION

In order to theoretically analyze the effects of EGR and reformer gas on NO formation of
methane/air mixtures, Stanjan was run as a constant-volume combustion with all dissociation
reactions at experimental initial temperature, pressure and compositions. The flame temperature,
peak combustion pressure and equilibrium concentration of each compositions were obtained. The
equilibrium NO concentration and formation rate of NO were evaluated from the equilibrium
condition assumption and extended Zeldovich mechanism. Table F-1 to F-4 display the flame
temperature, peak combustion pressure, NO equilibrium concentration and NO formation rate of
methane/EGR mixtures at 1 atm. Table F-5 to F-8 give the flame temperature, peak combustion
pressure, NO equilibrium concentration and NO formation rate of methane/EGR/RG mixtures at
1 atm. Table F-9 to F-12 display the flame temperature, peak combustion pressure, NO
equilibrium concentration and NO formationrate at 5 atm. RG is referred as reformer gas in this

appendix.

Table F-1 Flame temperature (K) of methane/EGR mixtures at 1 atm

EGR initial temperature
& 298 K 373K 423 K 473 K
0 2586 2604 2616 2628
5 2519 2539 2553 2567
10 2446 2470 2486 2502
15 2369 2396 2414 2432
20 2288 2319 2339 2359
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Table F-2 Peak combustion pressure (kPa) of methane/EGR mixtures at 1 atm

EGR initial temperature
& 298 K 373K 423 K 473 K
0 892 719 638 574
5 866 699 620 559
10 840 678 603 543
15 811 656 584 526
20 782 634 564 509

Table F-3 NO equilibrium concentration (ppm) of methane/EGR mixtures at | atm

EGR initial temperature
% 298 K 373K 423 K 473 K
0 4892 5330 5623 5919
5 4037 4461 4746 5036
10 3225 3625 3898 4178
15 2538 2902 3155 3416
20 1845 2169 2397 2636

Table F-4 NO formation rate (ppn/sec) of methane/EGR mixtures at 1 atm

EGR initial temperature
% 298 K 373K 423 K 473 K
0 2.36e6 2.66e6 2.91e6 3.21e6
5 1.08e6 1.28e6 1.44¢6 1.63e6
10 4.43e5 5.56e5 6.5e5 7.63e5
15 1.62e5 2.18e5 2.66e5 3.24e5
20 5.06e4 741e4 9.52e4 1.22e5
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Table F-5 Flame temperature (K) of methane/EGR/RG mixtures at 1 atm

EGR+RG initial temperature
& 298 K 373K 423 K 473 K
5+11 2532 2551 2565 2579
10+19 2470 2493 2508 2523
15+28 2405 2431 2448 2465
20+34 2331 2361 2380 2399

Table F-6 Peak combustion pressure (kPa) of methane/EGR/RG mixtures at 1 atm

EGR+RG initial temperature
" 298K 373K 423 K 473 K
5+11 857 691 614 552
10+19 825 666 591 533
15+28 790 639 568 512
20+34 758 614 546 493

Table F-7 NO equilibrium concentration (ppm) of methane/EGR/RG mixtures at 1 atm

EGR+RG initial temperature
% 298 K 373K 423 K 473 K
5+11 4257 4685 4973 5265
10+19 3553 3965 4245 4529
15+28 2882 3271 3537 3811
20+34 2231 2586 2833 3088
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Table F-8 NO formation rate (ppm/sec) of methane/EGR/RG mixtures at 1 atm

EGR+RG initial temperature
% 298 K 373K 423K 473 K
5+11 1.26e6 1.48¢e6 1.66¢6 1.87¢6
10+19 5.97¢5 7.35e5 8.5e5 9.85€e5
15+28 2.57e5 3.36e5 4.03e5 4.83¢e5
20+34 9.37¢4 1.32e5 1.65€5 2.05e5

Table F-9 Flame temperature (K) of methane/EGR mixtures at 5 atm

EGR+RG initial temperature
% 298 K 373K 423 K 473 K
0+0 ™ 2648 2671 2687 2703
40+0 @ 1904 1952 1984 2016
40+53 1970 2018 2050 2082

Table F-10 Peak combustion pressure (kPa) of methane/EGR mixtures at 5 atm

EGR+RG initial temperature
% 298 K 373K 423 K 473 K
0+0 ™ 4550 3672 3260 2936
40+0 @ 3240 2653 2387 2162
40+53 3089 2529 2266 2059

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

127



Table F-11 NO equilibrium concentration (ppm) of methane/EGR mixtures at 5 atm

EGR+RG initial temperature
" 298K 373K 423 K 473K
0+0™ 4483 4968 5295 5628
40+0 @ 184 271 341 423
40+53® 352 471 565 672

Table F-12 NO formation rate (ppm/sec) of methane/EGR mixtures at 5 atm

EGR+RG initial temperature
5 298 K 373K 423 K 473 K
0+0" 8.09¢6 9.64¢6 1.09¢7 1.24e7
40+0 @ 75 206 389 718
40+53 367 877 1535 2644

I. Stoichiometric methane/air mixture
2. Methane /40% EGR mixture
3. Methane/40% EGR/53% reformer gas mixture
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