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Abstract

N-Dodecane is an important representative in several surrogates of multicomponent
fuels like gasoline and jet fuels. The choice of a surrogate fuel combination to estimate the
combustion characteristics of a complex real fuel depends strongly on its individual
component’s physical, chemical, and combustion properties. Therefore, it is essential to have
a precise reaction mechanism to predict the combustion characteristics, such as unstretched
laminar burning velocity (LBV) and ignition delay times of the individual components of the
surrogate fuel and the surrogate fuel itself. The combustion characteristics of (a) n-dodecane-
air, (b) oxy-n-dodecane with diluents like N2, CO., H-0, and (c) n-dodecane-H:-air were less
or not reported in the literature. The present work aims to fill the existing important gap. In this
work, the unstretched LBV of n-dodecane at various operating conditions was measured using
the freely expanding spherical flame (SPF) method. A new cuboidal combustion chamber
(14.56 L) was constructed with 107 mm optical accesses on four sides. It had a dedicated
heating system for elevated temperature experiments. Partial pressure method was used to
prepare the combustible mixture inside the chamber. An electrical spark-ignition system was
used to ignite the mixtures at the centre of the chamber. A high-speed shadowgraph system
was used to image the spherical flame propagation. An in-house image-processing code was
used to obtain the flame radius data from the flame images and subsequently the flame speed
and flame stretch rate. Then, a non-linear stretch extrapolation scheme was used to find the
unstretched flame speed, and finally, the unstretched LBV was estimated. The present rig was
properly validated with the literature LBV data for CHs-air and n-decane-air mixtures at
different operating conditions. A freely propagating planar flame model in CHEMKIN was
used to simulate the unstretched LBV using various reaction mechanisms.

Initially, the unstretched LBV and burned gas Markstein length of premixed n-
dodecane-air mixtures at pressure = 1-4 bar, temperature = 400-450 K, and ¢ = 0.8-1.4. The
flame stability analysis of n-dodecane-air mixture at all the studied operating conditions
quantified through burned gas Markstein length (L) emphasized that a transition of stable to
unstable flame occurred at ¢ = 1.4 due to thermo-diffusive effects. L, was influenced
significantly by an increase in pressure than temperature due to a substantial reduction in flame
thickness. The comparison of measured unstretched LBV with available n-dodecane
mechanisms indicated that JetSurF2.0, You et al., and PoliMi were the best candidates. Off-

stoichiometric varieties of n-dodecane-air were more responsive to pressure and temperature



effects. Finally, the unstretched LBV of premixed n-dodecane-air mixtures increased/
decreased with an initial temperature/ pressure hike. Raise in initial temperature increased the
flame temperature and improved the flame propagation rate. An increase in initial pressure
amended the reaction rate but decreased the flame propagation rate due to the dominance of

three-body reactions and increased unburned gas density.

The second objective here was to measure the LBV and L, of oxy-n-dodecane mixtures
having high-flame temperatures safely by adding a third-party inert species. (100-Z) % (n-
C12H26+(18.5 O2/9)) +Z% (N2/CO2/H0) mixtures were analysed at 400-450 K, 1-4 bar, ¢$=0.6-
1.4, and Z: (a) N2=55-75%, (b) CO2/ H20 = 65%. N diluted mixtures were subjected to
predominant thermal effects, whereas H>O/ CO: diluted mixtures were affected by all the real-
time effects like thermal & chemical and thermo-diffusive effects. At 65% dilution, mixtures
diluted with: (a) N2 had the highest LBV due to the high-flame temperature, (b) CO> suppressed
the LBV the most due to the thermal and chemical effects. Predicted LBV with You and
JetsurF2.0 mechanisms showed excellent agreement with the present measurements.-PoliMi's
kinetic scheme always over-predicted the LBV in the rich mixtures. The diluted oxy-fuel
mixtures generated stable flames with respect to thermo-diffusive effects at all the studied
conditions. At a given thermodynamic condition, the flame's stability to the thermo-diffusive
effects was the highest for mixtures diluted with steam, followed by N2 and CO; due to their
respective Lewis numbers. If the flame temperature attained was 2150 K or lower, the diluted
oxy-n-dodecane mixtures at ¢=1.4 were affected by thermo-diffusive instability. The
sensitivity of the chain termination reaction H+OH+M <> H.O+M showed a transition from

negative to positive at 0%N case.

The effects of hydrogen addition on the premixed laminar burning characteristics of n-
dodecane reacting in air was the third objective of the present research. Approximately, the
unstretched LBV increased three times at off-stoichiometric and two times for stoichiometric
mixtures, as the mole fraction of hydrogen increased from 0-40% by volume in n-dodecane.
Further, the simulation using JetsurF2.0 and You et al. predicted the LBV satisfactorily within
uncertainty limits at all operating conditions, and PoliMi-1410 prediction accuracy varies with
the equivalence ratio. The n-dodecane/air mixtures were unstable at rich equivalence ratios due
to the lower mass diffusivity of n-dodecane and Le < 1, in contrast, H> blending transformed
this unstable mixture to a stable mixture. H. addition resulted in an earlier onset of
hydrodynamic instability due to a reduction in the flame thickness. In addition, sensitivity

analysis was performed to identify the key reactions responsible for the enhanced reactivity
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associated with H> addition. Reaction pathway and emission analysis shows the significant

reduction of CO,, and CO emissions.

The final objective of the current work was to investigate the dilution effect of steam,
carbon dioxide, and nitrogen on the unstretched LBV and Ly of premixed (100-Z) % (CH4 +
(202)/d) +Z% (H20O/N2 /CO2) mixtures at 300-453 K, 1-4 bar, equivalence ratio (¢)- 0.6-1.4,
and Z was varied from 40-60% for steam and kept constant at 50% for CO2/N>. Present mixture
formulation led to the comparison of the absolute dilution effect of each diluent at an identical
mixture and thermodynamic conditions. The addition of 50% diluents significantly suppressed
the flame propagation. It was the highest for CO2 (87% as compared to no dilution) due to the
simultaneous reduction in flame temperature and its kinetic effect, and it was followed by steam
(69%) and N2 (61%), and their suppression effect was primarily due to the reduction in the
flame temperature. All the studied mixtures were stable to preferential diffusional instability
as their: (a) Markstein length was positive and (b) the effective Lewis number of the mixtures
were well higher than the critical Lewis number. Predicted LBV with GRIMech3.0 compared
well with the experiments than FFCM-1. As the LBV increased beyond 150 cm/s, predicted
LBV of both GRIMech3.0 and FFCM-1 showed significant deviation with the measurements.

Keywords: Laminar burning velocity, Flame stability, hydrodynamic instability, n-dodecane,

dilution, effective Lewis number, hydrogen blending, oxy-fuel combustion
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Nomenclature

s9 Laminar Burning Velocity (LBV), cm/s
4 Velocity of the unburned gas, cm/s
Vp Velocity of the burned gases, cm/s
K Flame stretch rate, s—1
Tf Instantaneous flame radius, mm
Ly Burned gas Markstein length, mm
Sp Stretched flame speed cm/s
S{,’ Unstretched flame speed, cm/s
Le Lewis number
Nryer Number of fuel moles
Pruel Partial pressure of fuel, bar
vV VVolume of chamber, L
R, Universal gas constant, J K**.mol™*
MW Molar mass, g/mol
Vel Volume of the fuel, ml
Ty Unburned gas temperature, K
Pu Unburned gas pressure, bar
Z Diluent volume fraction
Uy Displacement velocity, cm/s
Trit Circle fit radius, mm
At Interframe time interval, s
D, Mass diffusivity cm?/s
Cpu constant pressure specific heat capacity, J/ kg K
Ty Adiabatic flame temperature, K
Ea Activation energy
Ze Zeldovich number
Leest Effective Lewis number
Le* Critical Lewis number
Lee/ Lep excess/deficient reactant’s Lewis number
a; Uncertainty of i"" parameter
Greek Symbols
) Equivalence ratio
1) Characteristic flame thickness, mm
a Thermal diffusivity, cm?/s
Thermal conductivity, J/s cm K
o Density ratio, p,,/pp
Pu Density of the unburned gas, kg/m?®
o) Density of burned gas, kg/m?
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CHAPTER 1
INTRODUCTION

1.1 General Introduction

Air connectivity is today's buzzword to connect everyone in the world. The demand for
aviation liquid fuel, a kerosene variant, continuously increases. Similarly, another kerosene
variant is used in rockets too. Nearly 50% of the global oil demand caters to the transportation
and aviation sectors [1]. The attractive advantages of the kerosene variants are their storability,
high energy density, and shallow freezing point. It is comprised of hundreds of intermediate
components. In most studies, the kerosene-based fuels are mimicked with a surrogate fuel
comprising either n-Decane or n-Dodecane or a blend of two to three pure liquid fuels [2]. The
purpose of “surrogate fuels” is to accurately reproduce the physical, transport, and combustion
properties of real fuels using a mixture of fewer number of single component fuels. As lesser
fuel components are involved in the surrogates, their fuel properties and combustion
characteristics are accurately measured. Later, they are used for testing the detailed chemical
kinetic models available for the real multicomponent fuel. Also, the simulation of a combustion
application with a surrogate fuel requires shorter computational time. Several chemical kinetic
models are available for lighter hydrocarbons and were tested thoroughly and reported in the

literature.

To test and validate the existing chemical kinetic schemes of n-decane and n-dodecane,
ignition delay time and LBV are often used [2—4]. As the existing LBV database on n-dodecane
is limited, this work was dedicated to fill the gap, which helps in testing the chemical kinetic
models accurately. This work does not involve in the findings of a new surrogate. Instead, the
combustion characteristics, such as the laminar burning velocity, of one of the surrogate
component species, n-dodecane, of a multicomponent liquid fuel, jet or kerosene fuel, is

thoroughly investigated in this work.

1.2 Oxy-n-dodecane

Greenhouse gas emission causes global warming, and CO: is the primary contributor
[5]. Reduction in CO2 generation and its capture is the way forward to limit or negate its impact
on the environment. Oxy-fuel combustion, as one of the key technologies, has received much

attention in ground power generation [6] and as well as in space-relevant applications [7].



Allam cycle [8] is a futuristic closed thermodynamic cycle getting attention to reduce
greenhouse gas emissions from power plants. Here the hydrocarbon fuel is burnt with pure
oxygen in the presence of CO at relatively higher pressures. After the expansion of the exhaust
gases in the turbine, the CO> was captured and utilized back in the combustor. At present,
technologies like EGR, oxygen enrichment, and in-cylinder water injection are utilized to
improve the combustion and emission performance of internal combustion engines [9]. A novel
development by Wu et al. [10] was that oxy-propane burnt in the presence of CO; in an IC
engine, and along with in-cylinder water injection, to have zero NOx emissions together with
better thermal efficiency in a Sl engine. Yi [11] demonstrated the advantages of burning high
water content fuels with pure oxygen in a swirl burner to cut down the energy intensive
dewatering process of fuels to improve the thermal efficiency of the system. They tested with
ethanol, 1-propanol, tert-butanol, glycerol (C3sHgO3), and their blends to have a sustainable
flame. The above discussion clearly mentioned that the new technologies seek to use oxy-fuel
combustion diluted with CO, water, etc. The design of these combustion applications demands

combustion characteristics like laminar burning velocity. This is also addressed in this work.

1.3 Ho-blending in n-dodecane

In the past few decades. hydrogen has received much attention as a potential alternative
to fossil fuel-based power generation. Researchers around the world advocate hydrogen use
because it is environmentally safe and clean. Moreover, hydrogen has 2.7 times the energy per
unit mass as compared to that of n-dodecane. Replacing fossil fuels with non-carbon fuels like
hydrogen (H2) or NHz is an important step to achieve the reduction of greenhouse gas emissions
and global warming effects. Burning pure Hz2 or NHs in existing combustion units involves
many practical challenges due to its chemical structure. Hydrogen is a zero-carbon energy
source, lightweight (2 g/mole) and has a high calorific value of 120 — 140 MJ/kg — roughly two
to three times higher than that of hydrocarbon fuels (44-50 MJ/kg). The combustion product of
hydrogen reacting with air/ oxygen is water vapor (H20), environmental friendly one, which is
an attractive characteristic that makes it a superior fuel compared to that of hydrocarbon fuels.
However, hydrogen is not yet a feasible option for practical applications due to high risk of
leaks, low-ignition energy (0.017 mJ), high flammability (4% -75% by volume), laminar
burning velocity of ~ 3 m/s at equivalence ratio 1.8 and consequential risk of explosion. These
risks can be minimized by blending hydrogen with hydrocarbons, results in a blended fuel with
enhanced combustion characteristics. In the automobile sector, hydrogen blending increases

the hydroxyl radical, and the combustion process accelerated. Also, peak heat release rate and
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cylinder pressure increases, ignition delay, and combustion duration decreases. Additionally,
with hydrogen blending increases, the knock resistance is enhanced because hydrogen has a
high knock resistance and octane number. Therefore, to gain the merits of non-carbon fuels,
blending them with the base fuels is the achievable intermediate step. Commercial aviation and
industrial gas turbine engines are operated at lean heavy hydrocarbons-air mixtures to have
high thermal efficiency and low NOx emissions [12]. The major issues associated with lean
heavy hydrocarbon-air combustion at high pressures are the narrow flammability limits, local
flame quenching due to the low LBV, ignition difficulties, and the slow diffusivity of heavy
fuels resulted in thermo-diffusional instabilities. One of the effective options to overcome most
of the above-mentioned challenges is by blending highly reactive hydrogen with slow reactive
heavy hydrocarbons. The advantage of blending the lighter hydrogen with a heavy hydrocarbon
was essentially due to its high reactivity, faster diffusivity, wider flammability limit, and low
minimum ignition energy [13]. H2 blending enhances the overall mixture diffusivity, which
results in improved flame stability [14]. n-dodecane is one of the important high-volume

components (~ 35%) in many surrogates of practical fuels [15].

1.4 Basic Concepts

The fundamental combustion concepts related to the current study are discussed below.

1.4.1 Combustion

Combustion is a rapid oxidation process of a fuel that generates heat, or both heat and light
[16]. As the present work measures the LBV, only gaseous combustible mixtures are
considered. Based on the state of mixedness, the combustion is classified as premixed or non-
premixed. In premixed combustion, the fuel and the oxidizer are mixed to the molecular level,
whereas in the non-premixed case, the fuel and the oxidizer meet and react at the reaction zone.
As the LBV is a characteristic of a premixed gaseous combustible mixture, this work involves
only premixed combustion. Flames can also be either laminar or turbulent based on the flow

conditions. The focus of this study is only on the laminar, premixed gaseous combustion.

1.4.2 Equivalence ratio
Equivalence ratio (¢) is a non-dimensional variable to characterize the composition of a
premixed combustion mixture. It is defined as the ratio of stoichiometric oxidizer to fuel to the

actual oxidizer to fuel ratio as



<0xidizer>

fuel Stoichiometric

b= (oxidizer 1.1
fuel

>Actual
In this definition, both the oxidizer to fuel ratio should have the same units, and they can be

either volume or mass. If ¢ equals unity, it is called a stoichiometric mixture; ¢ < 1 refers to a

fuel-lean mixture, and ¢ > 1 refers to a fuel-rich mixture.

1.4.3 Equilibrium flame temperature

The temperature of flame or products is an essential intensive thermodynamic property of the
combustion process. It is a crucial variable in the design of a combustion application. It is
necessary to provide adequate residence time to the combustion process, assumed to be
adiabatic with the surroundings, to generate products at equilibrium composition and
temperature. The equilibrium composition and temperature of the products are estimated for a
given set of reactants considering the equivalence ratio, initial pressure, initial temperature, and
prescribed/ expected product species. These are achieved by minimizing the Gibbs free energy
approach and solving the energy equation. In this work, the equilibrium composition and the

temperature are estimated using the equilibrium model in ANSYS CHEMKIN software [17].

1.4.4 Laminar burning velocity

Unstretched adiabatic laminar burning velocity (LBV or S2) of a premixed combustible
mixture is defined as the relative velocity of unburned reactants propagating normal to the
adiabatic planar flame front, as shown in Figure 1.1. It is a measure of the mixture’s reactivity,
diffusivity, and exothermicity and depends primarily on equivalence ratio, the temperature of
the unburned mixture, and the pressure. It is a critical parameter in calculating and assessing

complex phenomena like ignition, quenching, flashback, flame stabilization, etc.

It is one of the standard parameters used for validating and updating the existing and new

chemical kinetic schemes.

59—
Unburned reactants (pu) Burnt products (pb)
l/u Vb
1N

Constant pressure propagating planar flame

Figure 1.1. Planar flame propagating into the quiescent unburned fuel-air mixture at constant pressure
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Figure 1.1 shows the sketch of a one-dimensional, adiabatic planar flame propagating
normal to the quiescent unburned gas fuel-air mixture at constant pressure condition. Both the
unburned reactants and burned products are assumed to be at different thermodynamic states
demarcated by the flame front. The burnt products move away from the flame at a velocity of
Vb. With respect to the laboratory coordinates, the planar flame propagates into the unburned
gas mixture at a velocity of S from the point of ignition and is called unstretched, adiabatic,
laminar burning velocity. With reference to the flame coordinates, the upstream unburned
mixture flows into the flame and gets transformed into products at a velocity of Vy, then the
LBV of the planar flame propagating normal to the quiescent mixture at constant pressure

conditions is the same as that of the unburned gas velocity which is shown in

=1, 1.2
Applying the conservation of mass across the constant pressure planar flame having a cross-
sectional area, Ay, yields

PuSe = puVu = PpVs 13
where py is the density of the unburned gases, S2 is the one-dimensional, adiabatic laminar
burning velocity, Vy is the velocity of the unburned gases, py is the density of burned gases, and

Vb is the velocity of the burned gases.

1.4.5 Flame stretch

Flame stretch is the manifestation of the combined effects of flow non-uniformity, flame
curvature, and flame motion [18]. A general definition of stretch at any point on a flame surface
involves the rate of change of the area of an infinitesimal element of the flame surface, as

follows:

1dA 1.4
k=221
Ade’

where A is the area of an infinitesimal element on the flame surface. The above simple
expression contains all the factors that contribute to the influence of stretch. Another more

detailed and generalized expression reported by Law and Sung [19] which is applicable to all

flame configurations is,

K= {V.v, + (V.n)(V.n)} 15
Where V, and v, are the tangential components of I7and v evaluated at the surface, and n is
the unit normal vector of the surface, pointing in the direction of the unburned gas. The first

term on the right-hand side of Eq. 1.5. represents the effect of flow non-uniformity through v,
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while the second term represents the effects of flame propagation/ motion through V and flame
curvature through V. n. Freely expanding spherical flames are also classified as positively
stretched flames as the flame is convex to the reactants and concave to the products. The
spherical flame focusses the chemical energy into it and defocusses the thermal energy out of
it. The stretch rate Eq. (1.6) of an expanding spherical flame is

2dy

Where r is the instantaneous flame radius and % is the flame speed with respect to laboratory

coordinates. In Eq. 1.6, the first term (ri) represents the curvature of the spherical flame, and
f

the second term (%) represents the flame motion.

1.4.6 Burned gas Markstein length

Burned gas Markstein length, Lb, addresses the sensitivity of the stretched laminar flame speed
(speed of the flame with respect to the laboratory coordinates) to the flame stretch and thermo-
diffusional effects in the weak stretch regime (Ka << 1). Karlovitz number (Ka) is defined as
the ratio of the characteristic reaction time to the characteristic stretch time. Ly is independent
of flame stretch rate. L, depends only on the composition of unburned gas mixtures. Ly is
calculated for weakly stretched flames with reference to either burned or unburned gas using a
linear or nonlinear relationship between flame speed and flame stretch rate. The linear relation

to finding Ly is shown in Eq. 1.7.

S, = S) —L,K 1.7
The negative slope of Eq. 1.7 is Ly, If the value of Ly is positive, then it results in stable flames
with respect to thermo-diffusional effects. If the value of Ly is negative, then it probably anchors
(a) a stable flame — if the deficient reactant is not the fastest diffusive species, (b) an unstable
flame — if the deficient reactant is more diffusive, it will alter the local equivalence ratio, and
the propagation rate which resulted in instability due to due to the thermo-diffusional effects.
From the literature as well as from the present work, it was observed that unstable spherical
flames have large cracks on the surface during the propagation, whereas the stable flames were
smooth without any irregularities on the flame surface. Ly strongly depends on the Lewis

number (ratio of thermal diffusivity to the mass diffusivity of the mixture) of the mixture.

The discussion on the non-linear correlations available to find the Ly is reported in section

3.7.4. The ratio of burned gas Markstein length to the flame thickness is called the Markstein

6



number. It is a non-dimensional quantity. The flame thickness can be estimated in different
ways. One way is to estimate from the flame’s temperature profile. The temperature profile of
the flame was predicted using a freely propagating planar flame model. Other methods are to
estimate the flame thickness as a ratio of laminar burning velocity to thermal diffusivity or
mass diffusivity. Mass diffusivity has multiple definitions, such as (a) binary diffusivity of a
deficient reactant to a bulk species, (b) mixture mass diffusivity, and (c) multi-component
diffusivity. Based on the choice of the flame thickness definition, the Markstein number can
have multiple values. To avoid uncertainty, in the present work, only the fundamental burned

gas Markstein length data were presented at all the studied operating conditions.

1.4.7 Instabilities in outwardly propagating spherical flames

In general, there are four modes of flame instabilities observed in outwardly propagating
spherical flames: ignition, thermo-diffusive instability, hydrodynamic instability, and
buoyancy-induced instability.

Ignition instability: Flame is highly disturbed from its inception till the full development, even
when it is initiated using the minimum ignition energy. Outwardly propagating spherical flame
is considered to be fully developed when the ratio of the flame thickness to the instantaneous
flame radius is well less than unity. The effects of ignition can be visualized from the flame
images, that the flame shape is not a regular sphere. As the flame grows, the transient effects
of ignition die down, and the flame attains a smooth aspherical shape with reference to the
point of ignition. In the present study, ignition-related instabilities are minimized or avoided
by keeping the ignition energy as close to the mixture’s minimum ignition energy. Also, the
images having flame that were affected by ignition effects were not considered in the data

reduction procedure by fixing an appropriate lower radius limit of 8 mm.

The second mechanism of flame instability is called thermo-diffusive instability. It is the
mechanism of major interest in turbulent flame research due to its capability to enhance or
retard the distortion of flame surfaces in the laminar flamelet regime. Thermo-diffusive
instability is caused by the preferential diffusion of heat and mass, and hence it is governed by
the Lewis number. If the Le > 1, preferential diffusion of heat dominates over mass in the flame,
and hence, an increase in the stretch rate results in more heat loss from the reaction zone to the
preheat zone, and it reduces the reaction rate and always results in stable flames. For mixtures
having Le = 1, the effect of the flame stretch rate on the combustion characteristics is less as

the preferential diffusion effects are absent. For the mixtures that have Le < 1, the preferential



diffusion effect of mass will dominate over the heat, which affects the local equivalence ratio,

and possibly results in unstable flame, as explained in section 6.5.

Hydrodynamic instability arises as the low-density flame propagates into a high-density
reactant. Its onset was easily identified from the sudden occurrence of small cells uniformly
over the entire flame surface. This instability was observed at larger flame diameters for all the
studied mixtures. The magnitude of the radius at which the hydrodynamic instability onsets
differs with operating conditions. A flame that was unstable to thermo-diffusional effects
preponed the onset of hydrodynamic instability. This was also studied and reported in this

work.

Buoyancy induced instabilities are due to the acceleration of the heavier fluid into the lighter
fluid, producing an unstable flame due to the effects of gravity. This type of instability
generally occurs near flammability limits where the LBV is lesser than 18 cm/s. This effect can
be visualized if the center of the flame transcends upwards from the geometrical center of the
chamber. In the present work, buoyancy-induced instabilities are not considered, as the near-

limit flames were not investigated.

1.5 Organisation of thesis

The content of the thesis is organised into ten chapters. In addition to the above, a few

appendices are also added to further explain the presented content.

Chapter-1: Introduction. This chapter outlines the general background and motivation behind
the present objectives of the work. Later, the necessary fundamental combustion concepts

pertinent to the current work are discussed, followed by the organization of the thesis.

Chapter-2: Literature review. The present work dealt with the four different mixture
compositions of n-dodecane and methane fuels. A detailed literature review on the laminar
flame characteristics relevant to the present objectives are presented and summarized. The

research gaps are carefully identified, and the specific objectives are framed out and discussed.

Chapter-3: Test rig development and experimental procedures. The design of the test facility,
along with its subsystems are concisely discussed in this chapter. Also, the experimental

procedure, as well as post processing methodology of the experimental data, are presented.



Chapter-4: Numerical approach. The flame models used for the prediction of the unstretched
laminar burning velocity, flame global properties, sensitivity analysis, and reaction pathway

background theories are documented.

Chapter-5: Test rig validation. The validation results of the new test facility are presented

independently for the gaseous and liquid fuels at various thermodynamic conditions.

Chapater-6: Study-1: n-dodecane/air mixtures. The results and discussion on laminar burning
velocity and flame stabilities of n-dodecane reacting with air at elevated pressure and

temperature and different equivalence ratios are presented.

Chapter-7: Study-2: n-dodecane/O2/diluents mixtures. The LBV and flame stability of oxy-n-
dodecane mixtures diluted with different diluents at different thermodynamic and mixture

conditions are presented in this chapter.

Chapter-8: Study-3: n-dodecane/air with Hz blending. The effect of blending H> to n-dodecane
and its effect on LBV and burned gas Markstein lengths at various operating conditions were

reported in this chapter.

Chapter-9: Study-4: CH4/O, with EGR diluents. The absolute effect of individual EGR
diluents, such as CO2/H20/N>, on the LBV and flame stability due to thermo-diffusive effects,
were discussed in this chapter.

Chapter-10: Conclusions. The comprehensive conclusion obtained from all the present studied

objectives are reported. The future scope of this work is also presented.

References: All the referred sources in the above-discussed chapters are consolidated.






CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

In this chapter, the different burning velocity measurement methods, along with their merits
and demerits, are briefly discussed. The reasons for the choice of outwardly propagating
spherical flame measurement method in the present work were provided. Subsequently, a
literature review on the laminar burning velocity and flame stability of n-dodecane and methane
reacting with (a) air and (b) artificial air with a higher mole fraction of oxygen is presented.
Later, literature on the effect of the addition of (c) diluents like N2/H20/CO2 in oxy-CH4 and
oxy-n-Ci2Hoe, and (d) finally, the effect of hydrogen blending to n-Ci2Hzs are also discussed.
Ultimately, the possible research gaps were identified, and the specific objectives of the present

work were chalked out.

2.2 Laminar Burning velocity measurement methods

There are various experimental techniques available to measure the laminar burning velocity,
which can be categorized as stationary flame methods and propagating flame methods. In the
stationary flame method, there are different ways to anchor a stationary flame. They are: (a)
conical flames anchored at the exit of tubes/ orifices/ nozzles, (b) stagnation flames (counter-
flow flame method), and burner stabilized flat flames (heat flux method) [20],[21],[22,23]. One
of the chief propagating flame methods is the outwardly propagating spherical flame method.
This method suits both the faster and slower combustible mixtures. This method facilitates
LBV measurement at higher initial pressures and initial temperatures with high accuracy. The
Table 2.2 and Table 2.2. briefly summarise the merits and demerits of each flame type in detail.

Table 2.1. Summary of merits and demerits of stationary

Method Flame configuration Advantage Disadvantages

e Traditional and | o Flame anchoring
o Inexpensive method challenges
c : e Easy to use and
<_LE Conical flame anchored at simple data | o Strong curvature effect
> | the exit of a cylindrical/ | reduction procedures | o Difficult to quantify the
= o involved. stretch effects
S orifice/ nozzle burner [20] o flame tip  opening,
= polyhedral flames are

challenges [24].
o Heat loss to the burner
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Counter flow flame [21]

e Generally adiabatic

e The stretch effects

due to symmetry.

can be quantified,

and unstretched | o

LBV can be
estimated.

Flame stabilization
problem at high
pressures due to heat loss
to nozzle [25].

Detecting flame at high
pressure/small flame
thickness is difficult with
laser diagnostic
techniques.

Limited to low LBV and
mid-range of operating
pressures.

Flat flame burner method
or Heat flux method [22]

e It's free of flame

e Relatively  simple | o

and does not need a

complicated o)

diagnostic.

stretch effects.

The complicated design
of burner plate [26].
Applicable for mixtures
with low LBV.

The rig gets cumbersome
for  elevated initial
pressures.

Table 2.2. Summary of merits and demerits of propagating flames

Method

Flame configuration

Advantage

Disadvantages

Propagating flames

Cylindrical tube method
[27]

¢ Quite a simple method

where a freely
propagating planar
flame was established
inside a  circular/
rectangular tube
containing a quiescent
combustible mixture

o Flame-to-wall
interaction is
unavoidable.

o Difficult to anchor a
planar flame.

Soap bubble method [28]

The combustible
mixture is filled inside a
soap bubble  and
carefully ignite. During
the flame propagation,
both the flame and the
enlargement of the soap
bubble were recorded,
and LBV was
estimated.

Simple method.

o Contamination of the
combustible mixture
by the moisture on the
bubble surface.

o Soap bubble surface
distortion during
flame propagation

o Limited to a small
range  of initial
pressure/
temperature.

Spherically  expanding
flame [29]

LBV is measured from
radius — time data.
Flame stretch effects
were properly
quantified, and
unstretched LBV was
estimated.

o The rig is expensive.
An involved data
reduction procedure

o Flame instabilities at
higher pressures [30].

o Lengthy experimental
procedures,
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e Thermo-diffusional and especially at high

hydrodynamic  Flame initial temperatures.
stabilities were
measured.

e No need of first-hand
information on the LBV
of the mixtures to be
investigated.

e It can be utilized for
fast/ slow mixtures and
a wide range of initial
pressure and
temperatures.

2.3 Outwardly spherical flame method in present work — it's

choice and reasons

The present work was aimed to measure the laminar burning velocities and burned gas
Markstein lengths of fast-burning oxy-fuel mixtures in the presence of diluents, as well as slow-
burning fuel-air mixtures too at temperatures ranging from 300-450 K, and initial pressures
ranging from 1-4 bar. Based on the above discussion of different flame configurations, the
outwardly propagating spherical flame method was the most appropriate method for the present
objectives. An inherent additional feature of this method was its ability to quantify thermo-
diffusional stability through burned gas Markstein length and hydrodynamic instability through
a critical Peclet number. Standard combustion codes are available to simulate the one-
dimensional spherical flames with different chemical kinetic schemes too. Hence, the

outwardly propagating spherical flame method was chosen in the present work.

2.4 Liquid fuel evaporation strategies

The preparation of a premixed gaseous combustible mixture that involved liquid
hydrocarbon fuels was a challenge. First, the liquid fuel needed to be vaporized at a higher
temperature well above its saturation temperature at a given pressure. The combustion rig that
held the vaporized liquid fuel should also be at a higher temperature to prevent its condensation.
The same procedure is applicable for the dilution studies with water too. But the challenges
compounded if it was a heavy hydrocarbon fuel such as n-dodecane. The mole fraction of a
heavy hydrocarbon and its associated partial pressure in a combustible mixture was quite small,
So the uncertainty of the measured LBV strongly depends on the accuracy of the measurement.

Researchers [31-33] reported two techniques, such as (a) Pre-vaporization of liquid fuel, (b)
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volume method, to prepare a premixed combustible gas mixture that involved liquid fuels or
dilution with the water at a given equivalence ratio, initial pressure, and initial temperature.

This section discusses both techniques briefly.

2.4.1 Pre-vaporization of liquid fuel

Metghalchi et al. [32] used the pre-vaporization of liquid fuel method in their study. In this
method, fuel vapours of liquid fuel were generated in a vaporization chamber, and then it was
transferred to the heated combustion rig, where the LBV was measured through a heated feed
tube according to its partial pressure. After filling the fuel vapours, the oxidizer was later filled
according to the partial pressure method, and the requisite combustible mixture was prepared
in the chamber. Farrell and co-workers [31] also followed a similar approach. They improved
the design of the vaporization chamber by adding a stirrer to prepare fuel vapours involving
multiple liquid fuels. The merit of this method was that it was independent of the volume of
the combustion rig. The demerits were it needed an additional vaporization chamber, feed

pipes, and control valves.

2.4.2 VVolume method

In this method, a known volume of liquid fuel was directly injected into the combustion
chamber and allowed to vaporize [33]. Hence, the fuel vapours were generated directly in the
combustion chamber itself. It did not need a separate vaporization chamber and the associated
feed systems. The accurate volume of the combustion chamber was quite essential to estimate
the quantity of liquid fuel to be injected. Usually, the combustion chamber was heated to the
required initial temperature and evacuated. Its absolute pressure before the liquid fuel injection
was noted down. Then the liquid fuel was injected and allowed to vaporize. The chamber
pressure increased till the complete vaporization of the liquid fuel. The final chamber pressure
after the fuel vaporization was also noted down. The net increase in the chamber pressure due
to the injection of the liquid fuel had to match the desired partial pressure of the fuel. In this

work also, the volume method was used.

The number of fuel moles required at a given equivalence ratio, initial pressure, and the
temperature was determined from the volume of the combustion chamber, partial pressure of
the fuel, and the initial temperature using the equation of state as shown below:

pfuelV

Nfuel = RuT 21
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where Nrel, Pruel, V, Ry, and T are the number of fuel moles, partial pressure of fuel, the volume
of chamber, and the initial temperature of the mixture, respectively. And the volume of the

liquid fuel was determined as

Neyer MW
Vfuel — _Juellm 22
pfuel
Where Viel, MW, and p are the volume, molar mass, and density of fuel, respectively. In this
method, the decomposition of liquid fuel was eliminated by maintaining the bottom wall

temperature of the combustion chamber well below the pyrolysis temperature of the liquid fuel.

2.5 Surrogate component fuel: n-Dodecane

The merits of n-dodecane and the requirement to study its combustion characteristics were
briefed in the introduction section 1.2. In this chapter, the literature review on the unstretched/
stretched laminar burning velocity and the burned gas Markstein length of n-dodecane fuel
reacting with air or oxygen was carried out. Table 2.3 summarizes the available literature LBV
data of premixed n-dodecane-air mixtures. The limited data presented in the table essentially

pointed out the experimental challenges involved with the heavy liquids.

Table 2.3. Literature data on laminar burning velocity data of n-dodecane + air mixtures

Reference Method Tu (K) [0) Pressure Extrapolation
Kumar et al. [34] | Counter flow | 400, 470 | 0.7-1.4 | 1 bar Linear
Jietal. [35,36] | Counter flow 403 0.7-15 | 1atm Liner/ Nonlinear
Hui et al. [37] Counter flow 400 0.7-1.4 | 1-3 atm Linear/ Nonlinear
Ritcher [38] Bunsen 473 0.7-1.8 | 0.1-0.6 MPa | NA
Dortz et al. [39] | Spherical 400 0.7-1.4 | 0.1MPa Nonlinear

Kumar and his co-workers [34] measured the LBV of n-decane/ n-dodecane and a
kerosene surrogate reacting with air using a counter-flow twin flame method equipped with
particle image velocimetry. Their measured LBV agreed well with Dryer mechanism
predictions than JetsurF0.2. Ji et al. [35,36] measured the unstretched LBV (linear/ nonlinear
scheme) and extinction strain rates of premixed n-dodecane/air, JP-7 /air, and JP-8 /air using
the counter-flow/ stagnation flame method. They also reported a newly developed chemical
kinetic scheme. Their measured LBV showed a good agreement with their own kinetic scheme
as well as with JetsurF0.2 at all their investigated conditions. Ji et al. [36] investigated the effect
of the cracking of n-dodecane on its LBV using a Bunsen flame method at 1 atm and 403 K.

Dodecane cracked at higher temperatures and broke down into smaller fragments. To crack
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dodecane, they heated it to 653 K and subsequently cooled it down to 398 K. Interestingly, the
LBV of cracked dodecane-air mixtures was relatively higher than the uncracked dodecane. The
cracking process resulted in the production of sub species like H> and CoHs along with
dodecane, which enhanced the enthalpy of the cracked fuel and resulted in higher LBV. Hui et
al. [37] measured the unstretched LBV of several hydrocarbons (Cs-C12) and jet fuel (Cio.17
H19.91)-air mixtures at 1-3 bar and 400 K using counter-flow flame and digital particle image
velocimetry method. Their measurements matched well with the predictions using Naik et al.
[40] mechanism as compared to that of JetsurF2.0 [41]. Ritcher et al. [38] used the Bunsen
burner method to measure the LBV of the premixed n-dodecane/ air mixtures at p=0.1 to 0.6
MPa and T= 473 K. Their data matched well with the Kumar et al. [34] measurements, and the
deviation was within £6.14%. Recently, Dortz et al. [39] used the spherical flame method to
measure the LBV of commercial kerosene and its pure components, and n-dodecane’s LBV

makes a better agreement with the JetsurF2.0 mechanism at atmospheric pressure.

The preceding discussion outlined that the study on the combustion characteristics of
premixed n-dodecane-air mixtures such as LBV is quite few, irrespective of its prominent
presence in many commercial liquid fuels and many surrogates, as mentioned in the
introduction section. The common challenges in investigating the combustion characteristics
of the n-dodecane are its low vapour pressure and high boiling point (65 mbar at 400 K and
370 mbar at 450 K). Even with the limited available data outlined in Table 2.3, none had
estimated burned gas Markstein length (Ls), which is considered one of the vital stability
parameters to quantify the stretch and thermo-diffusive effects. Therefore, in the present work,
one of the objectives was targeted to bridge the gap and measure the unstretched LBV and the
burned gas Markstein length of the premixed n-dodecane-air mixtures at p=1- 4 bar, T=400-
450K using freely expanding spherical flame method. All measurements were simulated using
contemporary chemical kinetic schemes to predict LBV, and the same was compared to

examine the prediction accuracy at higher pressures with the present measurements.

2.6 Oxy n-dodecane mixtures with EGR diluents

The benefit of burning fuels in pure oxygen was discussed in the introduction section 1.2. A
brief analysis from a detailed literature review on the existing LBV data of oxy-fuel mixtures
is as follows. Cai et al. [42] studied the effect of oxygen enrichment on the unstretched LBV
and burned gas Markstein lengths of CH4+((2(zO2+(1-z) N2))/d) mixtures at elevated pressures

using expanding spherical flame method and O in the air was varied from 21% to 60% at 353
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K. Mazas et al. [43] measured the LBV of methane-air mixtures diluted with steam at 1 bar and
373 K using the conical flame method. Khan et al. [44] investigated the dilution effect of N2/
CO2 on the LBV of (100-Z) %(CH4+(202/9)) +Z%(N2/CO-) and varied Z as 50-70%/ 30-50%
mixtures at 1 bar, 300 K. They mentioned that the simulated LBV using the GRIMech3.0 were
well under-predicted as compared to the experiments, and with the help of sensitivity analysis,
they modified the kinetic parameters of the key elementary reactions in the GRIMech3.0, which

improved the accuracy in the predictions.

The above discussion clearly indicated that (a) the oxy-fuel studies are available only for low
alkane fuels, (b) No oxygen enrichment or pure oxy combustion studies are available for heavy
alkanes like n-dodecane, irrespective of their predominant presence in commercial fuels like
kerosene and Jet fuel, and it is one of the important components in the surrogate fuels of
kerosene and Jet fuels. To bridge this important gap, the second objective of the present work
was to measure the unstretched LBV and burned gas Markstein length of premixed n-dodecane-
pure oxygen mixtures in the presence of third-party gaseous diluents like N2/CO2/H,0 at
elevated temperatures and pressures. The mixture was prepared by following the novel
mixture-diluent approach proposed by Prathap et al. [45], which allowed to investigate and
compare the effects of different diluents on the combustion characteristics at a given set of
initial conditions. Unstretched LBV at all experimental conditions were predicted using
CHEMKIN with different contemporary reaction mechanisms, and their accuracy were tested

by comparing it with the present measurements.

2.7 Hydrogen blended n-dodecane

The introduction section explained the importance of the addition of Hz to the existing
conventional hydrocarbon fuels to increase its LBV, widen the flammability limit, and reduce
the minimum ignition energy. This section discusses the literature review on the LBV of
hydrocarbon fuels blended with H.. Significant research had been carried out to understand the
effect of Hz blending on the combustion characteristics of alkenes [46-50], alcohol [51,52],
ethers [53,54], syngas [55-57], NH3 [58-62], liquid hydrocarbon fuels [63—68]. Recent review
articles [14,69-72] were also available on the effects of Hz blending with conventional fuels.
There are plenty of literatures available for studies on Hz blended IC engines [73-78]. Okafor
et al. [47] studied the effect of H> addition on lean CHa/air mixtures using the spherically
propagating flame method at 1-5 bar, 350 K, and H; was varied from 0 to 100%. They reported

that hydrodynamic instabilities occurred earlier and were enhanced with an increase of H»
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fraction in the mixture, and Markstein length transited from positive to negative at elevated
pressures of CHa/Hz/air mixtures due to the thermo-diffusive effects. Berwal et al. [50]
investigated the effect of H addition to CHa/air mixtures using an externally heated diverging
channel method at elevated temperatures of 300 — 650 K, atmospheric pressure, and mole
fraction of Hz in the mixture varied from 0 to 50% by volume. They reported that the LBV and
temperature exponent of CHa/Ho/air mixtures at elevated temperatures enhanced the LBV due
to the H> addition. Xiao et al. [51] measured the LBV and Markstein length of the methanol/air
mixture with 0-100% H> blending at 1 bar, 375 K using the spherically propagating flame
method. They concluded that H> addition enhanced the LBV due to the enhancement of the
radical pool, and the magnitude of Markstein length increased for the mixture having greater
than 40% H> due to the strong diffusivity of the added hydrogen. Yu et al. [53] reported the
LBV of dimethyl ether/Hz/air mixtures at atmospheric pressure and temperature. They varied
the mole fraction of H> from 0 to 100%. Their study revealed that above/ below a critical
equivalence ratio (¢* = 1.3), the magnitude of the Markstein length increased/ decreased with
an increase in the mole fraction of Ho. Zhang et al. [57] and Li et al. [62] studied the effect of
H> addition on NH3/ air flames at 0.5-2 bar, 298 K, with 0 to 100% H> variation in the mixture.
They reported that the cellular instabilities occurred at the lean mixtures due to the combined
effect of thermos-diffusive and hydrodynamic instabilities. Comandini et al. [66] investigated
the effect of H, addition on LBV and Markstein length of n-heptane/air flames with 0 to 50%
H2 at 1 bar, 294 K, using the spherically propagating flame method. Their results showed that
a 10% increase in the LBV was observed for 50% H; addition due to an increase in the mole
fraction of radicals in the flame. Also, a slight decrement in the magnitude of Markstein lengths
were observed at lean mixtures with H addition, and interestingly, there was no effect of H>
addition in the rich mixtures. Xu et al. [64] measured the effect of the addition of H> on the
LBV of n-decane-air mixtures using propagating Spherical flames at 1 - 2 bar and 470 K. The
H> was varied from 0 to 50% in the mixture. They found that the LBV increased linearly with
the addition of H>. At elevated pressures, with an increment of H in the lean mixtures, the
flames were more susceptible to instability. Recently, Akram et al. [67] numerically studied
the effect of H> addition on the emission characteristics with the co-flow 2-D flame model.
They found that H> addition diminished the production rate of CH3z0 and CH20 species, and
hence, the mole fraction of CO, was reduced in the products. No study is available on the effect
of the addition of H2 on the LBV and burned gas Markstein length of n-dodecane-air mixtures.
So, the third objective of the present work was to investigate the combustion characteristics of

n-dodecane blended with hydrogen at different operating conditions. This study was quite
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interesting as it involved the dual chemistry (lighter and highly reactive hydrogen and denser
and slow-reacting heavy hydrocarbon) effect on the LBV, flame stability, and emission
analysis. The hydrogen was added to n-dodecane in different mole fractions, the binary fuel
mixture was burnt in the air, and their combustion characteristics were studied using a spherical
flame method. Unstretched laminar burning velocity and burned gas Markstein length were
measured at elevated pressures and different equivalence ratios. Later all the flame global
parameters were estimated and discussed in detail for this binary fuel. The LBV measurement
were compared with the predictions obtained with different detailed chemical mechanisms.

2.8 Oxy-methane mixtures with EGR dilution

The combustion characteristics of heavy hydrocarbons are a strong function of smaller species
(Co-C4), and methane is one of the crucial species present in large quantities in natural gas.
Methane is also used in hydrogen production through methane reformer plants. Natural gas/
methane is extremely used in the ground power station under various Exhaust Gas
Recirculation (EGR) diluent fractions. Important EGR diluents are CO2, H2O and N,. Steam
was an independent diluent usually added to various combustible mixtures like hydrogen [79],
syngas [80], and iso-octane [81] in order to reduce thermal NOx emissions. The importance of
oxy-fuel combustion at diluted conditions was detailed in the introduction section. It provides
higher flame temperature, wider flammability limits, and wider flame stability limits too. A
short summary of the existing research data on the addition of steam and other diluents and
their respective effect on the combustion characteristics of the methane-oxidizer mixture is as
follows.

Galmiche et al. [82] measured the independent effects of CO2/ N2/ steam/ He/ Ar on the
LBV of (100-Z2)%(CH4+4.76Air)+Z%(N2/CO2/H20/Ar/He) at stoichiometric condition, Z= 0-
30%, 0.1 MPa and 393 K using freely expanding spherical flame method. They registered that
at a constant percentage of diluent, the LBV was lowest in the following order CO»/ steam/ Ar/
N2/ He. They performed simulations using fictitious species and reported that CO> has the
highest suppression effect due to both thermal (The addition of a diluent lead to a reduction in
the chemical energy, flame temperature, and transport properties, and then it is addressed as
thermal effect) and chemical effects (If the added diluent also participated in the reaction
kinetics that may change the reaction paths and also the reaction rate, and it is addressed as a
chemical effect [43]) whereas other diluents have only thermal effects. Mazas et al. [43]

measured the LBV of methane-air mixtures diluted with steam at 1 bar and 373 K using the
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conical flame method. Their study (i) increased the dilution fraction of steam and (ii) enhanced
the mole fraction of O in the air and studied its impact on the LBV. They found that the LBV
decreased/ increased quasi-linearly with an increase in the mole fractions of steam/ O due to
the thermal effect. Boushaki et al. [83] investigated the dilution effect of the steam on the
methane-air flames at 300-330 K and 1 bar by using a slot burner. They varied the steam content
by changing the relative humidity from 0-100% at a given temperature. The LBV decreased
linearly with an increase in the steam mole fraction. Albin et al. [84] measured the laminar/
turbulent burning velocities of methane-air mixtures represented by (100-Z2)%(CHs+4.76/¢
Air)+Z%H>0 using both Bunsen and V-flame methods at 400, 480 K, 1 bar, steam dilution, Z
was varied from 0-20% and ¢=0.6-1.3. Recently, Cano et al. [85] investigated the effect of
steam addition on the LBV of the stoichiometric methane-air mixtures using the spherically
propagating flame method at 300-473 K and 1-5 bar. Their mixture composition is (100-Z)
%(CH4+(Q02+(1-Q) N2)) +Z%H-0 as and they varied the mole fraction of O in the air, Q,
from 0.21 to 1 and the mole fraction of the steam, Z, from 0-0.2. This study also provided the
LBV and the Ly for the premixed methane-oxygen mixtures with the steam dilution up to 70%
at only stoichiometric mixture condition, 1-5 bar and 473 K. They reported that the steam
addition resulted in both the chemical (weak) and thermal effects. They also mentioned that
the weak chemical effect diminished with an increase in the initial pressure. Khan et al. [44]
investigated the dilution effect of N2/ CO2 on the LBV of oxy-methane mixtures at 1 bar and

300K. They represented the combustible mixture as (100-2)% (CH4 + ?oz) + Z%(N,/C0O,)

and varied Z as 50-70%/ 30-50%. They reported that the simulated LBV using the GRIMech3.0
were well under predicted as compared with that of the experiments and with the help of
sensitivity analysis, they modified the kinetic parameters of the key elementary reactions in the
GRIMech3.0 which improved the accuracy in the predictions. Burned gas Markstein length
remained positive for all of their investigated mixtures.

The oxy-methane reviews clearly stated that most of the research reported on the dilution with
the steam in literature were mainly focused on: (a) lower mole fractions of steam, (b) studied
with methane-air mixtures resulted in the presence of both N2 and steam simultaneously which
posed challenges in quantifying the independent dilution effect of steam, (c) quite a few
measurements were performed with burner rigs which did not quantify the thermo-diffusive
effects, (d) some studies were based on simulations only [86—-89]. Also, it is hard to find studies
on the LBV/ flame stability of premixed oxy-CH4 mixtures other than Khan et al. [44] that too

at atmospheric conditions. Hence, in this work, the independent effects arising due to the
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addition of steam/ CO2/ N2 on the laminar burning velocity and burned gas Markstein length
of premixed methane- oxygen mixtures were performed at different: (i) dilution fractions of

each diluent, (ii) equivalence ratios, (iii) elevated pressures and temperatures.

2.9 Conclusions of the literature survey

The foregoing literature review suggested that the outwardly propagating spherical flame
method was one of the accurate methods for the measurement of LBV of fast/ slow burning
mixtures at higher initial pressures and temperatures. It allows for the quantification of flame
stretch effects along with the thermo-diffusive effects of the measured real flames and provides
a methodology to find the unstretched LBV and the burned gas Markstein length. The extensive
literature survey conducted in the present work clearly showed that the laminar burning
velocity and the flame stability of lower alkane gaseous fuels burnt in conventional air at
different operating conditions were abundantly available. On the other hand, the experimental
data on unstretched LBV and burned gas Markstein length of premixed n-dodecane-air
mixtures at elevated thermodynamic condition is scarce in the literature due to the measurement
challenges. Also, there are no oxy combustion studies reported on heavy hydrocarbon liquid
fuels till date. In addition, the effect of dilution with nitrogen, carbon dioxide, and argon of
only lower alkane fuels burned under oxygen-enriched air conditions with various dilution
levels at different operating conditions had also been studied. The important takeaways of the
present literature review were that: (a) the requirement of accurate LBV and Markstein length
data for premixed n-dodecane-air flames at elevated pressure and temperatures to validate the
existing chemical kinetic mechanisms, (b) there is no study available on the independent
dilution effects of all the major EGR gases on the LBV and flame stability, even for lower
alkanes, (c) Also, it is hard to find studies on the LBV/ flame stability of premixed oxy-CH4
mixtures at elevated thermodynamic conditions. On the other hand, for oxy-fuel combustion,
information on heavy hydrocarbon fuel (n-decane/n-dodecane) was completely missing in the
literature, irrespective of its prominent presence in many commercial fuels, due to the stiff
challenges involved in their measurements. For liquid fuel vaporization, the direct injection

strategy promises accuracy with less experimental implementations.
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2.10 Objectives

The objectives of the present research are listed below:

1.

To develop a new test facility to measure the unstretched LBV of both gaseous and
liquid fuels reacting with air or with oxygen at diluted conditions using a freely
expanding spherical flame method at high initial temperatures & pressures along with
uncertainty analysis.

To study the effect of initial temperature and initial pressure on the LBV and flame
stability of premixed n-dodecane-air mixtures at wide-range equivalence ratios.

To measure the unstretched LBV and burned gas Markstein length of premixed oxy-n-
dodecane (higher alkane) and oxy-methane (lower alkane) mixtures diluted with
different EGR gases.

e Dilution with N2 decreases the flame temperature and LBV, which allows the
safe handling of high-temperature N:-diluted Oxy-hydrocarbon mixtures
without compromising the structural integrity of the rig.

e Dilution with steam/ CO> brings in all real-time effects like thermal-diffusion,
radiation, and chemical effects.

To investigate the unstretched LBV and flame stability of n-dodecane blended with
different proportions of H: at elevated pressures.
To predict the unstretched LBV using a freely propagating planar flame model in

CHEMKIN for all the experiments using contemporary chemical kinetic schemes.
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CHAPTER 3
EXPERIMENTAL RIG AND METHODOLOGY

The design of the experimental rig, various associated subsystems, experimental operating
conditions, experimental procedure, post-processing methodologies, and experimental

uncertainty quantification procedures are discussed in this chapter.

3.1 Combustion chamber

Based on the detailed literature study (section 2.2) on different flame configurations,
outwardly expanding spherical flame was chosen in the present research. Therefore, to generate
spherical flames experimentally in a confined environment, a constant volume combustion
chamber was required. The combustible mixture was prepared inside the chamber mostly by
the partial pressure method. The mixture was ignited at the centre of the chamber to initiate a
spherical flame. Then, the spherical flame propagates from the centre towards the wall till the
complete consumption of the combustible mixture. During the flame propagation, the pressure
inside the chamber increases due to the energy release by the flame. During the initial
consumption of 1-2% of the volume of the reactants in the chamber, the chamber pressure
nearly remains close to that of the initial pressure, and this duration of flame propagation was
called the pre-pressure period or constant pressure regime of the constant volume combustion
chamber. In this method, the flames propagating in this duration was imaged and processed to
find the LBV. Hence, the design of the chamber assumes much important. The larger the
volume of the chamber, the longer will be the pre-pressure period, which allows to record of
flame images with a larger radius, which provides a very accurate LBV. In the present work, a
cuboidal combustion chamber was chosen, as shown in Figure 3.1. The choice of this cuboidal
shape, a non-spherical one, was due to the following reasons: (a) heating cartridges can be
easily inserted into the chamber walls for heating the chamber, which is essential for
combustible mixtures involving liquid fuels, (b) flat surfaces of the combustion chamber
provides easy access to an optical window, and all the inlet, exhaust, instrumentation ports, (c)
insulation of the external surface of the combustion chamber is easy. The inner volume of the
cuboidal chamber in the present work was 215 x 215 x 315 mm?®. The chamber was fitted with
top and bottom flanges having a thickness of 50mm, respectively. The geometrical inner
volume of the chamber was 14.56 L. The flanges were fastened to the chamber through sixteen

M16 bolts on each side. To prevent the leak between the flange and the chamber, a square-
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shaped endless silicon O-ring (ISG Elastomers, India) having a thickness of 8 mm was used.
The combustion chamber has four circular optical accesses to visualize the flame propagation.
The optical widows were mounted to the chamber with the help of circular flanges, having 8
numbers of M10 bolts on each side, as shown in Figure 3.1. An endless O ring having 6mm
thickness was used between the optical window and the optical access to avoid the leak. To
avoid glass to metal contact, the optical access region was sealed with 3 mm high-temperature
gaskets (Novapress, Frenzelit). Figure 3.1 shows the complete and sectional CAD models of

the chamber, as well as the actual fabricated chamber.

Figure 3.1. Final chamber design of (a) CAD model (b) sectional view (c) actual chamber

The maximum diameter of the sphere that just fits into the vessel is 215 mm. Therefore, a
spherical flame can propagate up to a radius of 107.5 mm before it impinges on the wall. Taylor
et al. [90] mentioned that after ignition, during 1-2% of the chamber volume, the pressure
remains constant. Out of the 107.5mm wall radius, the data reduction radius range of 8-20 mm
falls less than 1% of the chamber volume, and hence the constant pressure assumption was
justified. Burke et al. [91] reported that a non-spherical combustion chamber could result in
flame elongation on the longer side of the chamber as compared to its shorter side, and it will
affect the accuracy in the measurement of LBV. They also pointed out that those effects were
negligible if the flame radius used for the calculation of burning velocity exceeds 0.3 times the
radius of the combustion chamber. In the present work, a cuboidal combustion chamber is used,
and the range of flame radius used for the estimation of LBV was 8-20 mm only, and it was
well within the 0.3 times that of one half of the shorter side of the cuboid of 107.5 mm. hence,
the choice of the cuboidal chamber with an inner volume of 14.5 litres in the present work will
result in the accurate measurement of unstretched LBV. The top and bottom flanges have eight
different 1/2" BSP threaded ports to facilitate the mounting of different instruments and gas
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inlet/ exhaust. Also, the top flange has a dedicated port to aid the flush mounting of the unsteady

pressure sensor to measure the unsteady pressure evolution during the combustion event.

3.2 Leak test and Commissioning

After the fabrication, the combustion chamber was assembled with optical windows and
undergone a hydraulic and pneumatic test at Proof Test Lab, LPSC Valiamala. The chamber
with the optical windows was hydraulic tested till 100 bar for a duration of 15 min. The optical
windows withstood the pressure. There was no leakage observed during the hydraulic test.
Again, the pneumatic test was conducted till 50 bar for an hour to identify any possible
leakages. No leakage was identified. The chamber was evacuated till 1 mbar, and it was kept
at low pressure for almost 12 hours. There was no change in the chamber pressure. All these

tests validated the design and its leak prevention strategies.

3.3 Design Specifications

Below Table 3.1 shows the key design specifications of the developed combustion chamber.

Table 3.1. Summary of final chamber design specifications

Sl. No. Design parameter Value
1 Design Pressure 100 bar
2 Temperature 500 K
3 Chamber Material SS-304
4 Exact Inner volume 15.65 L (including crevices)
5 Inner & Outer shape Cuboidal
6 Inner dimensions 215 x 215 x 315 mm®
7 Outer dimension 315 x 315 x 315 mm?®
8 Wall thickness 50 mm
9 Weight ~200 kg
10 Clear aperture 107 mm
11 Number of optical accesses 4
12 Optical window material Fused Quartz
13 Diameter of instrument holes 1/2" BSP
16 (M16) on top & bottom (each
14 No. of flange bolts 8 (I\(/I12) z)n optilcj:al flanges (éach))
15 Sealing O-rings, Gaskets, and Septum
16 Temperature limitation of seals | 230°C (503 K)
17 Number of access ports 18
18 Ignition electrodes Vertically aligned
19 Cartridge heater port diameter | 10 mm
20 No. of Cartridge ports 8
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3.4 Design of subsystems

The present work demands following customized subsystems to carry out the experiments. The

need, design, and functionality of each subsystem was clearly explained below:

3.4.1 Gas Flow systems

The gas flow system consists of dedicated feed lines for the (a) evacuation of the chamber, (b)
filling of various gases in the chamber during the mixture preparation, and (c) purging of the
product gases form the chamber after the experiments. Since the main combustion chamber
undergoes heating, these flow lines need additional attention at their connection joints with the
chamber.

Evacuation system: The evacuation feed line connected the chamber to the vacuum pump
(HHV Pumps: 12 m3/hr). The feedline connection is comprised of leak-free fittings to generate
the desired vacuum inside the chamber. Galvanized Iron (GI) tubes were used as the feedlines.

Filling System: The purpose of this system was to fill the high-purity fresh gases from the
respective gas cylinders to the chamber through dedicated feedlines and control valves. The
present work used a partial pressure method to prepare the combustible mixture.

Purging system: A separate metallic feedline was used for ventilating the hot product gases
after the combustion event. The same feedline was used during the purging of the chamber too
before and after the experiments. It is essential to release the hot product gases immediately,
else the water vapour in the products undergo condensation and get deposited on the optical

windows.

3.4.2 Heating System

Experiments involving liquid n-dodecane and steam at ambient conditions demanded the pre-
vaporization of the liquid n-dodecane and water to achieve a homogeneous combustible
mixture prior to the ignition. In the present work, the vaporization of the fuel was attained by
heating the combustion chamber. To heat the chamber, a heating system was used. It consisted
of eight split-type heating cartridges (Elmec Speciality heaters) having a diameter of 10 mm
and a length of 300 mm. The heating cartridges (1 kW each) were positioned inside all the
walls symmetrically to obtain a homogeneous temperature field inside the vessel as well as the
mixture, as shown in Figure 3.2. A custom-designed microprocessor-based independent PID
controller (Figure 3.3: A. G. Enterprises, load capacity of 2 kW each) was used to

independently control the temperature of each cartridge based on the feedback of the gas
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temperature. The entire circumference of the top and bottom flanges were heated separately
with silicone tape heaters (Fusion Solutions, power density: 1 W/cm?). Ceramic fiber sheets
(Shree ceramic fiber Pvt. Ltd, 1260 C, Thermal conductivity 0.12 W/m K) having a thickness
of 5 mm were used to wrap all the flow lines and the entire outer surface of the chamber to

prevent heat loss and hence, avoid the condensation of fuel vapour during the experiments.

Figure 3.2. Graphical illustration of cartridge heater positions.

The main objective of the heating system was to have a steady and uniform temperature field
inside the chamber to perform the experiment at the desired initial temperatures. To aid the

heating process, four type-K sheathed thermocouples were inserted inside the chamber.
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Figure 3.3. Images of the temperature controller and its electrical connection
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3.4.3 Liquid Fuel injection system

Figure 3.4. Customized lengthy needle and gas-tight syringe

As mentioned in section 2.4.2, the volume method was followed in the present work to
prepare the combustible mixture involving liquid fuel in the chamber. The liquid fuel was
directly injected into the chamber using a 5 ml Gas-tight syringe (Hamilton-1005 TTL series)
along with a 300 mm long needle (Hamilton), Shown in Figure 3.4. The long needle ensured
that the liquid was injected at the centre of the chamber, which prevented the scattering of

liquid fuel due to the low pressure inside the chamber.

3.4.4 Ignition system

In the present work, a spark ignition system was used to ignite the combustible mixture at the
centre of the chamber. The custom-designed electrodes system (S & S advance ceramics)
resembled a spark plug, typically used in petrol engines. It consisted of stainless-steel housing
with ceramic sleeves, and thin SS rods were inserted and glued at the axis of the ceramic sleeves
in order to electrically insulate it from the chamber. The surface of contact between the
electrode, ceramic sleeve, and steel housing was coated with Inconel and later glazed to prevent
leaks at high pressures and temperatures. The electrodes were 2 mm in diameter and 240 mm
in length. The electrodes with pointed ends were carefully aligned in the vertical direction at
the axis of the combustion chamber, and they faced each other in opposite directions at the
centre of the chamber. The gap between the electrodes was adjustable from 0.5-3 mm. One of
the electrodes was connected to an ignition coil (TVS Stick coil) which can be triggered
externally, and the other one was electrically grounded. The length of the ceramic housing
around the electrode was 40 mm which prevented the jumping of the spark to the chamber
walls and provided a spark only at the centre of the chamber. Using a trigger pulse, a spark was
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generated between the two electrodes to ignite the combustible mixture. In order to minimize
the flame instability arising due to the highly transient spark ignition process, the deposited
ignition energy typically matched that of the minimum ignition energy of the combustible
mixture at all the measured conditions. Figure 3.5. shows the actual image of the high-
temperature ceramic housing with an electrode (grounded one) and externally triggerable spark

ignition stick coil.

Figure 3.5. Ceramic electrode and externally triggerable ignition coil

3.4.5 Imaging system

To view and record the flame propagation inside the chamber, a high-speed z-type
shadowgraph imaging method was used along with a high-speed camera (Phantom-\V1210).
The images were captured with a resolution of 512 x 512 pixels with a framing rate between
10,000 to 17,000 frames per second based on the operating conditions. The schematic of a light
source, mirrors, lens, camera, and its actual arrangements are shown in Figure 3.6. The light
source is a 100 W LED chip (Luminus: CBT-140-WCS-L16-UA123) with a cooling fan
arrangement that provides a sharp and intense beam of white light. A pinhole placed in front
of the light source acts as a point light source. The light diverges from the pinhole and focused
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on a spherical concave mirror (M1) of 6-inch diameter and 60-inch focal length, which
generated a cylindrical collimated beam of light. The collimated light beam passed through the
chamber to a second mirror (M2) placed behind the chamber. The 2" mirror converges the
beam to a planar mirror which reflected the light and focused onto the high-speed camera. The

planar mirror was used to keep-off the high-speed camera from the hot chamber.

The light source, spherical concave mirrors, and flat mirror were aligned in a z configuration.
The angle between the line of the axis of the light source and mirror is around 13° and it was
kept the same as that of the angle between the line of the axis of the mirror and flat mirror to

cancel out the aberrations arising due to the off-axis effect.
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Figure 3.6. The schematic and actual arrangement of the shadowgraph system

The vertical and horizontal alignments of the optical paths and axis alignment of the optical

beam and chamber was systematically verified using standard heights placed closed to the
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optical windows on the two sides of the combustion chamber, which aligned with the optical
beam. After the alignment, only one of the standard height was imaged in the camera. Then,
the camera was focussed on the electrodes. The camera was set to external trigger mode so that
it starts capturing the images only upon receiving a trigger signal. The diameter of the optical

window was 127 mm. After fixing it into the chamber, the clear aperture was 107 mm.,

3.4.6 Data acquisition system

The combustion chamber is equipped with pressure and temperature sensors to aid in the
mixture preparation and to track the temperature and combustion events. One of the pressure
sensors used was a piezoelectric unsteady pressure sensor (Kistler 7061B with a sensitivity of
-80.0 pC/bar) designed explicitly for high-pressure combustion application, along with a charge
amplifier (Kistler-5018B). This sensor was flush mounted to the top flange of the chamber, and
it was used to measure the unsteady pressure rise during the combustion event. Its measurement
range was from 0 to 250 bar. It generated a charge output. The charge amplifier converted the
charge into voltage signals and amplified it to a level that was recordable in an oscilloscope.
Another type of pressure sensor was the piezo-resistive type, which was used for preparing the

combustible mixture in the chamber using the partial pressure method.
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Figure 3.7. LabVIEW pressure and temperature measurement window

Therefore, three different ranges of absolute pressure transducers (0-0.5 bar & 0-1 bar with
+0.25% FSL and 0-4 bar with £0.1% FSL) were used to minimize the uncertainty in
equivalence ratio (less than 2%) in measurements. Four K-type thermocouples were used to
measure the temperature of the mixture inside the chamber at different locations. The partial

pressure and temperature variation inside the chamber was recorded in the LabVIEW using
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NICRIO 9035 with NI 9214 (Temperature) and NI-9203 (pressure), and the typical

measurement window is shown in Figure 3.7.

3.4.7 Triggering system

The purpose of the triggering system was to synchronise the ignition, image acquisition, and
data acquisition systems during the combustion event. The spark ignition coil, high-speed
camera, and oscilloscope were connected to a digital pulse generator (BNC-577). A manual
command to the pulse generator provides three different TTL Signals with 5 V to trigger all
the above-mentioned devises simultaneously. Figure 3.8 shows the synchronisation
arrangement of three devices with the three channels of the pulse generator. Before the
synchronization, the properties of generated signals, like delay and pulse width, were tested in

an oscilloscope.
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Figure 3.8. Synchronisation of different devices with a digital pulse generator and signals delay

accuracy tested in an oscilloscope

3.5 Experimental Procedure

The earlier section explained in detail about the rig and the instruments used for the
measurement of LBV. In this section, the procedure for performing the experiments was
discussed. Figure 3.9 shows the schematic and actual final arrangements of various subsystems

along with the combustion chamber.

3.5.1 Preparation of Gaseous mixtures

For all the ambient temperature experiments, the chamber was thoroughly purged with

dry air for 15 minutes and evacuated to a pressure of 1 mbar. The combustible mixture was

31



prepared using the partial-pressures method. First, the gas with the lowest partial pressure was

filled, and later other gases were filled based on the ascending order of their partial pressures.
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Figure 3.9. The schematic and actual arrangement of the spherical flame test facility

In the present work, the ultra-high pure gases such as CHs (99.9997%), O2 (99.997%), N>
(99.9995%), CO2 (99.9995%) [Bhoruka gases private limited] were used. After filling, the
chamber was left undisturbed for three minutes to attain a quiescent combustible mixture inside
the chamber. The duration was obtained after multiple trails. At ambient temperature
conditions, the duration of the whole experiment was shorter, and hence, three minutes were

provided after the filling.

At the elevated temperature experiments, the procedure was as follows: the chamber was
purged thoroughly with air, evacuated, and filled with nitrogen at 2 bar to avoid the moisture

present in the air. To attain an initial temperature of 450 K, first, the temperature of all the
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cartridges were set to 325 K using the master controller. Once the gas temperature reached the
set value, a new set value was entered, which was 25 K higher than the previous one, and it

was recurred till the attainment of the desired initial temperature. The gradual increase of the
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Figure 3.10. Measured mixture uniform temperature and corresponding LabVIEW real-time
measurement window

system temperature was essential to have a steady and uniform temperature distribution of
gases inside the chamber. As mentioned earlier, the inner chamber had four K-type sheathed
thermocouples mounted at different locations to measure the gas temperature. Figure 3.10
shows the measured temperature distribution of all the thermocouples with time. The
temperature measured by all four thermocouples were very close to each other, and the
variation was within the measurement error, which indicated that a steady and uniform
temperature distribution was achieved inside the chamber. The duration of the heating process
spanned from 4 hours to 6 hours based on the magnitude of the initial temperature. Once the
desired temperature was attained, the N in the chamber was removed, and the chamber was
evacuated to 1 mbar. Then, the combustible mixture was prepared by following the partial
pressures method and left undisturbed for three minutes to obtain a quiescent mixture. Here
too, longer duration trails had been performed, but it did not have any influence on the LBV,

and hence, three minutes was chosen for all the elevated temperature conditions.

3.5.2 Preparation of combustible mixtures involving liquid fuels

As the LBV was measured for a gaseous combustible mixture, to measure the LBV of
liquid fuels, they needed to be vaporized and mixed with the oxidizer. They needed to be

retained in the gaseous phase till the end of combustion. As mentioned in the literature review
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section 2.4, in this work, the liquid fuel was directly injected into the chamber and allowed to
vaporize. The volume of the n-dodecane (purity — 99%, Merck & Co.) or water (de-ionized) to
be injected during an experiment needed accurate information on the inner volume of the
combustion chamber. Hence, the entire chamber was filled with water, including its crevices
and the volume was calculated to be 15.65 L +25 mL. For a given set of initial operating
conditions, the volume of n-dodecane or water to be injected was estimated. For proper
vaporization and retaining the liquid fuel in the gaseous phase, the mixture needed to be
maintained at an initial temperature above the boiling point of the liquid for a given partial
pressure of the liquid. For the initial temperature of 425 K, the saturation vapour pressure of n-
dodecane is about 168 mbar, which corresponds to the fuel partial pressure for a n-dodecane/air
mixture that needs to be operated at ¢ = 1.4 and an initial pressure of 10.7 bar. For n-
dodecane/air mixture of ¢ = 1.4 with 425 K, fuel condensation would occur when initial
pressure increased beyond 10.7 bar. Therefore, all the elevated pressure experiments (1-4 bar)
were performed at 425 K, which was well away from the saturation conditions. So, the initial
temperature of the n-dodecane was fixed at 400-450 K for initial pressures of 1 bar-4 bar. This
temperature was well below the pyrolysis temperature of n-dodecane, which is reported as 750
K or higher in [92]. The chamber was heated by filling N2, as explained in the previous
paragraph, and after attaining the required initial temperature, it was evacuated. Even though
the present initial temperatures were well below the pyrolysis temperature of the n-dodecane,
the inner side of the bottom flange temperature was measured as one of the thermocouples were
mounted close to it. Now, the estimated volume of the liquid was collected in the syringe,
which had a long needle, as explained in section 3.4.3, and was injected slowly into the
chamber. The long needle of the syringe ensured that the fuel entered all the way into the
chamber, away from its walls. After the liquid fuel injection, the liquid started vaporizing, and
the absolute pressure of the chamber increased. The net increase in the absolute pressure of the
chamber, after and before the fuel injection, matched with the desired partial pressure of the

liquid fuel, which ensured the complete vaporization of the liquid fuel.

For demonstration, the 35% (n-Ci12H26+18.502) + 65%N2 mixture at $=1.4, 1 bar, and 450 K
was considered. The partial pressures of the respective species were: pn-c12H26 = 25 mbar, po2 =
325 mbar, and pn2 = 650 mbar. Now, the heated chamber at 450 K was evacuated to 1 mbar.
At this condition, an equivalent volume of liquid n-dodecane was injected into the chamber to
attain the desired partial pressure and allowed to evaporate. During the evaporation of the n-

dodecane, the absolute pressure of the chamber increased. At the end of fuel evaporation, the

34



absolute pressure of the chamber was 26 mbar (1 mbar + 25 mbar), and it remained constant,
as shown in Figure 3.11. Once the chamber attained a steady estimated partial pressure of the

liquid, the complete vaporization of the liquid was confirmed.
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Figure 3.11. The absolute partial pressure variation during the mixture preparation stage.

Other gaseous species were then filled into the chamber based on the values of the
respective partial pressures in ascending order. During the purging of N2> from the chamber,
followed by the evacuation processes, the temperature measured inside the chamber showed a
minor reduction, but it was recovered back to the desired initial temperature after the
completion of filling of the combustible mixture, as it was observed from the temperature

measurements.

3.5.3 Preparation of combustible mixtures without N>

In the present work, the following mixtures, (100-Z) % (Fuel+(O2/¢)) + Z% (CO2/H20), were
investigated. The speciality of the above mixture was that it did not involve any nitrogen. For
such mixtures, the following procedure was adopted, and it was applicable for all initial
temperatures and liquid/ gaseous fuels. Initially, the chamber was purged with dry air. Then, it
was evacuated till 1 mbar. Now, the partial pressure of N2 in the chamber was 7.9e-4 bar. Then,
the chamber was filled with pure oxygen till 0.5 bar, and the mole fraction of N in the chamber
was 1.58e-3. Then, the chamber was again evacuated to 0.001 bar, and the partial pressure of
N2 in the mixture was 1.58e-6 bar or 0.158 Pa. Then, the gas species needed to prepare the
mixture was filled in ascending order based on their partial pressures. For example, the

chamber was filled with a non-nitrogen combustible mixture till 1 bar. Now, the mole fraction
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of N2 in the mixture was 1.58e-6, which was quite negligible, and hence, the mixture was
considered to be free of nitrogen. After this procedure, the combustible mixture was prepared
based on the above-said methods meant for gaseous mixtures or mixtures that involve liquid

fuels.

The abovementioned sections clearly discussed the methodology to prepare a quiescent
combustible mixture for a given equivalence ratio, initial pressure, and initial temperature.
Then, the combustible mixture was ignited at the centre of the chamber using the spark ignition
system with the lowest possible ignition energy [93]. A delay pulse generator was used to
synchronize the spark ignition, high-speed imaging, and pressure-time acquisition. From the
onset of ignition and the associated flame propagation was recorded in a high-speed camera.
Also, the unsteady pressure-time history measured by the unsteady pressure sensor and
amplified by a charge amplifier was recorded in an oscilloscope. At the end of combustion, the
chamber was immediately purged with the dry compressed air to remove the residuals of

product gas and bring the chamber temperature back to its operating conditions.

3.6 Design of experiments

Table 3.2. Operating conditions of various mixtures

- Initial conditions Diluents (%, by vol.) Blending
Fuel/oxidizer
P (bar) T (K) [0 CO; H.0 N> H,
Dodecane/air 1,2,4 | 400-450 | 0.8-14 - - - -
Dodecane/O, 1,2,4 | 400-450 | 06-1.4 65 65 55, 65, 75 -
(Dodecane+Hy)/air | 1,2, 4 425 08-14 - - - 0-40
Methane/O; 1,2,4 | 393-453 | 0.6-1.4 50 40, 50, 60 50 -

To meet all the objectives, the gas mixtures listed in Table 3.2 were investigated. All the
experiments were carried out with an adequate number of repetitions, and the average value

was reported.

3.7 Methodology

In this section, the necessary spherical flame theory, data reduction, and image processing
procedures, laminar burning velocity and burned gas Markstein length formulations, different
extrapolation schemes, various Lewis number correlations adapted for different mixtures, and
finally, experimental operating procedures for both gaseous and liquid fuel mixtures are

presented in detail.

36



3.7.1 Freely expanding spherical flame method (SPF)

The earlier section explained in detail regarding the present new combustion rig to
measure the LBV using the SPF method. In this method, the combustible mixture was prepared
in a constant volume chamber, and the same was ignited at the centre of the chamber using an
electrical spark. A spherical flame was formed at the centre, and it outwardly propagates, as
illustrated in Figure 3.12. As mentioned earlier, the pressure of the chamber remained constant
during the consumption of 1-2% of the volume of the reactants in the chamber. After that, the
pressure of the chamber rises, and it attained a peak value as the reactants were completely

consumed.

' Reaction | Products
Z0one : zone

Ty

Preheat zone

-

v

Molefractions / Temperature / NHRR

~ Cuboidal chamber

Flame thickness ()

Figure 3.12. Graphical illustration of spherical flame propagation inside the cuboidal chamber and

typical flame structure of stoichiometric methane/air mixture at 1 bar 300 K

In this work, the flame propagation event was imaged during the pre-pressure period,
and it was processed to find the unstretched LBV. From this point onwards, the discussion was
with respect to the constant pressure of outwardly spherical flames only. As the pressure
remained constant, the flame separated the products from the reactants, as shown in Figure
3.12. The structure of a laminar flame is also shown in Figure 3.12, where the presence of large
gradients in temperature, mole fraction, and net heat release rate (NHRR) intimated that the
transport phenomena was quite important over there. The flame consisted of a thick preheat
zone and a reaction zone. The reactants are heated in the preheat zone by means of heat
diffusion from the reaction zone, and its temperature is raised. The preheated reactant
transformed into products in the reaction zone, with a large amount of heat release, and the

products leave the reaction zone at the equilibrium flame temperature. The heat release rate
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was confined within the narrow reaction zone, which strongly depended on the flame

temperature.

With respect to the laboratory coordinates, the burned gas products are expanding, or
the flame is propagating into unburned gases at a velocity, Sy, and is called laminar flame speed.
Unburned gases adjacent to the flame front was pushed away by the flame due to the expansion
of the burnt products at a velocity of Ug. The unburned reactants got transformed into products
at a velocity of Sy, which is called laminar burning velocity, and it is the relative velocity of the
flame with respect to the unburned gases. The laminar burning velocity of the constant pressure

spherically propagating flame can be expressed as

Sy = Sp— U, 3.1

The above equation is independent of the thermodynamic properties of reactants or products,
and it needs only the information of laminar flame speed, Sp, and Ug, and unburned gas velocity
with respect to laboratory coordinates. But the challenge here is that in a propagating spherical
flame method, it is very difficult to measure the Ug, due to the available short span of time.
Only Balusamy et al. [94] and their co-workers had measured the Ug using a two-dimensional
particle image velocimetry technique and had reported the laminar burning velocity based on
Eq. 3.1. PIV needed seeding particles to be added to the unburned gases, which will result in
additional uncertainty in the measurement of LBV. For high-speed mixtures, this method
becomes more complicated. Hence, in the present work, the LBV was estimated by applying

the continuity equation at the infinitesimal flame surface as follows:

puSi = PbSp 3.2
where S2 denotes the unstretched LBV, Sp denotes the unstretched laminar flame speed, pu
represents the density of reactants obtained from the known composition and thermodynamic
conditions of reactants, and p,, corresponds to the burned gas density estimated by assuming
burned gases to be at the equilibrium condition. The estimation of unstretched LBV using Eq.
3.2 is the standard methodology, as mentioned in Law et al.[95], Egolfopoulos et al. [96] and
Faeth et al.[97].

3.7.2 Data reduction procedure

In this section, the procedure involved in the estimation of unstretched LBV and burned
gas Markstein length from the raw experimental data is explained in detail. At the end of each
successful experiment involving a combustible mixture at a prescribed initial pressure, initial

temperature, and equivalence ratio resulted in the acquisition of the following data: (a)
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unsteady pressure time history, (b) video of the flame propagation event. The post-processing
starts with the identification of the constant pressure period from the measured pressure-time
history. In the present work, the constant pressure combustion regime was considered to be
within a 1-2% rise of the initial chamber pressure. Figure 3.13 shows the typical unsteady
pressure history recorded during the combustion event of stoichiometric n-dodecane/air
mixture at 1 bar and 450 K. The noise in the measured unsteady raw pressure data was
essentially due to the high sensitivity of the unsteady pressure sensor. Use of any digital filters
will remove the noise. As the pressure-time data was not used for the estimation of LBV, no
filters were applied. The peak pressure measured at the end of combustion was 6.02 bar. The
equilibrium pressure was also estimated using a constant volume combustion model in
CHEMKIN for the corresponding condition and was 6.49 bar. The deviation between the
measured peak pressure to that of the equilibrium values was 7.24%, and it was essentially due
to the energy losses from the flame to the chamber walls. The close agreement confirmed the
accurateness of the present mixture preparation methodology. A similar observation was also

presented by Keshavamurthy et al. [24] for a wide-range of methane-air mixtures.
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Figure 3.13. The unsteady pressure evolution with time after the spark (left) of stoichiometric n-
dodecane/air mixture at 1 bar 450 K. The zoomed version of the constant pressure zone (right) with

upper and lower radius limits illustrated

3.7.3 Image processing

The images recorded from the high-speed camera were processed using an in-house
MATLAB program to extract the flame radii. The canny edge detection function available in
MATLAB [98] was used to find the edges of flame, optical access, etc. Only the smooth flames
recorded in the pre-pressure period was considered. Initially, an image without any flame

(background) was processed using the code to find the circular edge of the optical access, and
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later its diameter was estimated in terms of pixels. From the information of the known diameter
of the optical access (107 mm), a calibration factor to convert the pixels into the respective
physical distance was estimated. Then, standard heights having width and height of 10 mm and
20 mm was placed on the flange of the optical window, and it was imaged independently. Then
it was processed using the developed code, and their dimensions were estimated and checked
against the known distances to verify the accuracy of the estimated calibration factor in
estimating the smaller distances, as the present work used flame radii in the range of 8 mm-20
mm. Next, the background image was subtracted from all the images having smooth spherical
flames to remove other edges that are of no interest, such as the electrode and window opening,
from the image. After the subtraction, the image contained only the flame, and it was referred
to as the foreground image. Then, its edge was identified. There were minor disturbances
observed on the flame edge close to the electrodes, and hence, to avoid such effects on the
LBV, 0-5° segment near the electrodes were omitted. The geometric centre of this edge was
then found for a given foreground image, and the radius (in terms of pixels) of each point on
the edge, excluding the 0-5° segment near the electrodes, was found. This radii information
was used to determine the optimum radius of the flame at that instance of time by optimizing

using an objective function, fmincon, in MATLAB. The objective function was:

n

objective = Z(ri(t) — 1)’ 3.3

=1

Where 7; is the radius of the flame edge and 7, is the fit radius obtained through the circle fit

method, and k is the number of points considered for circle fit. Figure 3.14 shows the sequence
of image processing operations to find the flame edge without the regime close to the electrodes
and its flame radius. The same procedure was extended to all the eligible images recorded for

a given experiment.

The previous section explained the procedure for finding the flame radius from the recorded
flame image. For a given experiment, the flame radii were estimated from all the eligible flame
images along with their absolute time stamp with respect to the onset of ignition. The flame
radius-time were used to calculate the stretched flame speed, Sy, by the first-order derivative
using the finite-difference of the two consecutive instantaneous flame radii as

dry T =T

=1 = 3.4
dt — t,—t;

Sp
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Figure 3.14. The sequence of image processing procedures illustrated

where ryi, rr are the flame radius at time ty, to =t; + At where At = (frames of camera/s)™*. The
occurrence of scatter in the data was due to the numerical differentiation of the raw data was
corrected by using the LOWESS algorithm in MATLAB.

The area of the expanding spherical flame was affected by the unsteadiness and curvature,

and it is called flame stretch. It was quantified by flame stretch rate,

K= 2drf 35
a Iy dt '

Figure 3.15 shows the stretched flame speed against the flame stretch rate of
stoichiometric n-dodecane/air mixtures at 1 bar, 425 K. The open circle in the figure refers to
the data extracted from all the eligible flame images. The observation of Figure 3.15 indicated
that immediately after the onset of the ignition, the flames in the radius range of 3-8 mm were

largely affected by strong stretch effects (700-600 s1), and their stretched flame speed showed
a strong non-linear relation towards the flame stretch rate. The reason was that the ratio (5 /rf)

of flame thickness (5) to the flame radius (rf) was higher, indicating the presence of active
transport effects as well as the flames were not fully developed. Then, in the radius range of 8-
20 mm, which corresponded to a flame stretch rate of 600-200 s, the stretched flame speed

well-behaved towards the stretch effects as shown in the figure as the flames in the regime
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were fully developed spherical flames with lower values of (5 /rf) and that too away from the

ignition transient effects. Beyond the flame radius of 20 mm, again, the flame speed showed
strong non-linear effects, and this was essentially due to confinement effects. For a given
experiment, the range of data chosen for the extrapolation was achieved by plotting the data
similar to that of Figure 3.15 to ensure that the data was free of ignition transients and
confinement effects. Figure 3.15, the data chosen for finding the unstretched laminar flame
speed is marked in red-filled circles. The same procedure was followed during the post-
processing of experimental data. Also, linear and nonlinear extrapolation fits are presented for
the non-unity Lewis number mixture, and its significance for the present mixture is discussed

in chapters 6-9.
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Figure 3.15. Ignition and confinement effects of spherically propagating stoichiometric n-dodecane/air
mixture at 1 bar 450 K

3.7.4 Procedure for the estimation of unstretched laminar flame speed

The above section explained the procedure to obtain the stretched flame speed as a function
of a finite stretch rate. Now, to find the unstretched flame speed, S2, the obtained stretched
flame speed needed to be extrapolated to zero stretch rate or infinite flame radius. The present
studied mixtures had a non-unity Lewis number, Le, due to the significant differences in the
mass diffusivity of O> and n-dodecane. Hence, non-linear extrapolation models were used over
the linear model. The current work utilized the two non-linear models (a) Eq. 3.6 proposed by
Kelly and Bechtold [99] addressed as nonlinear expansion (NE), and (b) Eq. 3.7 reported by

Kelly and Law [100], addressed as Quasi nonlinear scheme (NQ) to estimate the unstretched
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flame speed, S2. The nonlinear extrapolation scheme (NE) uses radii and stretched flame speed,
whereas NQ scheme uses stretched flame speed and stretch data to obtain the unstretched flame
speed (SP) and burned gas Markstein lengths (Z,). As explained in the foregoing sections,
flame radii in the range of 8 — 20 mm was used for the extrapolation to avoid ignition transient,

and confinement effects.
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Finally, the unstretched laminar burning velocity S2 was obtained by multiplying the

I'¢

unstretched flame speed with the density ratio (burned/unburned), and the burned gases were

assumed to be in equilibrium, and it was estimated using equilibrium calculation.

o
59 = 89 <p—"> 3.8
Pu

where py is the density of the reactants and p° is the density of products.

3.8 Flame global parameters

The following important flame global parameters that are frequently used in effective Lewis
number correlations are estimated for different mixtures and discussed in the results and

discussion section, therefore, their definition and formulation are provided here.

3.8.1 Flame thickness

There are two procedures available to estimate flame thickness. The first method was based on

the transport and combustion properties of the reactants, as shown in equation 3.9:

¢4 u
0= S_g or§ = 5—3 3.9
A
a = 3.10
pucp,u

Equation 3.9 uses thermal diffusivity, «, or mass diffusivity, Dy, of the mixture and unstretched
LBV (S9) to find the flame thickness. The thermal diffusivity of the mixture was estimated by
Eq. 3.10. It depends on the thermal conductivity (1) and constant pressure specific heat capacity

(cp,u) of the unburned gas mixture. But the mass diffusivity of the reactant mixture has multiple
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definitions, such as (a) binary diffusivity of a deficient reactant to a bulk species, (b) mixture
diffusivity, and (c) multi-component diffusivity. Based on the choice of the thermal or one of
the variants of mass diffusivity results in multiple values of flame thickness. Also, EQ.3.9 is a
function of the LBV, which prevents the independent nature of the flame thickness in

characterizing the flame behaviour [101].

Therefore, due to the concerns stated above, in the present work, flame thickness was estimated
by using Eqg. 3.11.

Tb _Tu

(Eil_z;)max 3.11

It needs the temperature profile of the flame, which was obtained from the freely

5 =

propagating planar flame simulations in CHEMKIN. From the temperature profile, the
equilibrium flame temperature and the maximum temperature gradient was estimated, and then

the flame thickness was estimated.

3.8.2 Activation energy or Zeldovich Number

The activation energy (Ea) represents the sensitivity of the LBV to the variation in the flame
temperature, and it was expressed in Eq. 3.12, which is also called as the activation temperature.
The activation temperature is the negative slope of In(p,S2) vs 1/Ty plot. For plotting
purposes, In(p,S2) and 1/T, was obtained for the mixture at a given pressure, temperature,
and at slightly different equivalence ratios other than its initial value. A dimensionless form of
activation energy is designated as the Zeldovich number (Eg. 3.13),

R 1 '
u 3( /Tb)
Ea(Tb - Tu)
e = ———— .
e RuTbZ 3.13

Where p,, S are the unburned mixture density and LBV. Ty denotes the equilibrium flame

temperature, Ty refers to the temperature of the unburned gas mixture, and Ry is the universal

gas constant.
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3.8.3 Analytical estimation of Markstein length

Burned gas Markstein length, Ly, represents the sensitivity of the flame propagation speed
to the stretch rate. In one of the previous sections, the estimation of L, from measurements was
deliberated. Now, in this section, the existing procedure reported in the literature to find Lb
analytically is described. Bechtold and Matalon [102] provided an analytical expression (Eq.
3.14) to estimate the Ly as a function of density ratio o, the effective Lewis number of the

mixture, Leesr, and Zeldovich number, Ze.

L= §la— (o6 —1)y;/o] 3.14
a=y +% Ze (Legsr — Dy, 3.15
20
Y1 = N 3.16
4 1
T

with L = Lv/o, 8 is the flame thickness using Eq. 3.11, Ze is the Zeldovich number using Eq.
3.13, and Leesr is the weighted average of the Lewis numbers of the deficient and excess

reactants.

3.9 Thermo-diffusive instability

The distinct feature of the outwardly propagating spherical flame method was that it provides
an quantitative information on the flame stability with respect to thermo-diffusive effects in
terms of burned gas Markstein length. It quantifies the response of the flame to the stretch
effects. A combustible mixture is stable/ unstable to thermo-diffusive effects if the L, was
positive/ negative. As Ly quantifies the thermo-diffusive effects, it is a strong function of the
Lewis number of the combustible mixture. If a flame was stable/ unstable with respect to the
thermo-diffusive effects, then the Lewis number of the combustible mixture will be greater/
lesser than the unity or critical Lewis number (Le*). Lewis number (Le) is a ratio of the thermal
diffusivity (o) of the mixture to the binary mass diffusivity (Dj), where i/

J represents the deficient/ bulk species.

a A
Le= —=
Dij  pucyDij

3.18

Where A, p, and ¢, were thermal conductivity, density, and specific heat capacity of the
reactants. It indicates the stability of the flame towards an imbalance in thermal and mass

diffusional effects. The general definition of Lewis number with respect to the binary mass
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diffusivity of deficient reactant into the bulk species lacks in the estimation of the flame
transition from stable to unstable due to the following reasons, (a) identification of the deficient
reactant to estimate the binary mass diffusion coefficient was quite challenging, especially for
mixtures involving heavy hydrocarbon fuel as the mole fraction of the fuel will be always
smaller as compared to other species, hence it is ambiguous, (b) it is easily applicable for single
fuel, than for multicomponent fuels as a complication arises in finding the suitable
representative species, (¢) many intermediate species emerge in the preheat zone and influence
the Lewis number with their different diffusivities, which was not accounted in the estimated
Lewis number. To overcome these challenges, researchers had defined effective Lewis number
(Leesr). It is a kind of mixing rule which includes the contribution from most of the relevant
species in the mixture. Leesr correlations developed for binary fuel mixtures where accurate
enough to find the transition of Markstein length from positive to negative[103,104]. In the
present work for oxy-fuel mixtures (n-dodecane/O. and methane/O,) effective Lewis number
proposed by Addabbo et al. [105] (Eq. 3.19) was used, and for the hydrogen blended n-
dodecane diffusion dominated mixtures, diffusion model suggested by Dinkelacker et al. [106]
(Eg. 3.20) was adopted.

(a) Effective Lewis number (Addabbo et al. [105]) for oxy-fuel-diluent mixtures

n (LCE- 1)+(LCD- 1 )A
1+A

3.19

Legy=

where Leg / Lep are excess/deficient reactant’s Lewis number. A=1+Ze (®-1) is a measure of
mixture strength, and @ is defined as the ratio of the mass of excess-to-deficient reactants in

the fresh mixture relative to their stoichiometric ratio, and Ze is the Zeldovich number.
(b) Diffusion Model (Dinkelacker et al.[106]) for hydrogen blended n-dodecane/air mixtures
Diffusion model based on an effective molecular diffusivity of the fuel components Det

1 _ Deff
Leeff a

3.20

where, Derr = Xci12m26Dc12m26 T Xn2Du2 With x; being the volumetric fractions of the fuel

mixture, and a = A/p . is the thermal diffusivity of the mixture, 4 = mixture averaged
u*p

thermal conductivity, py is the unburned mixture density, and Cp = specific heat of the mixture.
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Researchers [Matalon [102], Chen [107], and Law et al. [108]] had calculated the Lewis
number by following asymptotic analysis, which involved burned gas Markstein length too. In
the present work, one of such variations presented by Becktold and Matalon [102] was used to
estimate the Lewis number of premixed n-dodecane-air mixtures. It was called the BM model

[102] in this work, and it is as follows:

BM model estimates Le as a function of experimental burned gas Markstein length.

Le=14+|——
5 Jo+1

Ly 2 ] [ 2Ze {\/5— - ln(% (\/E . 1)}]—1 201

c—1

where Ly and ¢ are the burned gas Markstein length from measurements and laminar flame
thickness from the predicted temperature profile. o is the ratio of unburned to burned gas

densities, and Ze is the Zeldovich number.

Critical Lewis number (Le*) was calculated using Eg. 3.22 according to [109],

1
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Figure 3.16. Comparison of different Lewis number models for n-dodecane/air mixture at 1 bar 425 K

Figure 3.16 shows the capability of different Lewis number formulations in the prediction of
transitions at ¢ = 1.4 and the shifts when the equivalence ratio increasing from lean to rich. The
deficient reactant model shows a sudden jump; the effective Lewis number model shows a
smooth transition but failed to predict the thermo-diffusive instability. The BM model shows

the accurate prediction of transition and Le < Le* for unstable flames. This suggests that it is
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difficult to determine the most accurate Lewis number definition, which is valid for all mixtures

and all operating conditions.

3.10 Hydrodynamic Instabilities

The critical radius was the radius of the spherical flame where the flame started developing
uniform cells on the surface in a significant amount. Quantification by earlier researchers was
based on visual inspection. The present work estimated the radius using a MATLAB program
based on cell identification criteria rather than visual inspection. For calculating the critical
radius, the intensity of the pixels in a rectangular inspection area of 69920 pixels (two
rectangles of size 190 x 184 to omit electrodes) within the diameter of the optical access

window was monitored, as shown in Figure 3.17.

Figure 3.17. Inception area of the spherical flame for cells

The developed criteria: 1) Image corresponding to the maximum change in the average
intensity to the base image without the flame, 2) The maximum value of the second-order time
derivative of intensity should occur within 0.1% of the frame rate after attaining a peak value
of first-order time intensity and 3) The instant corresponding to drop below 85% of the average
intensity of at least 0.14% of the total number of pixels (equal to ~50 pixels, this value can be
adjusted with intensity and tailored as per the requirement). All the criteria were verified and

sequenced based on robustness and accuracy.

The resilience of a flame to hydrodynamic instability was directly proportional to its laminar
flame thickness (). Here, the necessary data of flame thickness was computed for different
mixtures from the respective temperature profiles predicted using CHEMIN. The critical radius
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(Rer) was normalized with the flame thickness to calculate the critical Peclet number (P¢r) to
categorize the instabilities. Thermal expansion ratio (o) was obtained from burned and
unburned gas mixture densities, and this parameter provided information about the density
jump across the flame. The coefficient of self-acceleration (o) was obtained by fitting the
radius-time data in the equation, R = R, + Ct%*, where R, (referred to as virtual origin), C

(constant) and o were the fitting parameters.

3.11 Uncertainty quantification

The uncertainty involved in the measurement of unstretched LBV and burned gas Markstein
length by using the outwardly propagating spherical flame method was quantified statistically
based on the propagation of uncertainty method proposed by Xiouris et al.[110]. In this method,
the uncertainty was estimated by considering all the parameters relevant to measurements, data
processing, and data interpretation. Based on this method, the total uncertainty involved in the

measurement of laminar burning velocity (aso) will be discretized into two stages (i) mixture

preparation and (ii) Post-processing. The uncertainty of each stage was evaluated separately
and subsequently combined to provide an accurate estimate of the total uncertainty in the

reported S2 and L.

The general expression for uncertainty from all parameters (such as mixture preparation, initial
temperature, pressure, etc.) Q to the function F = F (Q1, Q2,...QM), with M being the number

of parameters involved, is:

L NP\, N0 N (OF\ [ 0F
a2 = 2(6_@) o +Z | Z (G_Ql) (6_Q1> a; 323

i=1 i=1i=1,J#i

Where a; is the uncertainty of each parameter, Q;, a;; are the correlation coefficient between
parameters Q; andQ;, and ar the final propagated uncertainty of F. The detailed uncertainty
procedures are explained with sample calculations reported in Appendix B. The uncertainty of
LBV and L, for each and every operating condition is different. The absolute value of each
operating point is represented in the figures in the results section. For presenting the data in a
readable fashion, the uncertainties of LBV and Ly, were averaged over equivalence ratio for a
given temperature and pressure. From the estimated averaged values of different pressures and
temperatures of a given fuel-oxidizer mixture, the minimum and maximum values were

estimated and presented in Table 3.3.

49



Table 3.3. Uncertainties averaged over equivalence ratio of LBV and Ly, for various mixtures

) Uncertainty range (%)
Study Mixtures i
LBV Markstein length
Study-1 n-dodecane-air +5.87-6.03 +6.27-9.28
Study-2 | n-dodecane-O»-diluents | £5.81 - 6.45 +7.64 - 8.95
Study-3 (n-dodecane+Hy)-air +4.8 - 8.69 +7.8-13.2
Study-4 Methane-Oz-diluents +4.83 -6.93 16.48 -9.42

3.12 Summary

A test facility for performing spherical flame experiments was developed, and the necessary
subsystem are customized. The strategy for data reduction and image processing was finalized,
and an in-house code was developed for (a) image processing, (b) nonlinear extrapolation
schemes, (c) uncertainty quantification, (d) hydrodynamic instability, (e) LabVIEW program
for data acquisitions. Various Lewis number correlations were identified for specific mixtures,
and the procedure to determine unstretched LBV and burned gas Markstein lengths are
concluded. Also, different flame global parameters such as flame thickness, activation energy,

and Zeldovich number formulations are discussed.
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CHAPTER 4
NUMERICAL APPROACH

4.1 Introduction - CHEMKIN

CHEMKIN is a software to solve complex chemical kinetics problems for various
industrial applications, including combustion and chemical processing. The software was
originally developed by Sandia National Laboratory, and has been continuously developed and
improved by Reaction Design, recently CHEMKIN was procured by ANSYS Inc.

Gas Phase Kinetics

Thermodynamic
data

Gas Phase
Chemistry

Transport

Transport Data .

PREMIX input
y

PR!EM[X Text output
Application

XML
Solution File

Export
data

Figure 4.1. Structure of the CHEMKIN (PREMIX) Program

1
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CHEMKIN is a highly structural program with several sub-programs, including Gas-Phase
Kinetics, Transport, Surface Kinetics, Application solver, and Graphical Post-Processor. The
workflow diagram of the CHEMKIN is shown in Figure 4.1. In this section, all the equations
and figures are cited from CHEMKIN manuals [111].

4.2 Gas-phase kinetics utility

In Gas-Phase Kinetic, Gas-Phase Kinetic Pre-processor reads a symbolic description of a
reaction mechanism from the chemical kinetics input data file and then extracts the needed
thermodynamic data from the Thermodynamic database for each species involved in the
reactions. The input file species the elements, species, and the elementary reactions in detailed

chemical reaction mechanism.

The Thermodynamic Database is a large data file which contains the polynomial coefficients
of thermodynamic properties: specific heat at constant pressure, enthalpy, and entropy, of each

species as follows.

- s, ¢ _
Specific heat at constant pressure 2+ = ¥3_ aj T 2 = ¥3_; a T 4.1
M _ y5 Gkigpk-1 G
Enthalpy RT D=1 p T + T 4.2
i 5 ki mk-1
Entropy —- = ay;InT; Xpep ST + ay; 4.3

The users can optionally specify the thermodynamic data of any species in an input file to
override or supplement the database information.

Once the Gas-Phase Kinetic Pre-processor is executed, the information from Thermodynamic
Database and user-specified chemical kinetics input is stored in the Gas-Phase Kinetics Linking
file. The Linking file is subsequently accessed by subroutines in Gas-Phase Kinetics Subroutine
Library to complete the information on the equation of state, thermodynamic properties, and
production rate. The Gas-Phase Kinetics Linking File is also required to execute Transport Pre-
processor and needed in Gas-Phase Kinetics Subroutine Library.

4.3 Transport utility

In the reaction flow, the chemical species production and destruction is often balanced by a
transport due to convection or diffusion. The transport properties play a key role in determining
the gas state in laminar premixed and diffusion flames. Transport utility computes the

molecular transport of species, momentum, and energy in a multi-component gaseous mixture
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and requires the evaluation of diffusion coefficient, viscosities, thermal conductivities, and
thermal diffusion coefficients. There are two kinds of methods to solve transport properties:
multicomponent and mixture-averaged methods. For the mixture-averaged formula, the

diffusion velocity Vi is assumed as

Vi=Ui+Wi+VC 4.4
Where v; is the ordinary diffusion velocity and is given in Curtiss-Hirschfelder approximation
by
b 1dX;
tm Xi dx

Where X; is the mole fraction and where the mixture-averaged diffusion coefficient D;,, is

VU = 45

given explicitly in terms of the binary diffusion coefficients.

b _ 1Y
m = X,-/ 4.6

Jj#i
A non-zero thermal diffusion velocity is included only for the low molecular weight species H,
H>, and He. The thermal diffusion velocity is given as

D ©; 1 dT

1
i 4.7

w; =
Where ©; is the thermal diffusion ratio.

The correction velocity, V¢, which is a function of distance, x, is included to insure that the

mass-averaged diffusion velocity of all species in the mixture is zero, as shown below:

z Y.V, =0 48

i=1

On the other hand, for the multi-component method, the diffusion velocity is defined as

~

Vi = V; + w; 4.9
The correction velocity, Vc is not required in the multi-component method.

And the ordinary diffusion velocity is given as:

1
1

JE!

Where W is the mean molar mass, W is the molar mass of species j, and d; is defined as:
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1
The thermal diffusion velocity is given as

Df1
= L _ VT 4.12
YT N T

Where D] is the thermal diffusion coefficient for i species.

The multi-component methods have several important advantages over the relatively simpler
mixture averaged methods. The multi-component methods have a better accuracy. The
mixture-average methods can predict accurately on some special cases, such as in a binary
mixture or in the diffusion of trace amounts of species into a nearly pure species. On the other
hand, mixture-average methods have an advantage to save the computational time comparing
to multi-component methods due to its simplicity. In the transport utility, Transport Pre-
processor computes the polynomial representations of the temperature-dependent viscosities,
thermal conductivities, and binary diffusion coefficients of each species involved in the
reaction from transport property database and gas phase kinetics subroutine library. The
polynomial fitting for these transport properties are given as

Viscosity Inn; = YK_; ap;(InT)*1 4.13
Thermal conductivity — In; = Yk_; by ;(InT)*? 4.14
Binary Diffusion Coefficient InD;; = Y§_; ai;; (InT)*™* 4.15

By default, Transport uses third-order polynomial fits (K=4), and the fitting errors are well

within one percent.

Similar to Gas-Phase Kinetic Pre-processor, users can specify the transport property data in an
input file to override or supplement the transport database. The transport pre-processor
produces a linking file which is needed in the transport subroutine library, which will evaluate

the mixture properties for the Application solvers.

4.4 Application solvers

Users specify the Application Solvers for their own applications. The Application Solvers
include EQUIL, OPPDIF, PLUG, PREMIX, SHOCK, and SURFTHERM. The Application
Solvers call the appropriate subroutines from Gas-Phase Kinetics and /or transport Subroutine
or Surface Kinetics Libraries depending on the applications solvers for the simulations of
chemical characteristics in different applications.

54



4.4.1 PREMIX

In the present work, the unstretched flame characteristics were simulated using PREMIX, a
steady, one-dimensional, laminar premixed flame code of Kee et al. [112] available in
CHEMKIN. PREMIX is a FORTRAN program that computes the flame characteristics that
included species mole fraction, temperature profiles, and laminar flame speed for steady burner
stabilized and freely propagating premixed laminar flames using finite-rate chemistry and

molecular transport.

In the PREMIX code, users specify either Burner-stabilized flame or Flame-speed Calculation
models. The burner-stabilized flame model is one of the most commonly used model for
analysing species profiles in the flame experiments, where the mass flow rate through the
burner is known. The users have two options for this model: one where the temperature is
known and another in which the temperature profile is determined by the energy conservation
equation. In the case where the temperature profile is known, only the species transport is
solved. In most of the experimental setup, there would be significant heat losses to the external
environment, which are of unknown or questionable origin and thus are difficult to model. The
chemistry strongly depends on temperature, so the chemical kinetics behaviour can be
accurately simulated knowing the temperature profile in a flame. The flame speed calculation
model involves a freely propagating flame. This configuration is used to determine the
characteristic flame speed of the gas mixture at specified system pressure and inlet temperature.
In this model, the temperature was computed from the energy equation. Flame speed depends
on the thermal energy transport, and predicting the temperature distribution is an integral part

of the flame speed calculation.

In order to formulate the governing equations, the following assumptions were made: no body
forces, zero bulk velocity, no Dufour effect, no viscous dissipation, ideal gas behaviour of the
mixture, and a constant pressure. The final form of the governing equations in the PREMIX

flame code is as follows [112],

M = pud 4.16
N N
MdT ! d(AAdT)+AZ Y; V;C dT+AZh v, =0 4.17
dx C,dx dx)  Cpe Pr Vit Cp 4 W = '
i=1 i=1
.dY; d
chi_ 2 V) — Aw. = 4.18
M~ (pAY; V) — Aw, =0
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pW

- 4.19
R,T

p

The net production rate of each species w, results from a competition between the chemical
reactions involving that species. Each reaction proceeds according to the law of mass action,
and the coefficients of the forward reaction rate is given in the modified Arrhenius form,

_EA
RT )
PREMIX reads the user input, which defines the flame condition, and puts any other needed

kr = ATP exp( 4.20

parameters in a keyword format from the input file. The users have to specify three valuables:
either pressure or density, temperature, and either a mass fraction, mole fraction, or molar
concentration, to describe the state of a gas mixture. The PREMIX computes the flame
properties and produces printed output, and saves the solution in an XML solution file. The
solution file may be used as an initial estimate to compute the properties of a new flame

condition, which may decrease the iteration time of the new computation.

4.5 Numerical solution method

The numerical solution procedure involves the application of finite difference approximations
to the partial differential equations of the boundary value problem to obtain a system of
algebraic equations. To start the iteration of the 1-D steady state freely propagating flame
model, an initial estimate of the solution is required. The general form of this estimate is shown
in Figure 4.2. On the reactant side of the reaction zone, the reactant species profiles are flat at
the reactant values. On the product side, the product species are flat at the estimated product
species. While the intermediate species profiles are estimated using a Gaussian profile that
peaks in the centre of the reaction zone. The peak heights of major intermediate species, the

centre zone, and the reaction zone width are specified in the input file.

Starting from the initial approximation on a small number of mesh points, new mesh points are
added adaptively in the regions where the solution or its gradients change rapidly. The
approximation on the finer mesh are obtained by interpolating the solution on a previous mesh.
This procedure continues to add more number of grids or meshes until the number of mesh
resulted in a converged solution that satisfied all the boundary conditions. The system of
algebraic equations is solved for the solution vector by the damped modified Newton algorithm
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Figure 4.2. Profiles of reactant and products initial estimates

in TWOPNT. The approximated solution vectors defined as ¢ are substituted into residual
vectors defined as F(¢) composed of the energy and species, and continuity equations.
CHEMKIN solves the vector ¢ that satisfies.

F(¢)=0 4.21

and the solution vector for this is given as,

¢ = (Tll Yl,ll ey YK,ll Ml' ey T], Yl,]' ey YK,]' ]%)T 4.22
With the sufficiently good approximation ¢(® of the solution, Newton’s method produces a
sequence ¢ ™Mthat converges to the solution of the nonlinear equations (¢). Newton’s method

can be expressed as

-1

oF
mi1) — gn_ (OF (n)
SO+ = (a¢>¢(n)F(¢ ) 4.23

The Jacobian matrices g—; is replaced by J™ defined as
_Fi(¢; +8) — Fi(4) 424

iJ 5
And the full step form ¢ to ¢ ™+1 may be cut short by a damping parameter 1) where (0

< A(n) <1), then the iteration becomes

¢(n+1) = ¢" — )L(](n))—lp((p(n)) 4.25
If the damped modified Newton algorithm fails to converge, the solution estimate is

conditioned by integration over time. This provides a new starting point for the Newton

57



algorithm that is closer to the solution, and this is more likely to be in the domain of

convergence for Newton’s method.

4.6 Boundary conditions

Unburned gas side or cold boundary: Temperature and mass-flux fractions are specified
Burnt side or hot boundary:
Temperature and mass flux fraction gradients are zero, i.e.,

dr _av _
dx dx '

where K = 1,2...kg and Kg is the number of species.

4.26

For freely propagating adiabatic flame simulations, mass consumption rate, M is an eigen value
and is determined as part of the solution. It requires an additional boundary condition. So, the
flame location is specified in terms of known temperature, and it is fixed at a point. The
selection of this point is to insure that the temperature and species gradients “nearly” vanish at
the cold boundary. If this condition is not met, then the resultant burning velocity will be low
because of some heat loss through the cold boundary. These boundary conditions are sufficient

for the prediction of the burning velocity.

4.7 Grid independence study

The computation started with a coarse mesh with the grid adaptation parameters as GRADO.5
and CURVO0.5 of computational domain length varied from -2 cm to 10 cm. Then, the GRAD
and CURV were systematically decreased, as shown in the table reported in Figure 4.3(a).
Reduction in the values of GRAD and CURYV lower than 0.01 and 0.1 did not show any change
in the solution, which could be observed from the residues plotted in Figure 4.3(b). Therefore,
the grid refinement was achieved at a GRAD=0.01 and CURV=0.1, and hence, the same
parameters were applied for all operating conditions. It is important to mention that we had
tested the grid independency for other diluents too, and the same values of GRAD=0.01 and
CURV=0.1 worked fine there too.
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Figure 4.3. (a) LBV convergence with different grid points (b) convergence percentage of solution with

different grid points

4.8 Reaction mechanisms

Table 4.1. Details of Chemical kinetic schemes used in the present work

Mixtures Mechanism name | Species | Reactions
o GRIMech 3.0 [113] 53 325
Methane/O>/air/diluents

FFCM-1 [114] 36 291

JetsurF2.0 [41] 348 2163

You et al. [115] 175 1318

o PoliMi-1410 [116] 130 2323

Dodecane/Oz/air/diluents/H2 i

Naik et al. [40] 597 3854

Krithikaetal. [117] | 225 1509

LLNL [118] 65 363

The chemical kinetic mechanisms reported in Table 4.1 were utilized in the present work to
determine various parameters such as equilibrium flame temperature, unstretched laminar
burning velocity, density ratio, temperature profiles, mixture thermal conductivity, specific

heat capacity, and thermal diffusivities of all the investigated combustible mixtures.

4.9 Sensitivity analysis

Sensitivity analysis provides a quantitative understanding of how the solution of a problem

depends on the various parameters present in the respective problem. In this work, sensitivity
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analysis helped to identify the most dominant elementary reactions in a given reaction
mechanism. It is also used to generate shorter or reduced reaction mechanisms from the existing
detailed reaction mechanism. In CHEMKIN, the first-order sensitivity coefficients of the gas
temperature, species fractions, and flow rate with respect to the reaction rate coefficients are

considered.

A set of model parameters « are added to the solution variables in the governing equations, and

the residual vector is modified as

F(0(a); @) 4.26
In CHEMKIN, the a represents the pre-exponential “A-factors” in the Arrhenius reaction-rate
expressions. By differentiating the equation with respect to a, a matrix equation for the

sensitivity coefficients are given as

oF 00 N oF 0 407
00 dal, oda '
Where the matrix g—g is the Jacobian of the original system and g—i is the matrix of partial

derivatives of F with respect to the parameters. The sensitivity coefficients are defined as %.

This matrix contains quantitative information on how each reaction rate coefficient affects the

temperature, species profiles, and flow rate of flame.

4.10 Reaction pathway analysis

The reaction pathway diagram is the graphical representation of the rate of production and
consumption of major and minor species involved in a complex reaction mechanism. The
thickness of the arrow lines is governed by the strength of elemental flux to highlight the
importance of a reaction path. The reaction pathway for the carbon element flux was estimated
using Cantera software [119] that was available in the python package [120]. Graphviz tool
[121] was also used. JetsurF2.0 [41] mechanism was used in the reaction pathway analysis. A
threshold value equal to 5% of the largest elemental flux is chosen to simplify the complex
combustion behaviour of the mixture. From the pathways, it is observed that the combustion
chemistry of heavy hydrocarbon n-dodecane (nC12H26) mainly depends on smaller species like

C1-C4, and it was discussed in detail in the results chapter.
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CHAPTER 5
TEST RIG VALIDATION

5.1 Validation of experimental setup

The newly developed test facility was validated at different operating conditions. The
fuels considered were CHs, a representative of lighter hydrocarbon, and n-decane, a
representative of a heavier liquid hydrocarbon mixture. The oxidizer considered was dry air.
Its composition was 21%0, and 79%N> by volume. They were tested at different initial
temperatures, initial pressures, and with steam dilution too. All the operating conditions of the
validation experiments are presented in Table 5.1. The measured unstretched LBV and burned
gas Markstein lengths from these experiments were compared with the existing literature.
Important results from the validation results are presented in this section.

Table 5.1. Summary of the operating conditions of validation experiments

Lighter hydrocarbon without and with steam dilution

Cases Mixtures T(K) | p (bar) [0 Condition
1 CHg - air 300 1 0.8,1.0,1.2 | Atmospheric pressure
0.8,09,1,1.1,
2 CHg - air 373 1 1.2 Elevated temperature
3 CHg - air 423 1 0.8,10,1.2 Elevated temperature
(CH4 —air)/10% 0.8,09,1, 1.1,
4 steam 373 1 1.2 Steam evaporation
5 CHg - air 300 3 0.8,1.0,1.2 Elevated pressure
Heavy hydrocarbon mixture
0.8,0.9,1, 1.1,
6 n-Decane - air 425 1 1.2,13,14 Liquid fuel

5.2 Lower alkane without and with steam dilution

Validation of lighter and small hydrocarbon CHs-air-steam mixtures under different operating
conditions were tested, and the measurements of unstretched LBV and Markstein lengths are

discussed below.

5.2.1 Elevated initial temperature and water evaporation
The present study involved the vaporization of a liquid medium such as water for steam
dilution studies and n-dodecane liquid fuel. To keep them in the gas phase, the chamber and

mixture needed to be heated, as mentioned in section 3.4.2, to facilitate the measurement of

61



unstretched LBV. To check the mixture preparation in the present test facility at elevated
temperatures, the unstretched LBV of premixed methane-air mixtures was measured at 373 K
& 423 K, 1 bar, and ¢ = 0.8-1.2. A nonlinear NE model (Eqg. 3.6) was used to find the
unstretched LBV and Ly. All the operating conditions were simulated in a freely propagating
planar flame model to find the unstretched LBV using GRIMech3.0 and FFCM-1 reaction
mechanisms. Figure 5.1(a) shows the unstretched LBV obtained from the present experiments
and simulations, along with the Duva et al. [30] data. Present data showed an excellent
agreement with that of Duva et al. [30], and the deviation was in the range of £0.7% to +4.3%
and was well within the measurement uncertainty. The simulated LBV data of methane-air
mixtures with GRIMech3.0 matched with that of measurements at all studied conditions,
whereas the LBV predicted with FFCM-1 showed discrepancies with the measurements at

stoichiometric and rich mixture conditions.

Filled - Present ——GRI 3.0 B 1 bar, 300K A 3bar, 300K ——GRI3.0
(@ "°7 Open - Duva 2020 - == FFCM | (b) O Lowry 2010 A Goswami2013 - - - FFCM
B Dirrenbeger 2015 & Dirrenberger 2015

0.7 0.8 0.9 1 11 1.2 1.3 0.8 09 1 1.1 1.2

Fquivalence ratio (¢) Equivalence ratio (¢)

Figure 5.1. Experimental and computed unstretched laminar burning velocities as a function of the
equivalence ratio for (a) Elevated temperature: CHa/air at 1 bar, 373 & 423 K and CH./air/10%H.0
mixtures at 1 bar and 373 K (b) Elevated pressure: CHa/air at 1 & 3 bar

To verify the present vaporization procedure involving steam and the mixture
preparation, additional experiments were performed with 90% (CH4+4.76/¢ Air) + 10% H20
mixture at 1 bar, 373 K, and different equivalence ratios. The mixture was prepared by
following the experimental procedure reported in section 3.5. The obtained unstretched LBV
is shown in Figure 5.1(a), along with the [30] data. There was a good agreement between them.
At 10% steam dilution, the predicted LBV from both the GRIMech3.0 and FFCM-1 models
matched well with the measurements. The deviations of the present data from those of the
literature and simulated data were well within the experimental uncertainties. Hence, the rig

was successfully validated for studies related to elevated temperatures and steam dilution.
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To validate the new rig at elevated pressures, the unstretched LBV of premixed
methane-air mixtures was measured at initial pressures of 1 and 3 bar, 300K, and ¢$=0.8, 1.0,
1.2. The measured LBV was compared with the recent literature data [22,122,123] and shown
in Figure 5.1(b), along with the respective numerical predictions using GRIMech3.0 and
FFCM. The present measurement is in good agreement with the literature, and there is a little
discrepancy with the simulation at elevated pressures. Here too, at elevated pressure conditions,

the present new facility worked excellently, and hence, it was validated.

5.2.2 Validation of Markstein lengths of premixed CHjs-air mixtures
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Figure 5.2. Variation of burned gas Markstein lengths of (a) CHJ/air mixtures at 1 bar, 373 K and 423
K (b) CH4/air/10% steam at 1 bar 373 K. the measurements compared with [30]

Another widely used experimental parameter is the burned gas Markstein length, which
addresses the effect of flame stretch and thermos-diffusive effects on the LBV. Although its
value highly depends on many parameters, such as the radius range, and the choice of
extrapolation scheme, the Ly obtained from present measurements were compared with Duva
et al. [30], who also measured it using the spherical flame method. Figure 5.2 shows the
variation in the burned gas Markstein lengths of premixed CHs-air mixtures at 373 and 423 K
and 90% (CH4+4.76/¢ Air) +10%H>0 mixtures at 373 K and 1 bar. The present measurement
agreed well with Duva et al. [30] in terms of the sign and magnitude of burned gas Markstein

length well within the experimental uncertainties.
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5.3 Validation study with heavy hydrocarbon fuels

As the present study intended to find the unstretched LBV of n-dodecane reacting in air
and oxygen mixtures, another widely used heavy liquid hydrocarbon, n-decane, was chosen for
validation experiments for which the unstretched LBV and burned gas Markstein length data
were available in the literature. Unfortunately, for n-dodecane, only unstretched LBV was
reported in the literature but not the Markstein length data. Hence, the n-decane was chosen for
the validation experiments. The boiling point of n-decane was 447.5 K at 1 bar. In the present
work, the partial pressures of n-decane was in the range of (10 —19 mbar), and the respective
saturation temperature was 340-352 K. Hence, the initial temperature was kept at 400 K. The
premixed combustible mixture of n-decane-air mixture was prepared by following the strategy
mentioned in the methodology section. The unstretched LBV of premixed n-decane-air

mixtures at 1 bar, 400 K, and ¢$=0.8-1.4 was measured.

5.3.1 Unstretched LBV on premixed n-decane-air mixture
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Figure 5.3. The comparison of measured unstretched laminar burning velocity of n-dodecane/air

mixtures at 1 bar 400 K with existing literatures

Figure 5.3 shows the variation of measured unstretched LBV with the equivalence ratio
of the premixed n-decane-air mixture at 1 bar and 400K. The present measurements were
compared with the literature data [33,36,37,39,124,125]. The LBV reported in the literature
was using different measurement methods such as the counter-flow flame method, stagnation

flame method, and outwardly propagating spherical flame method. It is observed that the
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present experimental LBV (filled star) shows an excellent agreement with the literature data
[33,39,124] that was measured using the spherical flame method. Present data was on the lower
side as compared with the data measured with counter flow flames [36,37] and stagnation
flames [125] as these methods had inherent uncertainties such as the presence of seeding
particles in the combustible mixture, smaller planar flame, etc. The fuel-rich mixtures exhibited
more scatter because of the choice of different extrapolation schemes, as these mixtures have
a non-unity Lewis number. The present LBV aligned with the You et al. [115] mechanism
prediction, whereas JetsurF2.0 [41] was slightly under-predicted at all equivalence ratios.

5.3.2 Validation of heavy hydrocarbon fuels on Markstein length

Unlike methane-air mixtures, the n-decane-air mixture was very sensitive to the stretch
and thermo-diffusive effects due to the huge disparity in the mass diffusivity of n-decane and
oxygen species. The burned gas Markstein length was estimated using the nonlinear

extrapolation model (Eq. 3.6).
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Figure 5.4. Burned gas Markstein length of premixed n-decane-air mixtures at 1 bar, 400 K, and

different equivalence ratios

Figure 5.4 shows the measured Ly, as a function of the equivalence ratio for n-decane-
air mixtures. At ¢ > 1.3, the L shows a transition from a positive to a negative value indicating
that these mixtures were unstable to thermo-diffusive effects. The magnitudes and the transition
all matched well with Dortz et al. [39] data which also was obtained using SPF method. Ly, data
of Singh et al. [33] was obtained using SPF method with a higher upper radius (30 mm), and

their values were slightly off with the present measurements.

65



5.4 Repeatability

To verify the repeatability of the present experimental setup, five different experiments were
conducted for a stoichiometric (a) methane-air mixture at 1 bar and 300 K and (b) n-dodecane-
air mixture at 1 bar and 425 K. The unstretched LBV was calculated and plotted in Figure 5.5.
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Figure 5.5. Repeatability of unstretched laminar burning velocity for stoichiometric (a) CHa/air at 1 bar,
300 K and (b) n-Dodecane/air at 1 bar 425 K mixtures, for five different experiments

The experimental uncertainties in the calculation of the unstretched LBV were + 6.03% and +
7.64% for methane and n-dodecane mixtures, respectively. The observation in Figure 5.5
indicated that the experimental unstretched LBV of all the experiments fall within the
experimental uncertainty limits, and it is clear that the present experimental setup shows

excellent repeatability.

5.5 Summary

Six different sets of experiments were performed to validate the present new
experimental facility and its post-processing procedures at different: initial temperatures and
initial pressures. Both the unstretched LBV and burned gas Markstein length measured from
the present work showed a very good agreement with the literature data. The repeatability of

the present rig was also demonstrated.
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COMBUSTION CHARACTERISTICS OF PREMIXED N-

CHAPTER 6

DODECANE-AIR MIXTURES

As mentioned in the introduction, n-dodecane is one of the important surrogate species
of kerosene fuel [2]. To test and validate the existing chemical kinetic schemes of n-dodecane,
ignition delay and LBV are often used [2—4]. It is important to understand the response of a
flame to stretch and thermo-diffusional effects and to obtain the unstretched LBV. In the
present work, the burned gas Markstein length and unstretched LBV of n-dodecane reacting

with air was measured and simulated. Important results and the associated inferences are

discussed in this chapter.

Mixture formulation

15.5
nC12H26 + - (02 + 376N2)

Operating conditions

¢

Table 6.1. Operating conditions of n-dodecane-air mixtures

400 K ¢:08-14 1| 7
1 bar 425 K ¢:08-14 | 7
n-dodecane-air 450 K ¢:08-14 | 7
2 bar ¢:08-14 | 7
425 K
4 bar ¢:08-14 | 7
Total number of experiments | 35

Chemical kinetic mechanism

Table 6.2. Kinetic mechanism for validating LBV of n-dodecane-air mixtures

Name of the Mechanism Number of Species Number of reactions
JetsurF2.0 [41] 348 2163
PoliMi-1410 [116] 130 2323
You et al. [115] 175 1318
Naik et al. [40] 597 3854
Krithika [117] 225 1509
LLNL [118] 65 363
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6.1 Pressure - time evolution

n-dodecane-air, 1 bar 450 K

Unsteady pressure (bar)

Equil.Pr Exp.Pr
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—¢=1.0 649 598
—¢=14 676 631
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Figure 6.1. Variation of unsteady pressure after ignition as a function of time for different equivalence

ratios of n-dodecane-air mixtures at 1 bar 450 K

Figure 6.1 depicts the variation of unsteady pressure-time history measured inside the chamber
for three different equivalence ratios of n-dodecane-air mixtures at 1 bar and 450 K. The post-
combustion pressure initially remained constant for a brief duration as the generated products
were not sufficient enough to compress the reactants and to raise the pressure. After the pre-
pressure duration, it started increasing rapidly and attained a peak. After the peak, it decreased
due to the completion of combustion and heat transfer from the gases to the chamber walls.
The measured peak pressures were very close to the estimated equilibrium pressure, which
corroborated the complete combustion of the reactant mixture, and the minor deviation
(average of 7.65%) was due to the heat transfer from the gases to the chamber walls. The
constant pressure zone was quite essential in this work as the flames imaged during that period

alone were analysed to estimate LBV.

6.2 Flame radius and flame speed variations

Figure 6.2 shows the expected linear variation of the flame front radius with time for
stoichiometric n-dodecane-air mixtures at 1 bar and 450 K. The predefined radius limits
(Rf:0.8- Ry:2.0 cm, filled circles) was used to avoid the ignition and confinement related
perturbations. Figure 6.2 also shows the variation of raw and smoothed flame speeds with time
for the same mixtures. The stretched flame speed was calculated as first-order derivative using

the finite difference of two consecutive flame radii with respect to time Eq. 3.4. The obtained
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stretched flame speed was slightly scattered (red line) due to the use of numerical
differentiation, and a smoothing algorithm LOWESS (locally weighted scatterplot smoothing)
with a smoothing factor of 0.35 was used to remove the oscillations.
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Figure 6.2. Variation of flame radius and stretched flame speeds as a function of time of stoichiometric

n-dodecane-air mixtures at 1bar and 450 K

In the smooth stretched flame speed (blue line), only an 8-20 mm radius range of smoothed
flame speeds (filled circles on the blue line) was only used for nonlinear extrapolation to

estimate unstretched LBV and burned gas Markstein length.

6.3 Nonlinear Flame speed behaviour

Figure 6.3 depicts the behaviour of flame speed with the stretch rate of premixed n-dodecane-
air mixtures at 1 bar and 425 K. Different linear, and nonlinear extrapolation schemes were
fitted to address its nonlinear nature, as shown in Figure 6.3. The linear extrapolation scheme
overestimated the unstretched flame speed by 2.91%/ 0.49%/ 4.27% of 0.8/ 1/ 1.2 mixtures
compared to LBV obtained with NE at identical operating conditions, respectively, with better

goodness of fit.

Nonlinear effects were quite strong for mixtures having non-unity Le. For the present mixtures,
Lewis numbers were estimated as the ratio of the thermal diffusivity of the mixture to the mass
diffusivity of deficient reactant to bulk inert. Off-stoichiometric mixtures had non-unity Lewis
numbers (Le = 3.9 for ¢ = 0.8 and 0.9 for ¢ = 1.4), resulted in the non-linear variation of
stretched flame speed with stretch rate. Therefore, nonlinear extrapolation schemes provided
better results than the linear scheme. Among the nonlinear extrapolation schemes, NE

performed better than NQ for n-dodecane in terms of (1) better goodness of fit and (2) being
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less sensitive to the radius range chosen for extrapolation. Additionally, Wu et al. [126]
suggested that the product of the Markstein number and Karlovitz number should be as -0. 05
< MakKa < 0.15 to reduce the extrapolation uncertainty, In the present work, the MaKa value is
between -0.03<MaKa < 0.13. Therefore, all the LBV data reported in this study were obtained

with a nonlinear expansion scheme, NE [99].
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Figure 6.3. Variation in the stretched flame speed of n-dodecane-air mixture with the flame stretch rate
at 1bar, 425K, and ¢ =0.8-1.2

6.4 LBV Mechanism validation
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Figure 6.4. Comparison of the measured unstretched LBV of n-dodecane/air mixtures with simulations

and literature data at 1 bar and 400 K. solid/ dashed lines — detailed/ reduced mechanisms
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Figure 6.4 shows the variation of measured unstretched LBV of premixed n-dodecane-air
mixtures with equivalence ratio at 1 bar and 400+3 K, along with the literature data. LBV
peaked at ¢$=1.1 due to higher flame temperature. Present measurements showed better
agreement with the literature data predominantly obtained with the counter-flow flame method.
Scattering within the reported counter-flow flame data was observed at off-stoichiometric
conditions, as shown in Figure 6.4. The possible reason for the uncertainty in the counter-flow
flame could be the presence of seeding particles in the combustible mixture while measuring
the velocity profile of the reacting flow field, intensive post-processing involved in PIV, the
presence of a small region of planar flame, and the choice of the reference velocity [25]. The
present result precisely matched with the recent work of Dortz et al. [39] up to ¢ = 1.0, but
quite a bit of deviation was observed at rich mixture conditions, and it was essentially due to
their choice of NQ extrapolation scheme, which typically underperforms at rich mixtures
having Le < 1 [100,126]. An important objective was to test the existing kinetic schemes; all
measurements were simulated using different kinetic schemes presented in Figure 6.4. Table
6.3 shows the percentage deviation of predictions with respect to the measurements at 1 bar, 4
bar, and 425 K.

Table 6.3. List of Mechanisms and their deviation with measurements

n-Dodecane/air, 425K

LBV Deviation (in %)
N Number | Number 1 bar 4 bar
ame of_ the of of - ~ - - - -

Mechanism ] ' 0=08 | ¢=10|6=14 | ¢$=08|¢=10 | =14
Species | reactions (55.42 | (65.49 | (44.00 | (35.03 | (45.59 | (23.26
cm/s) | cm/s) | cm/s) | cm/s) | cm/s) | cmls)
Ejtf']“er'O 348 | 2163 | 315 | 057 | 5.00 262| 484| 443
PoliMi [116] 130 2323 1.46 4.59 7.78 8.05 7.65| 27.92
Youet al.[115] 175 1318 0.63 2.30 2.71 10.59 6.34| 17.98
Naik at al.[40] 597 3854 0.40 6.50 4.08 12.33 12.00 | 27.62
Krithika [117] 225 1509 0.58 6.38 4.59 13.53 15.02 | 32.99
LLNL[118] 65 363 1.48 6.27 12.64 11.55 10.43 33.93

Predicted LBV with the detailed mechanism of JetsurF2.0 [41] and You et al. [115] showed a
good agreement with the present measurements at 1 bar. The next best was a reduced
mechanism, PoliMi-1410 [116]. As shown in Table 6.3, at 4 bar other than JetsurF2.0,
predicted LBV with other mechanisms showed large deviation at all the studied conditions,

especially poor predictions at rich mixtures. Based on Table 6.3, JetsurF2.0, You et al., and
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PoliMi-1410 were considered for the comparison of experimental results further for all other

operating conditions.

6.5 Flame stability
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Figure 6.5. Variation of burned gas Markstein length of n-dodecane/air mixtures at different (a)initial

mixture temperature and (b) pressure

Burned gas Markstein length, Ly, quantifies the sensitivity of the flame to flame stretch
and thermo-diffusional effects. It is positive/ negative for the stable/ unstable flames with
respect to thermo-diffusional effects. Its variation with the equivalence ratio of premixed n-
dodecane and air mixtures at 1 bar and 400-450 K was displayed in Figure 6.5 (a). The current
interest was to locate the onset of instability due to the thermo-diffusional effects; the
equivalence ratio was limited from 0.8 to 1.4. Extending the measurements after ¢=1.4, resulted
in relatively slower flames affected by buoyancy at elevated pressures. Figure 6.5 indicates that
Ly remained positive for most of the studied cases vindicating that the n-dodecane-air mixture
remained stable to thermo-diffusional effects. At ¢ =1.4 and T < 450 K, Ly of n-dodecane-air
mixtures were negative, and they were unstable to thermo-diffusional effects due to the
occurrence of thicker (thickness = 0.4-0.6 mm) and slower (reaction time =~ 1 ms) flames.
These slow flames were affected by stretch and thermo-diffusional effects for a longer duration
(stretch time ~ 2.8-5 ms). All these effects resulted in an unstable flame. As the initial
temperature increased to 450 K at ¢=1.4 as shown in Figure 6.5(a), the transition of L, from
negative to positive occurred, indicating that an increase in temperature has further widened
the flame stability limits due to an increase in the mixture's thermal diffusivity. To support the
new findings, effective Le (Eq. 3.21) and critical Le (Eqg. 3.22) numbers were estimated.

Effective/ critical Le formulation reported by different researchers were attempted, and
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unfortunately, the estimated values did not agree with the measurements. Finally, the
expression provided by Matalon et al. [102] accurately predicted the transition as it involved
Ly values. For the mixtures having negative Lp, the effective Le was less than the critical Le.
As shown in Figure 6.5(a), the magnitude of the Ly has not significantly changed with the range

of initial temperatures investigated in the present work due to a slight decrement in the flame
thickness (Figure 6.6) and Ka (K 5/5()), as shown in Table 6.4. Hence, it is suggested to
u

maintain initial temperatures at or above 450 K to avoid unstable flames at rich mixture

conditions.

Figure 6.5(b) shows the Ly as a function of equivalence ratio at different initial pressures
and 425 K. Except at ¢=1.4, L remained positive for mixtures at other equivalence ratios and
elevated pressures. At ¢=1.4, the studied mixtures showed a transition from stable (L, >0) to
unstable (Lb<0) conditions towards the thermo-diffusional effects. Effective/ critical Le of
these mixtures is shown in Figure 6.6. As mentioned earlier, for all the unstable mixtures, Leest
< Le* supported preferential diffusion instability. An increase in initial pressure decreased the
magnitude of L, substantially at all the conditions. Flame thickness estimated from the
simulated temperature profile are displayed in Figure 6.6, and it reduced significantly with an
increment in the initial pressure due to an increase in reaction rate. Table 6.4 shows the kinetic
and stretch response times of all the unstable mixtures along with their ratios as Karlovitz
number. As pressure increased, thinner flames were generated with smaller Ka (less responsive
to stretch), and therefore, Lp also decreased. Another caution was that the Ly, may undergo
transition at higher pressures and result in unstable flames. All the reported unstable mixtures

resulted in slowly propagating thicker flames that responded hefty to the stretch effects.

Table 6.4. Flame stability data of premixed dodecane-air mixtures

P [T o | LBV K (s} T s (MS) Ka Ly

bar K mm | cm/s | Max | Min | ms | Min | Max | Max | Min | (mm)
1 400 | 14| 045 404 | 607 | 243 | 1.11| 1.65| 4.12| 0.67 | 0.27 | -0.147
1 425 | 1.4 | 0.43 44| 352 | 201| 0.97| 2.84| 498 | 0.34| 0.20 | -0.051
2 4251 14| 0.25| 385| 403 | 196 | 0.66 | 2.48| 5.09| 0.27 | 0.13 | -0.158
4 4251 14| 0.16| 23.3| 306| 136 | 0.68| 3.27| 7.36| 0.21 | 0.09 | -0.257
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Figure 6.6. Variation of Lewis, critical Lewis number, and flame thickness as a function of equivalence

ratio of dodecane/air mixtures at 425K, 1-4 bar

To further understand the cause of the unstable flames, the flame structure estimated using the
PREMIX model in CHEMKIN is plotted in Figure 6.7 at $=0.8 & 1.4, 425 K, and 4 bar. The
flame structure comprised of net heat release rate, equilibrium flame temperature, and the local
equivalence ratio. It showed that the of O, preferential diffused from the preheat zone to the
reaction zone, which resulted in the local equivalence ratio estimated with respect to reactants
shot till 1.63 in the preheat zone than the global equivalence ratio of 1.4. The main reason was
that at richer mixtures, O2 was the deficient reactant, and it was highly diffusive compared to

n-dodecane and nitrogen.
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Figure 6.7. A predicted local equivalence ratio of premixed dodecane-air mixtures at ¢ =1.4, 1bar, and
425 K using CHEMKIN
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A closer look at the corresponding decrease in the local equivalence ratio with respect to the
products was 1.35. Predominant diffusion of O in larger quantities resulted in preferential
diffusion instability at ¢ =1.4. At ¢ = 0.8 also, a minor preferential diffusion effect could be
seen as the local ¢ increased till 0.85. This was expected as the diffusivity of O» was higher
than that of n-dodecane.

6.6 LBV at elevated pressure

The measured and predicted unstretched LBV of premixed n-dodecane-air mixtures at different
equivalence ratios, different initial pressures, and 425 K are displayed in Figure 6.8. The peak
value of LBV was observed at ¢=1.1 at all pressures. At ¢=1.1, the value of LBV was 66.63
cm/s at 1 bar, and as the pressure raised to 4 bar, the LBV decreased by 30% to 47.82 cm/s as
compared to atmospheric conditions. LBV decreased with an increase in the initial pressure
was due to an increase in the (a) density of the mixture and (b) prominence of third body
reactions. Irrespective of the decrease in the LBV, the mass consumption rate of the mixture
increased with pressure due to an increase in the density of the reactant mixture [19]. LBV
reported by

{Dodccanc-air, 425K Present- 425 K lui- 400 K
75 B | bar O | bar

1 A 2bar A 2bar
704 - — = & 4bar < 3Ibar

4 Jetsurk2.0
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Figure 6.8. Measured unstretched LBV against equivalence ratio of premixed n-dodecane/air mixtures
at 1-4 bar and 425 K. Filled, and open symbols represent present and Hui et al. [37] data and lines are

corresponding numerical predictions of different mechanism

Hui et al. [37] at 400 K and different pressures was the closest match available in the literature
to compare it with the present LBV data measured at elevated pressures, and hence, it was also

plotted in Figure 6.8 and followed the trend of present data. Figure 6.8 also shows the
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comparison of current measurements with the predictions obtained with different reaction
mechanisms such as PoliMi-1410 [116], JetsurF2.0 [41], and You et al. [115] using
CHEMKIN. The deviation was evident within the predicted LBV by the three different reaction
mechanisms. The predicted LBV of JetsurF2.0 and You et al. mechanisms showed better
agreement with most of the measurements within the experimental uncertainty. Albeit, the
reduced PoliMi-1410 mechanism shows larger discrepancies (> 25%) with present rich

mixtures at elevated pressures.

6.7 LBV at elevated temperatures
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Figure 6.9. Measured unstretched LBV as a function of the equivalence ratio of premixed n-
dodecane/air mixtures at 1 bar and 400-450K. Symbols and lines represent the present experimental

and corresponding numerical predictions

The measured/ predicted unstretched LBV of premixed n-dodecane-air mixtures and its
response to equivalence ratio and initial temperature at 1 bar is shown in Figure 6.9. As the
initial temperature hiked, the flame temperature and the mixture's diffusivity increased,
resulting in a gain in the values of LBV. Among the predictions with the three mechanisms,
JetsurF2.0 formed the lower bound, and the other two were predicted in the higher bound. The
present measurement shows good agreement with all the mechanisms at most conditions within
the experimental uncertainty. A maximum scatter of 10.73%/ 8.71%/ 5.81% were observed

with PoliMi/ JetsurF/ You et al. prediction compared with present measurements.
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6.8 Temperature and pressure exponents

Figure 6.10 (a) shows the temperature exponents of the measurements and simulations at three

different operating pressures and temperatures as the equivalence ratio varied from 0.8 to 1.4.
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Figure 6.10. (a) Temperature and (b) pressure exponents of n-dodecane/air mixtures as a function of
equivalence ratio. The solid (JetsurF2.0), dashed (PoliMi), and dotted (You et al.) represent
corresponding numerical predictions

the unstretched LBV at Ty & 1 bar, S;  is the unstretched LBV at 400 K & 1 bar, and « is the

temperature exponent, was fitted to the measured/ predicted unstretched LBV to find the
temperature exponent at each equivalence ratio, respectively. Similarly, temperature exponents
were estimated for the simulated LBV too. The temperature sensitivity of LBV estimated from
measurements was the lowest as equated with simulations. Excluding the magnitude, the trend

of variation of « in both the measurements and simulations showed an excellent agreement.
Using a global reaction [16], the Boltzmann energy factor exp (;—E‘;) Where Ea/Ry - activation
u

Temperature and T - equilibrium flame temperature was calculated, and as expected, it
conformed to the trend displayed in Figure 6.10 (a), and hence, the LBV sensitivity to initial

temperature was strongly dependent on equilibrium product temperature and the reaction rate.

p
Figure 6.10 (b) shows the pressure exponent (B) obtained from Sy 4ok p=Su.o <p3> where p is

initial pressure, po =1 bar, S{ 4k, is the unstretched LBV measured at 400 K and p, and its

variation with equivalence ratio. The exponents estimated from the measurements displayed
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more sensitivity than the simulations. Kinetic schemes need to be optimized. The increase in

LBV sensitivity with a hike in pressure is discussed in the next section.

6.9 Sensitivity analysis

To find out the key elementary reactions that influence the LBV at different pressures,
a normalized A-factor sensitivity was analyzed and reported. Figure 6.11 shows the normalized
sensitivity coefficients of the dominant elementary reactions of three different mechanisms
used to predict LBV of n-dodecane-air mixtures at ¢ = 1.4 and p=1-4 bar. The top eight
elementary reactions that had the highest magnitude of sensitivity coefficients of the JetsurF2.0
[41] reaction mechanism are reported in the figure. Then the normalized sensitivity coefficient
of these eight reactions were identified from You et al. [115] and PoliMi-1410 [116] and are
also included in the figure. An earlier study [36] mentioned that the propagation rate of n-
dodecane-air flames was pretty sensitive to the oxidation chemistry of smaller species, which
can be corroborated with Figure 6.11 too. The normalized sensitivity coefficients of the chain
branching reactions R1 and R3 increased with an increase in the initial pressure. Similar to
other hydrocarbon/air flames, R1 has the largest positive sensitivity coefficient for the n-
dodecane/air mixtures, and its coefficient is much higher than those of other elementary
reactions. The most sensitive reactions (R5-R8) that suppressed the LBV were the chain-
termination reactions, such as H + OH + M = H.O + M and HCO + H = CO + Hy, as they
compete with R1-R4. Three-body reactions were chiefly dominating at the elevated pressure,
altered the reaction path, and reduced the radical production; therefore, LBV decreased with

pressure increase.
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Figure 6.11. Normalized sensitivity coefficient of important elementary reactions of n-dodecane/air

mixtures at different initial pressure 1-4 bar and 425K, ¢ =1.4
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6.10 Hydrodynamic Instability

All expanding spherical flames generated at the centre of an enclosure experience
hydrodynamic instability (HI) due to the density jJump across the flame irrespective of the fuel-
oxidizer mixtures. The sudden formation of uniform small cells on the entire flame surface was
an indicator of the onset of HI. Its onset is strongly dependent on the preferential diffusional

stability of a mixture [127]. In the present work, an in-house image processing code developed
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Figure 6.12. The variation of critical flame radius (filled symbols) and Peclet number (dashed lines) as

a function of burned gas Markstein length of dodecane/air mixtures at 425 K, 1-4 bar

MATLAB was used to find the critical flame radius corresponding to the onset of HI to avoid
human error, unlike in the literature, where the critical flame radius was estimated manually.
As the present work involved slowly diffusive n-dodecane, information on the onset of HI
becomes quite essential. Figure 6.12 presents the critical flame radius and Peclet number and
their variation with Ly of n-dodecane-air mixtures at p=1-4 bar and T= 425 K. The data were
sorted in ascending order based only on their Ly without considering any other operating
conditions. As the magnitude of Ly, increased from negative to higher positive values, the onset
of HI was delayed significantly, which clearly mentioned that diffusional effects balanced the
effects of gas expansion across the flame and the associated perturbations. At the critical radius:
(a) the chamber pressure was slightly higher than the initial pressure, (b) the flame radius was
significantly larger as compared to its thickness, (c) the reaction and the diffusion time were

shortened, resulting in HI.
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6.11 Summary

The important conclusions are summarized below:

1.

This study investigated the LBV and stability aspects of premixed n-dodecane-air
mixtures at p=1-4 bar, T = 400-450 K, and equivalence ratio = 0.8-1.4 using expanding
spherical flame method and 1D planar flame simulations.

LBV of n-dodecane/air mixtures increased with an increase in the initial temperature
due to a hike in the flame temperature and mixture diffusivity. LBV decreased with an
increase in initial pressure due to higher mixture density and dominance of third-body
reactions obtained from sensitivity analysis.

Three detailed and three reduced mechanisms were tested. Out of which, two detailed
and one reduced mechanism showed better comparison with the measurements within
the experimental uncertainties.

Measured Ly showed that rich mixtures at $=1.4 and at all temperatures and pressures
other than 450 K were negative, indicating an unstable mixture due to preferential
diffusion effects. The estimated effective Le of an unstable flame was less than the
critical Le and corroborated well with the measurements.

The onset of hydrodynamic instability was estimated from all experiments. The critical
flame radius increased with an increase in Ly, and a preferentially stable mixture delayed

the onset of HI.
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CHAPTER 7
COMBUSTION CHARACTERISTICS OF DILUTED
PREMIXED OXY N-DODECANE MIXTURES

As discussed in the introduction in section 1.2, oxy-fuel combustion results in high
flame temperature. The combustion characteristics of such high-flame temperature mixtures
were not reported in the literature. Pure oxy-fuel combustion results in a flame temperature of
~3000 K, and the post-combustion pressure in a constant volume chamber was also quite
higher. The LBV were in the range of ~3 m/s. Dealing with high-speed mixtures with high
post-combustion pressure and temperature poses challenges to the structural integrity of the
experimental rig. In this work, the oxy-fuel mixtures were diluted with a third-party diluent
species, and the combustible mixture, (100-Z) % (n-C12H26+(18.5 O2/¢)) +Z2% (N2/CO2/H20),
was prepared by following mixture diluent approach [45] where the diluent species is not a
function of equivalence ratio. The equilibrium flame temperatures of the above mixtures were
in the range of 2100 to 2800 K. The choice of three diluents were for the following reasons:
(1) N2 — thermal effect, no chemical effect, and radiation, and it does not promote differential
diffusion [44]. It helps to understand the high-temperature oxy-n-dodecane mixtures safely, (2)
H20 & CO2 —has both thermal and kinetic effects, radiation effects, and less-strong differential
diffusion effects. Other degrees of freedom varied were the mole fraction of the diluent species
in the combustible mixture, initial pressure, initial temperature, and equivalence ratio, and their
effects on unstretched LBV and Ly were studied. Parallelly, for all the experimental conditions,
simulations were performed using 1D freely propagating flame model to estimate the
unstretched LBV using different reaction schemes. All the important results are discussed in

this section.
Operating conditions

Table 7.1. Summary of operating condition of diluted oxy n-dodecane mixtures

Mixtures Dilution (%) | P (bar) T(K) o} #
55, 65, 75 1 400-450 | 0.6-1.4 45

(100-Z) % (n-Ci2H26+(18.5 O2/9)) +Z%
N, 65 2 450 0.6-1.4 5
65 4 450 0.6-1.4 5
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35% (n-CiHxs + (18.50:9)) + 65% 65 12,4 450 0.6-1.4 | 15+15
CO2/H,0

Total number of experiments | 85

Chemical kinetic mechanisms

Table 7.2. Kinetic mechanism used for diluted oxy-n-dodecane mixtures

Name of the Mechanism | Number of Species Number of reactions
JetsurF2.0[41] 348 2163
PoliMi [116] 130 2323
You et al.[115] 175 1318

7.1 Pressure-time variation

Figure 7.1 shows the comparison of measured post-combustion pressure of oxy-n-dodecane
mixture diluted with 65%N> at 2 and 4 bar and n-dodecane-air mixture at 1 bar. It is absolutely
clear that in the case of oxy-combustion, the pressure time trace had sharp pressure gradients
with intense fluctuations during the flame propagation close to the chamber walls due to strong
turbulence and the associated increase in the consumption rate. Another possible reason could
be the autoignition during the end of the combustion due to the faster propagation rate, higher
flame temperature, etc., as reported in [128]. The sharp pressure peak with intense fluctuation
were consistently reproduced in the repeatability experiments too. When the flame impinges
on the chamber walls and the optical windows, it generated a knocking sound. The magnitude
of peak pressure (>35 bar) was higher than the estimated equilibrium pressure due to the faster
propagation rates and the associated turbulence generated inside the chamber. The same figure
displayed the pressure history of n-dodecane-air mixture where the peak pressures were close
to the equilibrium pressure, and the pressure gradients were gradual. Due to the above-

mentioned reasons, the experiments were limited to an initial pressure of 4 bar only.
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Figure 7.1. Pressure-time history of premixed (&) n-Ci2H2s —air mixture (black solid line) and 35% (n-
Ci2H6+(18.5/¢) O2) + 65% N, T =450 K, and ¢ =1.2 at (b) 2 bar (blue solid line) (c) 4 bar (red solid
line) measured inside the chamber after spark ignition

7.2 Flame propagation history

65% N
65% H,0
t=11.2 ms
6=0.11. mm
.0 :
65% CO;

Figure 7.2. Shadowgraph image of propagating spherical flame of 65% N./H.O/CO; diluted premixed
n-dodecane/O; mixtures at R ~ 30 mm, 450 K, 1 bar and ¢ = 1.0
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Figure 7.2 shows a sequence of shadowgraph images of spherical flames of 65%
N2/H20/CO- diluted n-dodecane/O> mixtures at R ~ 30 mm, 450 K, 1 bar, and ¢ = 1.0. Even
though the radius range of 8-20 mm was only used while estimating the LBV, the images were
presented at a radius of 30 mm in order to display all the instabilities encountered in this work.
At an initial pressure of 1 bar, all the flames were smooth irrespective of the diluent species.
At p=2 bar, cracks started appearing on the flame surface at all the reported conditions due to
stretch effects. At p=4 bar, small and uniform cells were present on the flame surface for N>
dilution, which indicated the onset of hydrodynamic instability due to the occurrence of the
thinnest flames and the increase in the density ratio across the flame among all the report
conditions. For H2O and CO: dilution, only cracks due to stretch effects was observed, and
hydrodynamic instability had not initiated due to thicker flames even at a higher initial pressure.
From the present experience, the onset of hydrodynamic instability was quite earlier for richer
mixtures at all operating conditions, as they were subjected to thermo-diffusive effects (Lewis
number less than the critical Lewis number) too. The flame images considered in the present
extrapolation analysis (radius range from 8 to 20 mm) to estimate unstretched LBV and
Markstein length were completely smooth and wrinkle-free at all operating conditions.

7.3 Effect of N2 addition on LBV
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Figure 7.3. The comparison of measured and computed laminar burning velocities of (100-Z) % (n-
C12H6+(18.502/¢)) +Z2% Na, Z = 55-75% at 1 bar 400 K. The symbols indicate the experiment and
lines (Solid blue-JetsurF2.0, Dashed blue — You et al., and dashed red — PoliMi-1410

Figure 7.3 shows the measured and predicted unstretched LBV of premixed oxy-n-

dodecane mixture in the presence of different mole fractions of N at 1 bar, 400 K. The figure
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also showed that the length of error bars of LBV was different at each operating condition as
estimated by the methodology followed as that of Xiouris et al. [110], and it was essentially
due to the contribution of mixture uncertainty, and it was reported in detail in Appendix-B. The
peak value of LBV was obtained at ¢=1.0 for all the studied conditions due to the occurrence
of the highest net heat release rate and the mole fraction of H+OH+O (Xo+on+H) even though
the flame temperature peaked at $=1.1. Similar observations on LBV peaking at ¢=1.0 were
reported by Prathap and co-workers [44] for the oxy-CH4 mixtures diluted with third-party
inert species. Additional simulations were also performed for oxy-CHs and oxy-n-dodecane
mixtures, and interestingly, the LBV peaked at ¢=1 for those cases too. Hence, the occurrence
of LBV at ¢=1 was a characteristic of oxy-CHa/n-dodecane mixtures independent of initial
pressure (Figure 7.6)/ temperature and the presence of a third-party diluent species (Figure 7.9
& Figure 7.12) that does not vary with the equivalence ratio. The LBV increased by nearly
three times, as the Xn2 reduced from 75%-55%, due to an increase in the chemical energy and
temperature, and it was quantified in the next section. Predicted LBV with JetsurF2.0 [41] and
You et al. [115] mechanisms showed excellent agreement with the measurements, and the
deviation was well within the experimental uncertainties. PoliMi-1410 [116] showed a key

difference with the measurements, especially for richer mixtures.

7.4 Effect of high flame temperature on LBV
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Figure 7.4. Normalized LBV, peak net heat release rate, and peak XO+OH+H vs. equilibrium flame
temperature computed for the stoichiometric (100-Z) % (n-Ci2H26+18.50,) +Z% Nj, Z = 0%
(simulation), 55%, 65%, 75%, 78% (measurement with air) at 1 bar and 450 K
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One of the objectives was to measure the LBV of high-temperature oxy-n-dodecane flames by
adding a third-party diluent N> so that it can be measured safely using SPF method.
Experiments were conducted for the stoichiometric mixture of the oxy-n-dodecane mixtures
diluted with N2: 55%, 65%, 75%, 78.1% (corresponds to n-dodecane-air experiment [129]), at
1 bar, and 450 K. For better comparison, the unstretched LBV of pure oxy-n-dodecane mixtures
without any dilution was predicted using PREMIX at the same operating conditions. At the
abovementioned conditions, the peak value of the net heat release rate and the peak value of
the mole fraction of H+OH+O were predicted using the 1D planar flames with You et al. [115].
All the parameters estimated with different levels of N2 dilution were normalized with the
respective parameters of the oxy-n-dodecane mixture and are displayed in Figure 7.4 as a
function of the equilibrium flame temperature (EFT). The corresponding mole fraction of N>
(Xn2) in the mixture was also labeled near each dataset. The peak values of NHRR and the
Xo+on+H Increased exponentially with an increase in the EFT (achieved by decreasing the
%N?>). But, the normalized LBV followed a power-law distribution with the EFT (obtained by
increasing the %N>) as it also depends on the thermal diffusivity of the mixture. Thermal
diffusivity of the mixture with 0%N> was the smallest, and it increased with the addition of Na,
and between 55-78.1%Ny, it was in the range of 0.29-0.42 cm?/s. The R? value of all the curve
fits was greater than 99%. To get more information on the high-temperature flames on kinetics,
sensitivity analysis was performed. To find out the key elementary reactions that influence the
LBV at different %N>, a normalized A-factor sensitivity was analyzed and reported in Figure
7.5.

C,H,+H > C,H,+H, (R188) -
CH,+OH o> C;H+H,0 (R254) 4
C,H,(+M) ¢> C,H,+H(+M) (R155)
CH,+OH «> CH2++H,0 (R92) -
CH,+H(+M) < CH,(+M) (R88) -
HCO+H20 > CO+H+HZO (R40) 4

Reactions

HCO+M «> CO+H+M (R39) 4
HCO+H <> CO+H, (R35) -
CO+OH ¢ CO,+H (R31) 4

T+OIH+M > ILO+M (R9) -

H+0, <> O+OH (R1)

T T T T
0.1 0 0.1 0.2 03 04
Normalized Senitivity coefficients

Figure 7.5. Normalized sensitivity coefficients of the most influencing elementary reactions on LBV of

mixtures and operating conditions mentioned in Figure 7.4 were obtained using You et al.

An interesting observation of Figure 7.5 was that the trends of all the most influential reactions

were the same as that of n-dodecane-air, irrespective of a substantial variation in the flame
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temperature except for one reaction (R9). As expected, H+O, «» O+OH and CO+OH «»
CO2+H promoted LBV, and their sensitivities decreased with an increase in the flame
temperature or reduction in %N in the mixture essentially due to a hike in the mole fraction of
the respective species due to the reduction in the Xn2 in the mixture. Similarly, the other
reported influential reactions with positive sensitivities also varied in the same trend. Influential
termination reactions were HCO+H <> CO+Hg, C2Hs+H <> C2H2+H> and they had negative
sensitivities as expected, and its sensitivities decreased with an increase in EFT. The sensitivity
of the chain termination reaction H+OH+M <« H20+M showed a crossover from negative to
positive at 0%N. case. Hence, an increase in the reaction rates of the important elementary
reactions significantly augmented the LBV of nitrogen-diluted oxy-n-C12H26 mixtures with an

increase in EFT or a decrease in X2 in the mixture.

7.5 Effect of N2 addition on LBV at elevated pressures

Figure 7.6 displays the effect of initial pressure on the LBV at different equivalence ratios for
oxy-n-dodecane mixtures diluted with Xn2=65%. The measurements were limited to 4 bar only,
as the measured post-combustion pressure showed a very strong gradient for these oxy-n-
dodecane mixtures, even in the presence of 65% dilution. The peak pressures were always
higher than the respective equilibrium pressures, and the pressure-time traces had strong
fluctuations close to the peak value. Higher initial pressures greater than 4 bar may be possible
only in the dual chambers for these quite fast-burning mixtures. The stoichiometric mixture
was more reactive, and it was similar to Figure 7.3, and the same reasons will apply here too.
As expected, the LBV decreased with a rise in the initial pressure. Flame temperature variation
due to an increase in the initial pressure (1-4 bar) was 100 K (Ty: 2691/1 bar, 2748/2 bar, 2799/4
bar at ¢ = 1), and it was small. Thermal and mass diffusivities of the mixture decreased
considerably as the initial pressure hiked. The flame became a lot thinner as the p; hiked due to
an increase in the reaction rates. The occurrence of thin flames in a denser mixture with slow
diffusivities, along with the enhanced activity of three body termination reactions, were
responsible for the LBV reduction. At most of the conditions reported in Figure 7.6, the
simulated LBV using: (a) You et al. [115] mechanism agreed well with the measurements, (b)
JetsurF2.0/ PoliMi-1410 mechanisms were lower/ higher than the measurements, and the

deviations were higher than the experimental uncertainties.
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Figure 7.6. Comparison of unstretched LBV of 35%(n-C12H26+(18.502/¢)) +65%N2 mixtures
at 1-4 bar, 450 K. The different symbols indicate the experimental LBV, and lines (Solid line-
JetsurF2.0, Dashed line — You et al., and dotted line — PoliMi-1410) represents the computed
LBV

7.6 Effect of N2 addition on flame stability

Figure 7.7 shows the burned gas Markstein length obtained using the NE extrapolation scheme
for all N2-diluted oxy-n-dodecane mixtures at 400 K, 1 bar, and different equivalence ratios.
The reported Markstein lengths were positive, indicating that the flames were stable to

preferential diffusion effects.
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Figure 7.7. Variation of burned gas Markstein length with an equivalence ratio of (100-Z) % (n-
C12H26+(18.502/¢) +Z% N2, Z =55-75% mixtures at 1 bar 400 K
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The estimated effective Lewis number Leer (EQ.3.18) were in the range of 3.29 (lean) —1.55
(rich) and were greater than the critical Lewis number, Le" (Eq.3.22). Table 7.3 shows all the
essential properties of reactants & flame, along with the flame thickness and unstretched LBV

at stoichiometric condition.

Table 7.3. Mixture and flame properties of 35% (C12Hz2s + (18.502)/¢) + 65% N2 at 1-4 bar, 400-450K
and ¢ =1.0

T| p |% o To | K'max | KMmin | Lb S S2 | treaction
(K) | (bar) | N2 | (cm?/s) | (K) | (ms) | (ms) (mm) | Leett | (mm) | (cm/s) | (ms)
400| 1 |55 |0.292 |2822|0.411 |0.907 |0.398 |2.58 |0.133 | 194.81 | 0.068
400 1 |65 |0.307 |2685|0.397 |0.907 |0.521 |237 |0.175 |137.87 | 0.127
400 1 |75 |0.323 | 2447 |0.486 |0.876 |0.730 |2.28 |0.275 |80.89 |0.340
425 1 |65 |0.339 |2691|0.397 |0.907 |0.602 |233 |[0.173 |159.04 | 0.109
450 1 |65 |0.372 |2697 |0.486 |0.876 |0.714 |2.30 |0.156 |166.89 | 0.094
450 | 2 |65 |[0.185 |2748 |0.381 |0.922 |0.355 |2.30 |[0.076 | 158.67 | 0.048
450 | 4 |65 [0.093 |2799 0471 |1.078 |0.329 |2.30 |0.041 | 133.98 | 0.030

The sensitivity of the flame to the stretch effects increased with a hike in the X2 from 55% to
75% in Figure 7.7 due to an increase in the: (1) duration of the flame’s response to stretch, &
(2) reaction times as reported in Table 7.3 Leaner mixtures were very sensitive due to lower
flame temperature, thicker flame, larger thermal diffusivity, longer duration of exposure to
stretch effects in association with the preferential diffusional effects, but as the deficient
reactant n-dodecane was not the highly reactive species, the L, remained positive and increased.
But in richer mixtures, the presence of differential diffusion effects had a completely different
effect as O» was the deficient reactant (with respect to the equivalence ratio only because
magnitude wise mole fraction of n-dodecane was the smallest), and it was more diffusive, and
hence, the local equivalence ratio was less richer at the flame front than the global equivalence
ratio (which tried to decrease Lu) in richer mixtures that had altered its response, even though

it had all the other effects similar to that of lean mixtures.
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7.7 Flame stability at different initial Temperatures/ pressures
for 65%N>

Figure 7.8 shows the effects of initial temperature/ pressure on the thermo-diffusive stability
of the 35% (n-C12H26 + (18.50.)/9) + 65% N2 mixtures at different equivalence ratios. At 65%
N2 dilution, a hike in the initial temperature of the oxy-n-dodecane mixtures leads to an increase
in Ly, indicating that the mixtures become more stable to thermo-diffusive effects. As shown in

1.4 % 35%(n-Dodecane/O,)}+65%N, |—B—400 K, 1 bar
| —&— 425K, 1 bar
124 ——450 K, 1 bar

—&8— 450 K, 2 bar
—#— 450 K, 4 bar

0.8+

Markstein Length (mm)

Equivalence ratio (¢)

Figure 7.8. Variation of burned gas Markstein lengths for a different equivalence ratio of 35% (n-
C12H26+(18.5 O/¢)) + 65% N, mixtures at 1 bar, 400-450 K, and 1-4 bar at 450 K Effect of initial

pressure on flame stability

Table 7.3, with an increase in the initial temperature: (a) the heat diffusivities of the mixture
enhanced, (b) the flame temperature increased, (c) the flame thickness decreased marginally,
resulted in more stable flames. As explained in 7.6, slow/ fast reactive deficient reactant n-
dodecane/ O in lean/ rich mixtures resulted in larger/ smaller variations in the magnitudes of
Ly with the increase in initial temperature. The same figure shows the variation of L, at pi = 1-
4 bar. Ly values decreased with an increase in pressure at a given equivalence ratio due to the

occurrence of thin flames with reduced diffusivities.

An important observation was that an increase in the initial temperature too, resulted in
thinner flames, but these flames were more stable, indicated by a hike in the value of Ly
essentially due to an increase in the mixture heat diffusivities. At 4 bar, and 450 K, the Ly of
the mixture at ¢ = 1.4 was close to zero, indicating that it was neutral to thermo-diffusive

effects, but may be with a further increase in the pressure, the transition may occur.
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7.8 Effect of different diluents on LBV of oxy-dodecane

mixtures

After the detailed study on the high-temperature oxy-dodecane flames diluted with N,
the response of oxy-n-dodecane flames in the presence of CO./ H,O was also studied as these
mixtures have all the real-time effects like thermal & kinetic effects and thermo-diffusive
effects. This is the first time in the literature an independent effect of important diluents like
N2, CO2, and H20 on the LBV of 35% (n-Ci2H26 + (18.502/9)) + 65% diluent is reported in
Figure 7.9 at $=0.6-1.4, 1 bar, and 450 K.

JetsurF  35% (n-dodecane/O,) +65%diluents®  65% N,
180 4= = = Youetal. 450 K, 1 bar ® 065%CO,

1- - - PoliMi ,,—_’!__ “‘mg\ 65% Steam

(cm/s)

0
u

Laminar Burning Velocity S

Equivalence ratio (¢)

Figure 7.9. Comparison of the unstretched laminar burning velocity of n-dodecane/O2 mixtures burns
in different diluent environments (N2, CO,, and H,O) at 1 bar 450 K. The symbols indicate the
measurements and lines (Solid blue-JetsurF2.0, Dashed blue — You et al., and dashed red — PoliMi-
1410)

The chemical energy of all the combustible mixtures reported in Figure 7.9 was kept constant,
and irrespective of it, a change in the diluent in the order of N2, H>O, and CO- resulted in a
significant reduction in the LBV largely to a strong reduction in the flame temperature (due to
an increase in mixture heat capacities), and the respective variation in the mixture diffusivities
too. Another notable observation was that the steam-diluted mixtures had a lower flame
temperature, but higher mixture diffusivities as compared to N2 diluted mixtures but still, the
LBV being lesser for steam dilution as compared to N2 dilution indicating the dominant effect

of flame temperature.
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The prominent LBV reduction by CO- over other diluents was due to its active participation in
the reaction pathway by enhancing chain breaking elementary reactions, which had been well
documented in the literature [44]. The standard procedure of replacing the actual diluent with
a fictitious diluent to demarcate the thermal and chemical effect of the added diluents on the
LBV was also simulated. The overall decrease in the LBV due to the addition of 65% N2/ H.O/
CO- as compared to an undiluted mixture was 60%/ 68%/ 87%. The contribution to the overall
suppression by: the thermal effect was 96%/ 93%/ 67%, and the chemical effect was 4%/ 7%/
33%. Here too, the simulated LBV agreed well with the measurements in the following order:
You et al.[115], JetSurF2.0 [41], and PoliMi-1410 [116].

As present mixtures contained CO, & steam, the radiation effects may become
important. The unstretched LBV of present mixtures were in the range of 40 cm/s- 233 cm/s
except two mixtures whose LBV were less than 25 cm/s. The largest flame diameter considered
for the estimation of unstretched LBV was 40 mm only. Yu et al. [130] and Xie et al.[131]
mentioned that radiation effects become significant for slow flames having LBV less than 26
cm/s. The presence of CO> result in reabsorption which will further reduce the loss due to
radiation [132]. Zhang et al. [133] reported that radiation effects influenced the minimum
ignition energy at the very limits of flammable mixture. As the present mixture were fast and
well away from flammability limits, radiation effects were neglected. Additional efforts were
carried out to quantify the radiation effects using freely propagating planar flame model in
CANTERA which had two radiation models such as Optical Thin model and gray gas
approximation with absorption model of the above mentioned mixtures that had larger mole
fraction of CO2 and H20. Unfortunately, the results obtained from those simulations were not
accurate, and hence, it was not presented in this thesis.

7.9 Effective Lewis number

The Lewis number (Le) is the ratio of the mixture thermal diffusivity («), and the mass
diffusivity (Dm) of the deficient species (i) into the mixture (m) can also be used for the
identification of the onset of preferential diffusional instability if its value is less than the
critical Lewis number respectively. Lees (Eq. 3.19) was chosen over Legeficient (EQ. 3.18) as it
agreed well with the present stability study. Figure 7.10 compares the effective Lewis numbers
of n-dodecane/O, mixtures diluted with 65% N2/H>O/CO. at 1 bar and 450 K. Among all
diluents, the steam diluted mixtures show a higher effective Lewis number due to its better

diffusivity nature than other diluents.
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Figure 7.10. The variation of effective and critical Lewis numbers of 35% (nCi2Hzs + (18.502/¢)) +
65% H>0/ N,/ CO, mixtures at 1 bar and 450 K

For all the studied operating conditions, irrespective of the equivalence ratio, the Lees > Le*
which indicated that all the mixtures were stable against preferential diffusion instability, and
steam diluted mixtures were more stable towards thermos-diffusive effects than other diluents.
Therefore, all the studied mixtures in the oxy-n-dodecane category are stable flames with

respect to thermo-diffusional effects at all the operating pressure conditions.

7.10 Analytical Burned gas Markstein length

As mentioned earlier, burned gas Markstein length represents the sensitivity of the flame
propagation speed on the stretch rate. Bechtold and Matalon [102] provided an explicit
expression (Eq.3.14) for Ly as a function of density ratio, the effective Lewis number of the
mixture, and the global activation energy of the chemical reaction. Experimental and analytical
values of burned gas Markstein length are presented in Figure 7.11 as a function of equivalence
ratio for all diluents at 1 bar 450 K and elevated pressure for CO- diluted mixtures. L decreases
with the equivalence ratio for all the diluents for both analytical and experimental results. The
evolution is very similar, although the analytical values are slightly fluctuating and under-
predicted than the measurements. In the present work, Leess > 1 for all equivalence ratio as well
as all the diluents, it can be concluded that oxy-combustion flames are negligibly affected by
flame stretch rates, and flame become stable at all operating conditions due to high stretch rates
at oxy-combustion. Similarly, the expression predicts the burned gas Markstein lengths closer
to the measurements at elevated pressure conditions, for clarity only the CO. mixture

comparison is presented here.
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Figure 7.11. Variation of experimental and analytical burned gas Markstein length as a function of
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7.11 Effect of different initial pressures on LBV for N2/ H20/
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Figure 7.12. Comparison of the unstretched laminar burning velocity of n-dodecane/O, mixtures burns
with (a) 65% N3, (b) 65% H0, and (c) 65% CO- diluents at different elevated pressures (1, 2, & 4 bar)
and 450 K. The symbols (Filled-1 bar, open -2 bar, crossed-4 bar) denote the experimental and lines
(Solid: JetsurF2.0, dotted: You et al. and dashed: PoliMi-1410) denote predicted LBV

Figure 7.12 indicated that the unstretched LBV at a given initial pressure was the
highest for the mixture diluted with N2 and followed by H>O and CO3, similar to that of Figure
7.9. Even at higher pressures, the LBV peaked at ¢=1. It also shows that the unstretched LBV
monotonically decreased with an increase in the initial pressure for all the diluents. It was
essentially due to an increase in the density of the unburned mixture and the dominance of
chain termination reactions. In the pressure range investigated, the inhibiting reactions H + O>
+M — HO2,+Mand H+ OH + M — HO; + M were enhanced as initial pressure increased,

which reduced the H atom concentration and competed with the chain branching reaction
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producing free radicals O and OH: H + O2 — OH + O. A retarding effect is therefore imposed
on the overall progress of the reaction with increasing pressure. The effect of the increase in
pressure on the LBV and the associated reaction kinetics is further discussed in section 6.9.
You et al. [115] had been efficient in predicting the behavior of LBV at all pressures and as
well as for the N2 and CO- diluted mixtures, but it underpredicted the LBV of steam diluted
mixtures. JetsurF2.0 [41] was accurate for estimating LBV at lower pressure but consistently
underpredicted at higher pressure for all the diluents. Except for steam mixtures, PoliMi-1410
always overpredicted for CO2 and N2 diluted mixtures, especially at ¢ = 1.4, the predicted
values significantly deviated till 30% for N2 dilution at 4 bar, 450 K, and needed attention to

improve its performance. Effect of pressure on Markstein lengths.
Figure 7.13 shows the pressure exponent (£) at each equivalence ratio estimated from the power

p
law, Sy 450k p=Su.450K. 1bar (pﬂ) where p is the initial pressure, po =1 bar, Sy 450k, IS the
o

unstretched LBV measured at 450 K and p of the respective equivalence ratio of each diluent.
For better comparison, the values of g of n-dodecane-air obtained at 425 K [129] are also
plotted in Figure 7.13. The effect of the high-flame temperature of the oxy-n-dodecane
mixtures diluted with different inert species was quite visible in the figure.
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Figure 7.13. Pressure exponent () against equivalence ratio at 450 K, 1-4 bar, for 35% (n-Ci2Has +
(18.502/¢)) + 65% N2/ CO./ H20 and n-dodecane-air mixtures

The N2 diluted mixtures had the highest flame temperature and LBV, and it’s 3 was less than
-0.2 for all the equivalence ratios that showed its least sensitivity to the pressure. For H>0 and

CO: diluted mixtures, the flame temperature and LBV was lower than the N> diluted mixtures,
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and hence, the sensitivity of LBV to initial pressure increased. As expected, the negative values
of n-dodecane-air mixture were the highest, and for this mixture, the equivalence ratio had also
a strong effect. The reason could be that as the flame temperature decreased, the reaction time
increased, and the slow termination or third body reactions dominated and increased the

sensitivity of LBV to the initial pressure.

7.12 Flame global parameters
Thermal Flame thickness 8, (Eqg. 3.11), Zeldovich number Ze (Eq. 3.13), thermal
diffusivity o (Eq. 3.10), and expansion ratio ¢ = p“/pb where p, and p,, are the density of

burned and unburned gases, respectively, was numerically calculated using CHEMKIN with

You et al. chemical kinetic mechanism.
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Figure 7.14. Variation of Zel dovich number Ze, the thermal expansion coefficient o, the flame
thickness 9, and thermal diffusivity o of 35% (n-Ci2Hz6 + (18.502/9)) + 65% N2/ CO2/ H2O flames at

450 K and 1 bar as a function of equivalence ratio
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Figure 7.14 shows the variation of the flame global parameters, i.e., Ze, o, 8, and o for n-
C12H26/02/N2/CO2/H20 flames at 450 K and 1 bar as a function of equivalence ratio. The
addition of CO; with dodecane/O. mixtures reduces the global activation energy, and hence
Zeldovich number is less for CO- diluted mixture than H>O and N2 diluents. For all equivalence
ratios, N2 diluted mixture has high values of the Zeldovich number and that of H>O and COs..
Similar to Ze, the thermal expansion ratio of N2 diluted mixtures has high values than CO- and
H>0 due to flame temperature. The flame thickness of CO. diluted flame was the largest among
all the studied diluents due to the low flame temperature and thermal diffusivities. In contrast,
the thermal diffusivity and the effective Lewis number (in Figure 7.10) of steam diluted n-
dodecane/O, mixtures was the highest, which resulted in thermo-diffusional stable flame as it

had the higher value of Ly as shown in Figure 7.8.

7.13 Sensitivity analysis

To further understand the influence of added different diluents flame chemistry on LBVs at
normal and elevated pressures, sensitivity analysis was carried out for the diluted oxy n-
dodecane flames. Figure 7.15 shows the normalized sensitivity coefficients of LBV on reaction
rates of the most influencing top 10 elementary reactions of three different diluents at lean and
rich equivalence ratios of 35% (n-C12H26 + (18.502/¢)) + 65% H>0O/ N2/ CO2 mixtures at 1 and
4 bar, 450 K using You et al. mechanism. This analysis showed that all the diluted oxy n-
dodecane flame propagation were quite sensitive to the kinetics of intermediate species of Co-
C4, which corroborates with [134]. The chain branching reaction, H+O> = O+OH (R1), is the
most important reaction for all equivalence ratios and increases from lean to rich, which helped
to break the heavier molecules at faster rates along with H radicals generated through H-
abstraction reactions. The reaction that competes with R1 will reduce the mole fraction of the
H radical and the LBV. It was observed that, the reactions CO+OH < CO2+H, H+O> (+M) <
HO2(+M), and HO2+OH « H>0+0O> were more influential at ¢ = 0.6. The sensitivity of H+O>
< 0O+0H, CH3+H(+M) < CH4(+M) and H+OH+M « H>O+M were quite dominant for rich
mixtures. Hence, the flame chemistry of oxy n-dodecane flames showed a larger variation
between lean and rich mixtures. The added diluents altered the flame temperature and the third
body efficiencies [135], and hence it considerably affected the reaction kinetics which were
reflected in the change in the sensitivities of the chain termination reactions like H+Oz(+M) «
HO2(+M), H+OH+M < H,0+M and CHs+H <« CHa(+M). The sensitivities of reactions R1,
R2, R5, and R7 were enhanced as the increased pressure varied from 1 to 4 bar. The critical
inhibiting reactions at 4 bar were R5, R6, R7, and R8 for both H20 and CO: dilution, which
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were largely responsible for the reduction in the LBV of the respective mixtures. At 4 bar too,
the effect of lean and rich equivalence ratios on the reaction kinetics was quite evident as R5

was the most dominant termination reaction at lean condition, whereas R7 dominated at rich

conditions.
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Figure 7.15. Sensitivity coefficients of 35% (n-Ci2Hze + (18.502/¢)) + 65% N2/ CO2/ H20 mixtures at
1 and 4 bar, 450 K using JetsurF2.0 detailed kinetic mechanism at (a) lean mixture ¢ = 0.6 and (b) rich
mixture ¢ = 1.4

7.14 Pressure and different diluents effect on Markstein length

Figure 7.16 is a comprehensive thermo-diffusive stability plot that shows the L, of oxy-n-
dodecane diluted with 65% N2/H>0/CO> and its response to equilibrium flame temperature
(EFT) at $=0.8,1,1.4, 450 K, and p=1, 4 bar. EFT was obtained during the LBV simulations.
For the sake of completeness, Ly of air (mole fraction of N> = 78.11%) reported in [129] at
$=1.4, 400 K (1 bar), and 425 K (1, 4 bar) with negative Ly values are also included in Figure
7.16. In the present work, the L, was always positive at all the studied conditions (65%
dilution), essentially due to the higher flame temperature, i.e., lesser flame residence time, of
oxy-mixtures. The Ly of the mixture diluted with 65%H>0 was always higher than the 65%N>
and 65%CO- due to the higher mixture thermal diffusivity and the associated Lewis number,
even though its flame temperature was slightly lesser than the N> diluted mixtures. The slowest
flames were generated by 65%CO; diluted mixtures at 4 bar as compared to 65%N. and
65%H.0 had the Ly values close to zero, signalling that they were stable and less sensitive to
the stretch and thermo-diffusive effects. As the 65%CO> mixtures at 4 bar were on the verge
of transition from stable to unstable limits, maybe with further increase in the initial pressure,

the Lp may become negative due to thermo-diffusive effects.
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Figure 7.16. Experimental Burned gas Markstein lengths of Z% (n-C12Hzs + (18.502/9)) + (1-Z) % H,O/
N/ CO, mixtures with EFT at 450 K, 1 bar & 4 bar and $=0.8,1,1.4. Z=65% for CO, and H,0. Z=55-
78.1% for N.. Also, at 78.1%N,, 400 K, and 425 K at ¢=1.4 were also plotted. Red, black, & blue
represents $=0.8,1,1.4. Square and its variants represent 55-78.1%N- dilution. Shaded star and inverted
triangles — 65%H,0 and 65%C0O,, Symbols without cross mark — 1 bar, Symbols with cross mark — 4

bar, respectively

The Ly values of mixtures diluted with 55% to 78.11%N indicated that: (a) at lean mixtures,
the increase in %N in the mixture increased the thermal diffusivity and resulted in a hike in Ly
at a given pressure, (b) at rich mixtures, the preferential diffusion of O> dominated over the
thermal diffusivity, and as the flame temperature attained 2150 K or lower resulted in unstable
flames with respect to preferential diffusion of mass over heat diffusion. The above discussion
clearly brought out the important advantage of having high-temperature oxy-n-dodecane
mixtures in combustion applications as it offers better thermo-diffusive flame stability even in
the presence of heavier inert species like CO.. This is good news for the upcoming combustion
applications that shall be using oxy-fuel mixtures diluted with CO>, and later its capture too, to

reduce the greenhouse emissions.

7.15 Reaction pathway analysis

The reaction pathway diagrams of high-temperature, premixed oxy-n-dodecane diluted with
(a) 65% CO- [Figure 7.17], (b) 65% H20 [Figure 7.18], and (c) 65% N [Figure 7.19] mixtures
at ¢ = 1.0 respectively at a mixture temperature of 450 K and 1 bar pressure are presented. The

reaction pathway diagram is the graphical representation of the rate of production and
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consumption of major and minor species involved in a complex reaction mechanism. The
thickness of the arrow lines is governed by the strength of elemental flux to highlight the
importance of a reaction path. The reaction pathway for the carbon element flux is formulated
with a threshold value equal to 5% of the largest elemental flux is chosen to gain more insight
into the combustion behaviour of the mixture. From the pathways, it is observed that he
combustion chemistry of heavy hydrocarbon n-dodecane (nCi2Hze) strongly depends on
smaller species like C:-Cs. The major reaction pathways for the consumption of carbon

observed were:

Pathway — CO2: C2H4—C2H3—C2H2—HCCO—CO—CO2

Pathway — H.0: C2He—C2Hs—C2Hs—C2Hz—C2H,—HCCO—CO—CO2
Pathway — N2: CoHe—C2Hs—C2Hs—CoH3z—C2H, = HCCO—CO—CO2

The major pathways of premixed diluted mixtures of oxy-n-dodecane with different diluents
(CO2/H20/N2) have not changed significantly. But the conversion rate of CoH,—HCCO
increased up to 56% for H>O diluted mixture than N> and CO.. A notable variation was

observed in the minor species pathways with respect to the diluents.
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Figure 7.17. Reaction pathway diagram for 35% (n-CioHzs + (18.50:/¢)) + 65% CO, diluted
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7.16 Summary

The mixtures considered in this work were (100-Z) % (n-Ci2H26+(18.502/¢)) +Z%
(N2/CO2/H20) mixtures at 400-450 K, 1-4 bar, $=0.6-1.4, and Z varied for (a) N>=55-75%, (b)

CO2/ H20 = 65%. Planar flame simulations were performed with You, JetSurF2.0, and PoliMi-

1410 mechanisms. Important interferences were:

1.

At 55%N. dilution, a peak value of 233 cm/s was measured at the stoichiometric
condition at 450 K and 1 bar. With the increase in N2 mole fraction, the LBV decreased
linearly.

At 65% dilution, 450 K, $=0.6-1.4, the overall decrease in the LBV due to the addition
of N2/ H20/ CO2, as compared to an undiluted mixture was 60%/ 68%/ 87%, which was
due to thermal effect:96%/ 93%/ 67%, and chemical effect: 4%/ 7%/ 33%.

The estimated pressure exponents showed that the high-temperature oxy-n-dodecane
flames, even in the presence of dilution, were less sensitive to initial pressure as
compared to n-dodecane-air mixtures.

Simulated LBV with You et al. and JetsurF2.0 mechanisms matched well with the
measurements at most of the conditions within the measurement uncertainties. But the
predictions with PoliMi-1410 were well away from the predictions, especially in the
rich mixture conditions.

In the N2 dilution study, at 75%N> dilution, 400 K, 1 bar, ¢ = 0.6, the highest positive
value of Ly of 1.8 was observed due to higher thermal diffusivity and longer reaction
time, and the deficient reactant, n-C12Hzs is not the fast-diffusing species.

At a given mole fraction of diluent, initial pressure/temperature, and equivalence ratio,
the steam diluted mixtures anchored the most stable flames towards the thermo-
diffusive effects owing to higher thermal diffusivity and the associated Le number.
Irrespective of the diluents, all the studied mixtures were stable to thermo-diffusive
effects even at rich conditions where the deficient species O2 had the highest reactivity
and at higher initial pressures provided that the flame temperature was greater than or
equal to 2150 K for the oxy-n-dodecane combustion.

104



CHAPTER 8
COMBUSTION CHARACTERISTICS OF HYDROGEN
BLENDED N-DODECANE-AIR MIXTURES

In this section, the measured values of unstretched LBV and burned gas Markstein length of

the premixed {(1 — Z)% nCy,H,¢ + Z% H,} + %5 (0, + 3.76N,) mixtures were presented.

The investigated operating conditions are presented in Table 8.1. This chapter provided the
valuable information on the combustion characteristics and flame stability with respect to the
thermos-diffusive effects of a binary fuel that comprised of a highly diffusive and reactive H>

and a slowly diffusive and less reactive nC12Hzs.

Operating conditions

Table 8.1. Operating boundary conditions of hydrogen blended n-dodecane-air mixtures

Mixtures Blending z (%) T(K) | p (bar) [0} #

0 1,2,4 08-14 | 21

{(1-2) N-C12Ha6+2% Hy} + air 20 425 | 1,2,4 | 0814 | 21
40 1,2,4 08-14 | 21

Total number of experiments | 63

Chemical kinetic mechanism

Table 8.2. Kinetic schemes used for the hydrogen blended n-dodecane-air mixtures

Name of the Mechanism Number of Species Number of reactions
JetsurF2.0[41] 348 2163
PoliMi [116] 130 2323
You et al.[115] 175 1318

8.1 Nonlinear flame stretch behavior

Figure 8.1 depicts the measured stretched flame speed and its variation with the flame stretch
rate of n-dodecane and n-dodecane-H, mixtures reacting in the air at (a) lean and (b) rich

conditions. N-dodecane mixtures had a strong nonunity Lewis number of 3.2 at $ =0.8 and Le
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= 0.9 at ¢ = 1.4. Due to this wide disparity in the Le, and on top of it, the H> was also added,
and, hence, the selection of the extrapolation schemes was assumed crucial in finding the
unstretched flame speed and later the unstretched LBV. In the present work, two extrapolation
schemes were used: (a) nonlinear [99], which is applicable for a wide range of Le, and (b) linear
[19]. Plots (2a) and (2b) compared the effect of the choice of the linear and non-linear schemes
on the estimated unstretched flame speed of the heavy n-dodecane blended without or with Ha.

To quantify the accuracy of the schemes, the predicted unstretched LBV
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Figure 8.1. Variation of stretched flame speed with the stretch rate of {(1-z) % n-Ci2H26+2% H}air
mixtures, z varies 0-40% at 1 bar 425 K (a) ¢ = 0.8 (b) ¢ = 1.4. Symbols indicate the experimental data
points used for extrapolation, dashed and solid lines represent the implied linear and nonlinear

extrapolations schemes

using CHEMKIN and JetSurf was used. A relative difference (¢) parameter was defined as € =

S8 mea—S2 ;i . - .
—e wsmt where S2 meq COrresponds to unstretched LBV obtained with linear/ nonlinear

o
Su,mea

extrapolation schemes, and S} represents unstretched LBV from a 1D planar flame model

,simu
with JetSURF. The estimated € of n-dodecane-air mixtures was smaller for the values obtained
with the nonlinear scheme as compared with the linear scheme, and they were: ¢ = 0.8: €L =
9.31% to en. = 3.04% and ¢ = 1.4: e = 4.52% to enL = 2.28%. However, for the H> blended
mixtures, this discrepancy further diminished due to the balancing act provided by the

contrasting diffusive characteristics of hydrogen (fast) and n-dodecane (slow).
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Figure 8.2. The trend of extrapolation criteria MaiincarKamig With an equivalence ratio of {(1-z) % n-
C12H26+2% Ho}/air mixtures, z varies 0-40% at 1-4 bar 425 K. The two dashed lines represent the lower

and upper limits of -0.05 < MajinearKamia < 0.15, as suggested by Wu et al. [126]

To further validate that the range of Sp chosen for the extrapolation was well within the weakly
stretched regime, Wu et al. [126] recommended that the product of Markstein number (Ma)
and Karlovitz (Ka) should be between —0.05 to 0.15 to minimize the uncertainty involved in
the extrapolation. Here too, the product of Ma and Ka was estimated, and its change with

equivalence ratio was displayed in Figure 8.2 for all the present experiments.

8.2 Effects of equivalence ratio on LBV

Figure 8.3 depicts the measured and simulated LBV of n-dodecane without and with H; at 1
bar, 425 K, and ¢ = 0.8 — 1.4. The addition of hydrogen in n-dodecane had considerably
increased the LBV of the fuel mixture. The maximum LBV occurred at ¢ = 1.1, and it was
nearly independent of the mole fraction of Hz (X+2) in n-dodecane. The remarkable effect of
H> addition was visible at ¢ = 1.2, where the LBV was 54.76 cm/s at 0%H>, and it increased to
119.73 cm/s (120% increase) with the addition of 40%H: in n-dodecane. At other mixture
ratios, too, as the Xn2 in n-dodecane hiked to 40%, the LBV was 1.7 (¢ =0.8) / 2.3 (¢ = 1.4)
times higher as compared to the pure n-dodecane case. Adding H> with a base fuel enhanced
the combustion characteristics of the base fuel in the following ways: [14] a) a linear increment
in the transport properties caused by the high mobility of Hz, b) the kinetic effect enhanced
strongly due to the fast reactivity of the Hz, and (c) a minor increment in the equilibrium flame
temperature (EFT). With the present n-dodecane-H> mixtures too, the EFT increased by only
20 K even at 40% H> addition in the n-dodecane, and hence, its effect is insignificant. Hence,

the LBV increment was linked directly to the enhancement in the chemical kinetics due to the
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addition of Hz, and it corroborated well with the literature [62,64]. The predicted LBV using
detailed mechanisms such as JetsurF2.0 and You et al. accorded well with the measurements,
and their variation was well within the measurement errors. But, the reduced mechanism,
PoliMi-1410, over/ under predicted the LBV of the rich/ lean mixtures of unblended/ H:

blended mixtures.
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Figure 8.4. Variation of Laminar burning velocity with H; fraction of {(1-z) n-Ci:H26+2% Hy}/air
mixtures, z varies 0-40% at (a)1 bar (b) 2 bar and (c) 4 bar and 425 K

Figure 8.4 (a-c) shows the variation in the unstretched LBV with the mole fraction of Hz in the
binary{(1-z) n-dodecane+z% H>} fuel mixture reacting with air, z varied 0-40% at 1 — 4 bar,
425 k, and ¢$=0.8, 1, 1.4. It was observed that, for lean and stoichiometric mixtures, the LBV
hiked linearly with a raise in the Xno, irrespective of initial pressures. A moderate nonlinear

increment occurred at ¢ = 1.4 when the Xn2 increased from 0 to 40% due to the strong coupling
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of kinetic and mass & thermal diffusional effects of H> and n-dodecane. Also, the maximum
increments in LBV happened at ¢ = 1.4 (132%/1 bar and 193% / 4 bar) due to the conversion

of maximum chemical energy and heat release rate.

8.4 Effects of initial pressure on LBV

Figure 8.5 depicts the variation of the experimental and numerical LBV with an equivalence
ratio of 60% n-Ci12H26+40% H: reacting in air at 1-4 bar and 425 K. The LBV of the binary
mixture peaked at ¢=1.1 independent of initial pressure, and it was identical to that of n-
dodecane case, which highlighted that the combustion characteristics of the binary mixture was
still commanded by n-dodecane. As expected, Figure 8.5 b & ¢ showed the reduction in the
LBV of the binary fuel mixture with an upraise in the initial pressure, and this trend was similar
to that of pure single fuel cases too. An increase in its unburned gas density was the reason: (a)
for the reduction in the LBV with an increase in pressure and (b) an increase in the mass burning
flux. Also, the dominance of slow, third-body reactions at higher pressures was also an
additional factor in the reduction of LBV. Figure 8.5 b & c inform that at higher initial pressures
and higher mole fractions of Hy, the widely recognised JetsurF2.0 and PoliMi kinetic models
failed to predict the LBV accurately and exhibited a significant deviation of 15.33% at ¢ = 1.0,
4 bar, and Xn2 = 40%
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Figure 8.5. Variation of Laminar burning velocity with H. fraction of (60% n-Ci,Hzs +40% Hy)/air
mixtures at 425 K, and (a)1 bar, (b) 2 bar, and (c) 4 bar

Figure 8.6 To display the sensitiveness of LBV to initial pressure, a normalized LBV, S,", was
defined as Su" = Su/Suo Where the S, was the unstretched LBV of the stoichiometric mixture at
a given initial pressure, and Syo refers to unstretched LBV at ¢ = 1.0, Py = 1 bar (Puo) and 425
K. Figure 8.6 shows the measured S,” and its variation with Xy at different normalized initial
pressures, P, = Pu/Puw. The result showed that the effect of pressure on LBV is strongly
dependent on Xu2. At higher Xuz, the magnitude of S,” reduction significantly decreased with
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an increase in pressure. This was due to a decrease in the mole fraction of CO: in the products

and the associated reduction in the third body reactions.
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Figure 8.6. The normalized laminar burning velocity of {(1-z) n-C12H26+2% H>}/air mixtures, z, varies

0-40% as a function of hydrogen ratio for different normalized initial pressures

8.5 Thermal and kinetic effects
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Figure 8.7. Simulated mole fractions of key radicals and adiabatic flame temperature of stoichiometric
{(1-2) n-C12H26+2% Hy}/air mixtures, z varies 0-40% at bar 425 K

The effect of the H> addition on the oxidation chemistry of the n-dodecane can also be assessed
via a relative increase in the mole fraction of H, O, and OH radical in the active radical pool,
as it will increase the LBV too. Figure 8.7 shows the spatial distribution of mole fraction of
species H, O, and OH and equilibrium flame temperature at different H> mole fractions in n-
dodecane reacting with air at ¢ = 1.0, 1 bar, and 425 K. The mole fraction of H, O, and OH

hiked as the mole fraction of H> in n-dodecane increased, which indicated a strong kinetic
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effect. On the other side, even the addition of 40% H: in n-dodecane increased the Ty to around
20 K only. The above discussion clearly pointed to the fact that the significant increment of
LBV of the binary mixture was essentially due to the enhanced kinetic effect due to the addition
of Ha than the thermal effect.

8.6 Effects of hydrogen addition on Markstein length
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Figure 8.8. Measured burned gas Markstein length of (60% n-Ci2Hz6+ 40% H) / air flames, at 1-4 bar
425 K as a function of (a) equivalence ratio, (b) Hydrogen ratio. An unstable region is highlighted with

color

Burned gas Markstein length (L») was estimated using Eg. 3.6. Figure 8.8 shows the measured
Ly of the premixed 60% n-dodecane+ 40% H»-air mixture at 1-4 bar, 425 K, and different (a)
equivalence ratios, and (b) hydrogen fraction. Figure 8.8 (a) shows that the L, of the binary
mixture did not show a marked change with equivalence ratio, which contrasted to the behavior
of long-chain hydrocarbons [66] at all the studied initial pressures. The same figure shows that
the response of the unblended n-dodecane-air mixtures to the stretch effects was quite strong
at all the equivalence ratios. Also, the flame transited from stable to unstable at ¢ = 1.4 for n-
dodecane-air mixtures whose Le < 1 at p=1-4 bar, and this was essentially due to the slower
diffusion of n-dodecane and the associated change in the local equivalence ratio. The H»
blending enhanced the stability of the binary mixture towards the stretch effects. It was quite
visible at $=1.4, where it prevented the transition of stable to unstable flames. The addition of
H> increased the Le number above the critical limit due to its high mobility and reduced the
magnitude of Ly, which indicated the weak response of flame to stretch effects on LBV, and an
earlier onset of hydrodynamic instabilities were observed [136,137]. Figure 8.8 (b) shows that

Ly decreased non-monotonically with an increase in the mole fraction of hydrogen at $=0.8-
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1.4. Here too, the magnitude of L, showed a little change with equivalence ratio at a given
pressure mainly due to a constant Lewis number. Further, the Ly decreased with an increase in
the initial pressure for all the blended/ unblended mixtures, as expected, due to a hike in the
thermal expansion ratio. One encouraging observation was that the addition of H» reduced the
destabilizing effect of stretch and thermo-diffusional effects, but Ly was close to the transition
limit at XH2=40%. The above results were corroborated with the estimated effective Lewis

numbers at all the operating conditions and are presented in Figure 8.10.

8.7 Flame stability

Figure 8.9 shows the shadowgraph images of spherical flames stabilized with
NC12H2e/Ho/air mixtures at R = 30 mm, Ty = 425 K, Py = 1-4 bar, ¢ = 1.4, and X2 = 0-0.4.
Increasing the initial pressure of the unblended n-dodecane-air mixture (Row-1 of Figure 8.9)
whose Le < 1 resulted in large cracks and wrinkles on the flame, indicating the declining flame
stability due to the stretch and thermo-diffusive (deficient reactant O, had the higher mass

diffusivity) effects.

Xn2=0
t=9.4 ms
6 =0.12 mm
c=5.12
XHz =0.20
t=3.8.ms
8 =0.27 mm
6 =550
Xu2=10.40

Figure 8.9. Shadowgraph images of spherically propagating (burning sequence of the flames of) {(1-z)
n-C1oH2s+2% Ho}air flames at R = 30 mm, Tu =425 K, Pu = 1-4 bar, ¢ = 1.4, XH, = 0-40%.
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The interesting aspect was that even though the n-dodecane-air at 425 K, 4 bar, & ¢ = 1.4 was
affected by thermo-diffusional effects (represented by negative Ly as shown in Figure 8.8), but
it still had not been affected by the hydrodynamic instability (appearance of small and uniform
cells on the entire flame surface) even at R = 30 mm. Addition of H> to n-dodecane enhanced
the diffusional characteristics of the mixture, and resulted in thinner flames. Thinner flames
were less susceptible to flame stretch and thermo-diffusional effects, which could be
corroborated with the smaller magnitudes of Ly, as shown in Figure 8.8. But it resulted in an
earlier onset of hydrodynamic instability at elevated pressures, as shown in Figure 8.9 (columns
2 &3), as compared to the unblended mixtures, as both the hydrogen addition and pressure rise
had together significantly reduced the flame thickness. The images were displayed to show the
onset of different types of instabilities, and the flames with instabilities were never considered
while estimating the LBV.

Figure 8.10 presents the different global flame properties of the premixed binary fuel
(n-dodecane/Hy)-air flames and its dependence on equivalence ratio at 425 K, Xn2 = 0-40%,
and p=1-4 bar. Zeldovich number (Ze) is a non-dimensional global activation energy, and it
represents the sensitivity of chemical reaction to the flame temperature. Figure 8.10 shows that
the variation of the Zeldovich number with equivalence ratio was exactly opposite to the trend
of LBV with ¢ as shown in Figure 8.3 & 8.5. It showed that Ze increased with a hike in the
initial pressure was due to an increase in the mass burning flux (p,SQ), and a subsequent

d(InpuSy)

increase in the global activation energy, E, = —2R [ RS
b

] . As Xu2 increased in n-
14

dodecane, the Zeldovich number decreased, due to an enhancement in the global reaction rate
[64]. The flame thickness decreased with either an increase in Hz (due to an increase in the
transport properties and reaction rate) or with, an increase in the initial pressure (due to an
increase in the reactant’s density, number of collisions, and collision rate) or both. The
effective Lewis number (Eq. 3.20) decreased with an increase in the initial pressure due to a
reduction in the thermal and mass diffusivities. It varied non-monotonically with the addition
of H2 (0 to 40%) in n-dodecane as the rate of increase in the mass diffusivity (Defr) of the
combustible mixture was higher as compared to that of thermal diffusivity, and consequently,
Leerr decreased with H fraction. The effective Lewis number is less than the critical Le at ¢ =
1.4 but greater than it for all ¢ < 1.4, indicated that the thermo-diffusive instability destabilized
the flame at rich mixtures (as the deficient reactant Oz had the highest diffusivity), but
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generated stable flame at lean mixtures (as the deficient reactant n-Ci2Hzs had the lowest

diffusivity).
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Figure 8.10. Variation of Zeldovich number Ze, the thermal expansion coefficient o, the flame thickness
d, and the effective Lewis number of n-dodecane/H./air flames as a function of equivalence ratio at 425
K. (2) at different initial pressures and X2 = 20% (b) at different H, ratio and 1 bar

8.8 Sensitivity analysis

A sensitivity analysis was performed to analyse the impact of H> blending on the chemical
kinetics and its sequential effect on LBV. The A-factor of reaction k was estimated from
CHEMKIN [17] and JetsurF2.0 chemical kinetic mechanism. The top 15 elementary reactions

which have a significant impact on LBV are plotted in Figure 8.11 for lean, stoichiometric, and
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rich mixtures of (n-dodecane/H>)-fuel mixtures reacting with air at various levels of H addition
and 1 bar 425 K. An elementary reaction which has a positive value of normalized sensitivity
coefficient enhanced the LBV, and vice-versa for an elementary reaction that has a negative
value of normalized sensitivity coefficient. It can be observed that reactions involving H
radicals were the most sensitive one, and its sensitivity further scaled up with an addition of
H>. The chain branching reaction, H+O, = O+OH (R1), was the most important reaction at all
equivalence ratios and mole fraction of Hz in n-dodecane. The products of reaction R1 were O
and OH radicals. These radicals attacked the heavier molecules to hydrocarbon radicals at
faster rates. Any reaction which competes with R1 will reduce the overall reactivity and hence,
the LBV. H and OH radicals are dominant in lean mixtures, but H is more dominant in rich
mixtures than OH, as was observed in the sensitivity plot itself from the reactions R27, R9, and
R3. It was noticed that with an increase in the H2 mole fraction in n-dodecane, the reaction R1
becomes more significant, as its sensitivity increased with the addition of Hz independent of

the equivalence ratio. This observation is in line with the findings of Comandini et al.[66].

When the mole fraction of Hz in the n-dodecane was increased from 0 to 40%, the
sensitivity of R1 increased significantly only for the lean and the stoichiometric mixtures,
however, in the rich mixture, its sensitivity showed a minor increment due to the availability
of higher mole fraction H radicals which helped in breaking the HC. The reaction CO+OH =
CO2+H (R27) was the second highest sensitive reaction for the premixed n-dodecane/H>
mixtures reacting with air. Its sensitivity decreased with a hike in the H> mole fraction in the
n-dodecane, which clearly indicated that the kinetics and the reaction path-way of the binary
mixture was dominated by the presence of H> than the HC(n-dodecane) at lean and
stoichiometric mixtures, however, R27 is insignificant at rich mixtures due to the competition
between Hz and HC combustion chemistry. The chain termination reaction CHz+H(+M) =
CH4(+M) (R84) shows the influence of a smaller HC species in the reaction pathway of a
heavier n-dodecane, and as expected, its sensitivity increased with H, addition for lean
stoichiometric mixtures, but at rich mixtures, the sensitivity decreased due to the dominance of
HC combustion. The negative sensitivity reaction of H+O2(+M) = HO2(+M) (R12) coefficient
significantly increased only on lean mixture due to the availability of excess oxygen. The
sensitivity of chain branching O+H, = H+OH (R2) and chain propagation OH+H, = H+H->0
(R3) reactions increased appreciably with the addition of H, in n-dodecane, and the dominance
of these two reactions were the evidence for the shift in the oxidation chemistry from HC

pathway to H, pathway at high H> addition levels (40%). The positive sensitivity of R2 and R3
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at lean and stoichiometric mixtures indicated the dominance of H, chemistry, and it changed
their sign from positive to negative (coefficient reversal) for rich mixtures as these reactions
competed for the O and OH radicals with HC combustion chemistry reactions-those with
positive sensitivity coefficients in Figure 8.11 (c).
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Figure 8.11. The normalized sensitivity coefficient for the laminar burning velocity of {(1-z) n-
C12H26+2% Ha}/air flames, z varies 0-40% at 425 K and 1 bar (a) lean: ¢ = 0.8 (b) stoichiometric: ¢ =
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Figure 8.12. Normalized sensitivity coefficient of {(1-z) n-CioHzs + 2% Hy}/air flames, z varies 0-40%
at 425 K, 2-4 bar,and ¢ = 1.0

As expected in the high-temperature flame chemistry, the chain branching/ termination
reactions associated with H radicals were the most sensitive ones. It can be observed that the
reactions involving H radical consumption have slightly increased sensitivity coefficient values
with pressure increment. Figure 8.12 reports the effect of initial pressure on the sensitivities of
elementary reactions at a different mole fraction of H> in n-dodecane. At a given mole fraction

of Hz in n-dodecane, with an increase in initial pressure from 1 to 4 bar, it was found that the
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three-body termination reaction H+OH+M = H20+M (R9) takes over the reaction H+O2(+M)

= HO2(+M) (R12) and became the most sensitive reaction in suppressing LBV.

8.9 Reaction pathways

The reaction pathway diagram is the graphical representation of the production/ consumption
rate of major/ minor species involved in a complex reaction mechanism. Figure 8.13 shows the
reaction pathway diagram of n-dodecane/H./air with (a) X+2 = 0% and (b) Xn2 = 40% mixtures
at ¢ = 1.4, respectively, at 450 K and 1 bar. The thickness of the arrow lines indicated the
strength of elemental flux. From the pathways, it was observed that the combustion chemistry
of n-dodecane mainly depends on smaller sub-species like C1-Cs. The major reaction pathways

for carbon consumption observed were:
Pathway — 1: CoHs—C2H3—C2H>—HCCO—CO—CO>
Pathway — 2:C,Hs—C2Hs—CoHs—C2H3—CoH—CoHo—HCCO—CO—CO2

The addition of 40%H, to n-dodecane had significantly altered the major pathways. The
dominant pathway for this mixture was CH;—CH3—CH0—HCO—CO—CO,. The
elemental flux through the above pathway was significantly higher as compared to that of n-
dodecane-air mixture. Similarly, CH3—CH2*—CH>—HCO—CO—CO. pathway also
becomes prominent. Most of the reaction paths lead to the formation of HCO and then CO..
Conversion of HCO to CO element flux increased from 0.592 to 0.867 (46%), and CO to CO>
decreased from 0.233 to 0.177 (24%), indicated that hydrogen combustion takes over the HC

combustion chemistry.

8.10 Emission analysis

Hydrogen addition was aimed to bring down greenhouse gases and pollutant emissions.
Hence, a simulation was performed using a freely propagating flame model to estimate the
possible emissions from n-dodecane-air mixture without and with H> blending. For this
purpose, Naik et al. [40] kinetic mechanism was used. It had 597 species and 3854 reactions
with the NOy subsets from GRI-NOx mechanism, HCN reaction chemistry, and NOx -HC
sensitization chemistry. Figure 8.14 (a) & (b) shows the effect of H» addition on the important
pollutant species, such as CO, CO, and NOx of premixed n-dodecane/H; reacting with air at 1
bar, 425 K, and Xn2 = 0 to 40%. As expected, Figure 8.14 (a) depicts that both the mole
fractions of CO2 and CO decreased with the addition of Hz. Typically, the mole fraction of
green-house species, CO, decreased by 55% with the addition of 40% of H; in the fuel. The
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mole fraction of pollutant species, CO, also considerably decreased at an average of 30% due
to the larger availability of OH, which facilitated the oxidation of CO to CO..

0.059

% 0.224

0.0562

@) 0%H,

.105

C2H6

0.159

0.154

0.211

(b) 40% H:

Figure 8.13.Reaction pathway diagram showing the carbon elemental flux change of n-dodecane/H./air
with (a) Xn2 = 0% and (b) Xw2 = 40% mixtures at ¢ = 1.4, at 450 K and 1 bar
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Figure 8.14. Effect of H, addition of n-dodecane/H./air mixtures on emissions (a) CO2 and CO (b) NOx
at 1 bar 425 K

Figure 8.14 (b) shows the variation of (a) mole fraction of NOx and (b) equilibrium flame
temperature (EFT) with equivalence ratio at 1 bar, 425 K, X+2=0-40%. As expected, the peak
NOx emission occurred in a stoichiometric mixture due to the occurrence of high flame
temperature. The mole fraction of NOy slightly decreased with the addition of Hy, as the
variation in the EFT was quite less. Thermal NOx variation was insignificant. The slight
reduction in Xnox was essentially due to the shorter residence time of Hz blended fuel as

compared to n-dodecane, which was consistent with the literature [67,138].

8.11 Summary

An experimental and numerical study was carried out to understand the effect of H2 on LBV,
flame stability, and emissions of liquid hydrocarbon fuel n-dodecane/air flames with different
hydrogen blending levels and a wide range of equivalence ratios at elevated pressures using

Spherically expanding flame method. The main conclusions are as follows:

1. Unstretched LBV of the binary mixture increased with an increase in the mole fraction
of H at all the investigated operating conditions. The increment in LBV was higher
up to a factor of two for stoichiometric mixtures. The addition of H, improved the
flame propagation rate essentially through a significant improvement in the kinetic
effect than an increase in the equilibrium flame temperature, i.e., thermal effect.

2. Ha blending decreased the magnitude of burned gas Markstein length, which indicated
that the flame’s response to stretch effects declined. At rich mixtures, the Hz blending
in n-dodecane avoided the transition of a stable flame to an unstable flame due to

thermo-diffusive effects at all the studied pressures because of an increase in the

119



transport properties of the mixture and the associated effective Lewis number (Leeft
>1 also above critical Lewis number).

. Atboth elevated pressures and higher Hz fractions, the on-set instabilities occur earlier
due to the effective reduction of flame thickness and the decrement of the effect of
flame stretch on burning velocity.

. Hydrogen blending in n-dodecane increases the OH radical concentration and reduces
the CO2 and CO emission significantly up to more than 55% and 30 respectively. Peak
NOx emission of 40% H> blended n-dodecane mixture produced 8% lower NOx than

the unblended mixture.
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CHAPTER9
ABSOLUTE EGR GAS DILUTION EFFECTS ON OXY-
METHANE MIXTURES

Exhaust or Flue Gas Recirculation (EGR) is one of the most efficient ways to reduce
pollutant emissions such as NOx and CO in internal combustion engines and other combustion
applications. Oxy-fuel combustion with exhaust gas recirculation receives special attention for
its potential use for CO> capture and storage. But, the addition of EGR to the combustible
mixture alters its thermophysical properties and the reaction rate of the mixtures [43]. Hence,
it is essential to understand the effect of adding a single or a mixture of diluents like EGR on
combustible properties such as laminar burning velocity. Recently, oxy/ oxy-rich combustion
drew a larger interest in industrial furnaces and power generation [139]. Traditionally, oxy-fuel
combustion is used in rocket thrust chambers. One of the important advantages of oxy-fuel
combustion is its rapid burning rate and better flame stability towards thermo-diffusive effects
[84]. Diluted oxygen-enriched combustion results in lesser pollutant emissions due to the lower
flame temperatures. The addition of a diluent to a fuel affects its consumption rate due to the:
(i) reduction in the chemical energy, flame temperature, and transport properties and it is
addressed as a thermal effect, and (ii) participation of diluent in the reaction kinetics may
change the reaction paths and also the reaction rate, and it is addressed as a chemical effect
[43].

Operating conditions

Table 9.1. Summary of operating conditions of diluted oxy-methane mixtures

Mixture Dilution, Z (%) | p (bar) | T (K) ) #
40, 50, 60 1 393,423,453 | 0.6-1.4 | 45
(100-2Z) % (CH4 + (202/¢)) +Z% H.0
50 2,4 423 0.6-1.4 | 10
(100-Z) % (CHa4 + (202/¢)) +Z% N2 50 1,2,4 423 0.6-1.4 | 15
(100-Z) % (CHa + (202/¢)) +Z2% CO> 50 1,2,4 423 0.6-1.4 | 15
(100-Z) % (CH4 + (202/¢)) +Z2% N2/CO; 50 1 393 0.6-1.4 | 10

Total number of experiments | 95
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Chemical Kinetic mechanism

Table 9.2. List of chemical kinetic mechanisms used for diluted oxy-methane mixtures

Name of the mechanism

Number of Species

Number of reactions

GRIMech 3.0 [113]

53

325

291

FFCM-1 [114] 36

9.1 Effects of Steam dilution on flame instability

As mentioned in the introduction, exclusive studies on steam dilution with methane-oxygen
mixtures were not available, and hence, the following few sections discuss results on steam
dilution. An important strength of the SPF method was the estimation of the burned gas
Markstein length, Ly, which provides the necessary information on the response of the flame
towards the real-time effects such as unsteadiness, curvature, and preferential diffusional
effects. Ly was estimated from both NE (Eqg. 3.6) and NQ (Eg. 3.7) schemes. Both the schemes
predicted very close to each other. Hence, for better readability, only the values obtained using
the NE were reported in Figure 9.1. The burned gas Markstein length of diluted methane-
oxygen mixtures with steam at 1bar, 393 K, 423 K, ¢$=0.6-1.4 and 40-60% steam.

0.9

|—m—, - O- 40% Steam| Symbols: Shaded-393K, Open- 423K
08 4—®—, - O— 50% Steam - '%
1—&—, - - 60% Steam .
0.7 H -
. =
é 0.6 —- ? -—— - -
= 05 T -
R e T
g 0.4 § / - - E/
= - -Lm
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G 03 O S
7
Z ]
5 024
> J
0.1 __ ISlable
4 — = - e e e e e e e e — ===
J Unstable
-0.1 T T T T T T T T T
0.6 0.8 1 1.2 14

Lquivalence ratio ()

Figure 9.1. Variation of burned gas Markstein length with equivalence ratio for different percentages
of steam addition in the mixture at 1bar and 393 K (shaded symbols) 423 K (open symbols) obtained

through nonlinear extrapolation method
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Figure 9.1 shows that either the dilution fraction of steam increased from 40% to 60% at a
given equivalence ratio or a change in equivalence ratio from 0.6-1.4 at a given dilution
fraction, and the Ly remained positive. Its positive value increased in both scenarios indicating
that the sensitivity of the flame towards the stretch and the thermos-diffusive effects got
enhanced. With an increase in the steam mole fraction, the flame got thicker, and LBV reduced,
and as a result, the flame response time to stretch increased, leading to larger values of Ly. An
encouraging observation was that an increase in the positive value of Ly indicated that the
addition of steam had indeed made the mixtures more stable towards the thermo-diffusive
instabilities at all the equivalence ratios. The values of effective Lewis number [105] estimated
for all the conditions were well greater than their respective critical Lewis numbers, mentioning
that the present mixtures were stable to the thermos-diffusive effects and corroborated well
with the Markstein length analysis. Figure 9.1 also exhibited an increase in initial temperature
from 393 K to 423 K at all the mole fractions of steam and equivalence ratios. Ly also increased,
mentioning that the preheated and diluted flames were more stable even though their sensitivity

was raised to stretch effects due to an increase in the Lewis number.

9.2 Suppression effects of steam on LBV

| Symbols: Shaded-393K, Open- 423K and 1bar B 40 % Steam
240 % Mazas-373K-1b-45% Steam l¥ ® 50 % Steam
1¥% Present com:latiun ® 60 % Steam
——GRI3.0

~ - -FFCM

LEquivalence ratio (¢)

Figure 9.2. Experimental (symbols) and computed (Solid and dotted lines) laminar burning velocities
of CH./O,/ % Steam mixtures as a function of the equivalence ratio with various steam percentages at
1 bar 393 K (filled symbols) and 1bar 423 K (Open symbols). Dash lines represent laminar burning
velocity data using the FFCM-1 mechanism, and the filled star symbol represents [43] data. The open

star symbol indicates the present correlation prediction at the same operating condition
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Figure 9.2 displays the unstretched LBV as a function of equivalence ratio at 1 bar, 393—-423
K and Xsteam = 40-60%. The trend of variation in LBV with equivalence ratio at all studied
steam dilution fractions and the initial temperature was identical. The steam addition decreased
the LBV due to a reduction in flame temperature and kinetic effect [43]. At 40% steam, the
predicted values deviated (+1.5% to +10.8%) significantly with the measurements. An increase
in the preheating temperature raised LBV due to an increase in the flame temperature and other
transport properties. Figure 9.2 also shows the LBV of premixed methane-oxygen diluted with
45% steam at 373 K and 1 bar reported by [43] as a shaded star symbol. To compare with their
data, a correlation was developed (provided in 9.7) to estimate the LBV for the measured
conditions of [43] and reported in Figure 9.2 (unshaded star symbol), and it showed an excellent
agreement with their data as the deviation was less than 2 cm/s. Due to the presence of H2O in
the mixture, the thermal radiation effects may become important. Present mixtures have LBV
in the range of 37cm/s — 237 cm/s. Following the similar discussion presented in section 7.8,
the effects of radiation on LBV is neglected, and the same discussion was applicable for the

mixtures presented in section 9.3 too.

9.3 Steam suppression effects on LBV at elevated pressures

and temperatures

The variation of unstretched LBV with an equivalence ratio of 50% (CHa4 + (202 /$)) +50%
H->0 at 423 K and p=1-4 bar is depicted in Figure 9.3.

CH, /0, /50% steam, 423K W Ibar
160 4 % Cano-473K-0.5MPa-55% Steam ® 2bar
% Present correlation

140

120

LBV S? (cm/s)

100 <

80 4

60 : . : : : : : : .

Lquivalence ratio (¢)
Figure 9.3. Experimental (symbols) and predicted (solid lines) laminar burning velocities of 50% (CH.
+ (20, /9))+50% H.O mixtures at different equivalence ratios, 1-4 bar and 423 K. Continuous line —
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GRIMech3.0 dashed line- FFCM-1 and dark shaded star symbol represent [85] data. The open star
symbol indicates the prediction using the present correlation at the same operating condition

With an increment in the initial pressure, the LBV decreased due to an increase in the mixture
density and dominance of third-body reactions. Figure 9.3 clearly shows that the measured
values of LBV showed good agreement with GRIMech3.0 than FFCM-1 at all initial pressures.
It also shows the LBV data measured by [85] as an unshaded star symbol at 55% steam, 473
K, and 5 bar, and the estimated LBV from the present correlation as a shaded star symbol, and
the deviation between them was 7.48%.

To find out the key elementary reactions that influence the LBV at different pressures, a

normalized A-factor sensitivity was analyzed and reported in Figure 9.4.

R290:CH,+0,=2H+CO,
R166:HCO+H,0=H+CO+H,0
R144:CHy,+0,=H+OH+CO
R119:HO,+CH;=OH+CH,0
R99:0H+CO=H+CO,
R97:0H+CH,=CH,+H,0
R61:H+CH,0H=0H+CH,

Reactions

R38:H+0,=0+OH
R287:0H+HO,=0,+H,0
R98:0H+CH,=CH,+H,0

R53:H+CH,=CH,+H,

R45:H+HO,=0,+H, i CH,/ 0,/ 50% Steam, 423K

-0.05 0 0.05 0.1 0.15 02 0.25 0.3

Normalized Sensitivity coefticient

Figure 9.4. Normalized sensitivity coefficients of top ten contributing elementary reactions of
Stoichiometric 50% (CH4 + (202 /9)) +50% H,O mixtures at initial pressures 1-4 bar and 423 K.

Figure 9.4 depicts that with an increase in the pressure, the positive sensitivity of important
chain branching reaction R38 (H+O. «<» OH+H), R99, and R166 decreased, whereas the
negative sensitivity of recombination reaction R287 (OH+HO2 <» O2+H>0) increased, which
indicated that the recombination reactions dominate at higher pressure resulted in the
decrement of LBV.

Figure 9.5 shows the effects of equivalence ratio and initial temperature on the LBV of 50%
(CH4+ (202 /9)) +50% H.O mixtures at 1 bar. As the initial temperature hiked, the LBV also
raised due to the increase in the flame temperature and reaction rates. The peak value of LBV

was observed at the stoichiometric condition for all levels of steam dilution. At 453 K, the
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predicted LBV from both the kinetic schemes was well-off than the measurements. Again, the
values of LBV predicted by GRIMech3.0 showed less deviation than FFCM-1.

200

CHy4 /0, /50% Steam, 1bar m 393K

180

160

140

LBV S? (cm/s)

120

100 H

80

Lquivalence ratio (¢)

Figure 9.5. Experimental (symbols) and predicted (solid lines) laminar burning velocities of 50% (CH4
+ (202 /¢)) +50% HO mixtures at different equivalence ratios, 1 bar and 393, 423, and 453 K.
Continuous line — GRIMech3.0, dashed line- FFCM-1

9.4 Effects of EGR diluents on flame stability

Figure 9.6 shows the measured values of burned gas Markstein length estimated using NE (Eq.
3.6) for 50% (CH4+ (202 /¢)) +50% H2O/N2/CO2 at ¢ =0.6—1.4 1 bar, and 423K. All the studied

mixtures had positive Ly indicating that they were stable towards thermos-diffusive effects.

0.8
| —m— Steam
074 ® €0
] e N, i ///i
— 0.6 / i{?'/
£ i i L
= =
= e
= 77 E/ p
— 1 / 7_,,/-/-"_’::,.?’
S 044 f—‘-*‘fg_/«-"’
=) | -
5 T
= 0.3 4 CH,/0,/50%Diluents
a2 | Ibar, 423K
2 024
—
g -
0.1 lStablc
1
| -I'- Unstable
-0.1 T T T T T
0.6 0.8 1 1.2 14

Equivalence ratio (§)
Figure 9.6. Variation in the burned gas Markstein length with an equivalence ratio of 50% (CH. + (202
/$)) +50% diluents at 1 bar and 423K
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The steam addition increased the flame stability more than N2 and CO- due to the higher values
of the effective Lewis number, as reported in Figure 9.7. The CO; has the least positive values
of Ly, indicating that it is less sensitive to preferential diffusion effects, but it is also in danger
that the mixture may turn unstable with a further increase in the mole fraction of CO,. At rich
mixture conditions, all the values of Markstein length obtained with all the diluents were close
to each other, indicating that the choice of diluent did not have a significant effect on the flame
stability, which is good information for EGR mixtures as they would have all these three
diluents in tandem. Figure 9.7 shows the comparison of effective (Eq. 3.19)/ critical (Eq. 3.22)
Lewis numbers of 50% (CHs + (202 /9)) +50% H20/N2/CO. mixtures. All Leesr > Le*,
indicating stable mixtures and corroborated well with the positive values of Ly as illustrated in

Figure 9.7.
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Figure 9.7. Variation in the effective/ critical Lewis number with an equivalence ratio of 50% (CH4 +
(202 /¢)) +50% diluents at 1 bar and 423K

9.5 Effects of different diluents on LBV at a range of

equivalence ratios

Figure 9.8 depicts the effect of different diluents on the flame propagation rate of the methane-
oxygen mixtures. Maybe for the first time, the suppression effect of all three major diluents,
which are part of the exhaust gases on the combustion characteristics of methane, was
investigated at an identical mixture and thermodynamic conditions. The addition of 50%
diluents to the oxy-methane mixture at all equivalence ratios decreased the LBV substantially:
(a) CO2 — 87% (averaged across all equivalence ratios) as compared to the no diluents, (b)

steam-69% and (c) N2-61% due to thermal and kinetic effects. To quantify the thermal/ kinetic

127



effects of each diluent was analysed in CHEMKIN by replacing the original diluent with a

fictitious diluent [133]. The thermal effect (LBVN"““E‘;‘fBVmﬁtmmd““e‘“) of methane-oxygen
No diluent

diluted with steam/ N2/ CO2 were 98.51%/ 98.50%/ 90.51% (averaged across all equivalence

ratios), respectively. Similarly, the kinetic effect (LBVM;‘;;;“'”“'LBV‘“‘“‘“) of steam [133] / N2/
No diluent

CO2 were 1.49%/ 1.50%/ 9.49% respectively at 1 bar and 423 K, and a similar observation was
reported by [82] and [140]. The measured LBV data with steam and CO> dilution showed an
excellent agreement with GRIMech3.0 and FFCM-1, whereas, for N, the matching was
relatively poor. Hence, the LBV was also predicted using the modified version of GRIMech3.0
reported in [44], and the simulated values matched well with the 50%N, than other diluents.
Modified GRI-Mech3.0 predicted well for the faster mixtures. Due to the presence of 50%H-0,
and 50%CO: in the mixture, the thermal radiation effects may become important. Present
mixtures have LBV in the range of 50cm/s — 223 cm/s. Following the similar discussion

presented in section 7.8, the effects of radiation on LBV is neglected.

250

CH, /O, /50% diluents ¢ N2
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| & (O
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Figure 9.8. Experimental (symbols) and predicted (solid lines) unstretched LBV of 50% (CH4 + (20:
1$)) +50% diluents mixtures at different equivalence ratios at 1 bar and 423 K Continuous line —
GRIMech3.0, dashed line- FFCM-1 and dotted line-modified GRIMech3.0

9.6 Effect of different diluents on LBV at elevated

thermodynamic conditions
Figure 9.9 (a) shows the unstretched LBV of 50% (CH4 + (202 /¢)) +50% H>O/N2/CO> as a

function of initial temperature and different equivalence ratios. As the initial temperature
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increased, the values of LBV increased due to the respective increase in the flame temperature
for all diluents. Dilution with N2 has the least effect on LBV, followed by the moderate effect
of steam, and the severe effect of CO, matched quite identical to the results of 1 bar & 423 K.
Figure 9.9 (a) also shows LBV predicted with GRIMech3.0 and FFCM-1 only at ¢=1 for better
readability, and the deviation between the measurements and the simulations was quite higher

for the N2 cases.
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Figure 9.9. (a) Variation in laminar burning velocities of 50% (CHa + (202 /$)) +50% diluents mixtures
with initial temperatures and equivalence ratios at 1 bar. (b) Temperature exponent as a function of

equivalence ratio. Continuous line — GRIMech3.0, dashed line- FFCM-1

The LBV data presented in Figure 9.9 (a) was fitted with the power-law

o
Su. T, Ibar=Su.0 (TT—) where Tu is the initial temperature, Tuo is 300 K, Sy 1 i IS the

unstretched LBV at Tu & 1 bar, S;, is the unstretched LBV at 300 K & 1 bar, and o is the

temperature exponent. The temperature coefficients (o) are plotted in Figure 9.9 (b). The

temperature exponent of CO2 was the highest, and the N2 was the lowest. To understand the
reason, the Boltzmann energy factor exp (;ui;‘) where Ea/Ru is the activation Temperature and
T is the equilibrium flame temperature was estimated, and it followed the identical nonlinear
trend displayed in Figure 9.9 (b) and hence, the variation in o is primarily due to an exponential
dependence of reaction rate on the flame temperature. As FFCM-1 was consistently predicting
lower than GRIMech3.0, the predicted flame temperature from them showed a +0.14%
deviation between them. Later, sensitivity analysis was performed, and it showed that there
was a considerable difference (7.79%) observed between GRIMech3.0 and FFCM-1 in some

of the key elementary reactions, and that was the reason for the deviation between them.
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Figure 9.10 (a) shows the effect of equivalence ratio and pressure (2 bar, 4 bar) on the
unstretched LBV for 50% (CHs + (202 /¢)) +50% H20O/N2/CO> at 423K. Mixtures with (a)
$=0.6-1.4 at 2 bar and (b) $=0.8-1.2 at 4 bar were studied. At all elevated pressures, the peak
LBV was observed in a stoichiometric mixture. As the pressure raised, the LBV decreased for
all the diluents, and the reason was the increase in the mixture density and also the domination

of recombination reactions, as discussed in the earlier section, 9.3. Figure 9.10 (b) shows the

p
pressure exponent (B) obtained from S{ 300k ,=Su.o (pﬁ) where p is initial pressure, po =1 bar,

S, 300K p 1S the unstretched LBV measured at 300K and p, and its variation with equivalence
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Figure 9.10. (a) Variation in laminar burning velocities of 50% (CHa4 + (20; /¢)) + 50% diluents™
mixtures with an equivalence ratio at 423 K and 2 bar & 4 bar. (b): Pressure exponent as a function of

equivalence ratio. Continuous line — GRIMech3.0, dashed line- FFCM-1

ratio. The mixture with a larger kinetic effect and slower flames was more sensitive to pressure.
Section 9.5 mentioned that the kinetic effect of N2 & steam were nearly the same, but the steam
diluted flames were slower than the N2 dilution due to low values of flame temperature and
diffusional properties. In all aspects, the presence of CO. in the mixture made it more sensitive

towards pressure and temperature.

9.7 LBV correlation oxy-methane-steam mixtures

From the range present elevated pressure, temperature, and equivalence ratio of methane-
oxygen-steam mixtures laminar burning velocity measurements, a correlation was developed
by using the [30] method. The proposed correlation includes the equivalence ratio and steam

diluent terms to generalize the fit equation.
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T, \" [P\f
SO= b x (=4 x (-) % (by + by + by?) X (bs + beX + b, X?)
Tu,O PO

Where, b; — b, are the nonlinear regression model coefficients, a temperature exponent,
pressure exponent, ¢ equivalence ratio, and X is the dilution molar fraction. For steam
conditions, the reference conditions are T, o = 373 K and P, = 1bar. Coefficients b; — b,
were adjusted to minimize the root mean square error (RMSE). The RMSE was defined as the
standard deviation of the residuals, which is the difference between the experimental data and
the S2 values predicted by the correlation. The model coefficients were optimized with the

fmincon function (an optimization function in MATLAB). In the present work, the objective

function was set as the RMSE of the residuals. The convergence criteria

300

CH, /0, / % Steam, % Mazas-373K-1b-45% steam B Experiment
J423K, 1 bar Yr Present correlation —— GRIMech3.0
- - -~ Correlation

250

100

60%

50

Equivalence ratio (¢)

Figure 9.11. Experimental (symbols) and computed (Solid and dotted lines) laminar burning velocities
of (100-z) % (CH4+20./¢) +z%H,0 where z was varied from 40-60% steam at different equivalence
ratios, 1bar and 423 K. Continuous/dashed lines correspond to GRIMech3.0, and present correlation
fits and filled star symbol represents [43] data. The open star symbol indicates the present correlation

prediction at referred operating condition

was defined as a change in the objective variable less than 1e® between two consecutive
iterations. The optimized correlation coefficients are by = 118.55, a = 1.67, § = -0.26, b2 = -
1.28, b3 =5.92, bs =-3.02, bs = 2.81 bg =-5.01 and b7 = 1.41. with an RMSE of 5.75 cm/s. The
maximum deviation between the experimental and correlation results was detected as 8.44 cm/s
at 1 bar, 423 K, ¢ = 1.4, and X = 60% Steam. S values provided by the correlation were plotted

in Figure 9.11. S2 predictions of the correlation are highly consistent with the experimental
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data. However, the little discrepancy can be observed at very rich equivalence ratios and

extreme dilution conditions.

9.8 Summary

The present work investigated the effects of the addition of steam/ N2/ CO, on the laminar

burning velocity and the burned gas Markstein length of methane-oxygen mixtures at T,=393-

453 K, p=1-4 bar, and ¢ =0.6 to 1.4. Important conclusions were:

1)

)

(3)

(4)

(5)

(6)

The addition of the steam decreased the unstretched LBV due to the predominant
thermal effect than the kinetic effect.

Burned gas Markstein length remained positive, and it increased with an increment in
the steam dilution fraction due to the respective increase in the effective Lewis number
The addition of steam/ N2/ COz to the premixed CHs-O2 mixture led to a reduction in
the LBV. The suppression effects were the highest for CO, and followed by steam and
nitrogen at a given set of initial conditions due to both thermal and kinetic effects.

The flame was stable to all the diluents in the presently studied conditions. Markstein
lengths were the highest for steam and followed by N2 and CO. due to higher effective
Lewis number.

The temperature/ pressure exponents of steam/ N2/ CO2 showed that slower flames were
more sensitive to both pressure and temperature.

From the entire study, it can be concluded that predictions with GRIMech3.0 closely
matched with that of the experiments if the magnitude of LBV was less than 150 cm/s
than the FFCM-1 kinetic scheme. For mixtures having LBV higher than 150 cm/s, the
modified GRIMech3.0 worked fine.
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CHAPTER 10
CONCLUSIONS

The objective of the present work was to investigate in detail the unstretched LBV and
flame stability characteristics of n-dodecane, an important species of surrogate fuels, under
various mixture ratios and operating conditions using a freely expanding spherical flame
method based on an extensive literature review. A new rig comprising a cuboidal combustor
with optical access, heating system, fuel injection system, and high-speed shadowgraph system
was used to generate freely expanding spherical flames and also to record it. The post-
processing was achieved using in-house MATLAB programs to find the unstretched LBV and

burned gas Markstein length.

The following four combustible mixtures (a) nC12H26 + 4.76 air (b) 35% (nC12H26+02) + 65%
N2/ CO2/ H20, (c) (1-Z) % nCi2H26+ Z% Ha reacting in air, Z=0 to 40 %, and (d) (100-X) %
(CHs + (202/¢)) + X% H20/CO2/N2; Xn20 = 40-60%, Xcoz = 50%, Xn2 = 50%, were
investigated at normal/ elevated, initial pressures and initial temperatures. The unstretched
LBV and burned gas Markstein length were measured, and the effects of all major EGR diluents
such as N2, CO», and steam, on LBV and flame stability were examined for the first time at an
identical operating condition. The main conclusions of all the four mixtures are summarised

below:

10.1 n-dodecane-air mixtures

Study-1: This study investigated the LBV and stability aspects of premixed n-dodecane-air
mixtures at p=1-4 bar, T = 400-450 K, and equivalence ratio = 0.8-1.4 using freely expanding

spherical flame method and 1D planar flame simulations.

e The unstretched LBV of premixed n-dodecane-air estimated by the linear extrapolation
scheme showed a maximum deviation of 7.42% at ¢=1.4 as compared to that of a non-
linear stretch extrapolation due to the non-unity Lewis number,

e Unstretched LBV of premixed n-dodecane-air mixtures increased with an increase in
the initial temperature due to a hike in flame temperature and mixture diffusivity. It
decreased with a hike in initial pressure due to higher mixture density and dominance
of third-body reactions.

e The predicted LBV using JetsurF2.0 and You et al. mechanisms agreed well with the

experimental values well within the experimental uncertainties, whereas LBV
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estimated by Polimi-1410 showed a significant deviation with the measurements to a
tune of 28%, especially at elevated operating conditions.

The thermo-diffusive instability parameter burned gas Markstein length L, showed
destabilization for rich mixtures at ¢=1.4 when (a) T < 450 K and independent of
pressures, due to thicker & slower flames, and longer stretch duration, (b) p > 1 bar and
T=425 K, due to a significant reduction in the flame thickness. The comparison of
kinetic and stretch response times of all the unstable mixtures indicated that a thinner
flame having smaller Karlovitz number was affected by thermo-diffusive instability.
The presence of preferential diffusion of Oz from the preheat zone to the reaction zone
was demonstrated by analysing the predicted flame structure of premixed n-dodecane-
air mixture at ¢=1.4. It showed that the deficient reactant, O, diffused faster into the
reaction zone than n-dodecane resulting in an accumulation of n-dodecane in the
preheat zone, and hence, the local equivalence ratio at the preheat zone was 1.63 against
the global equivalence ratio of 1.4.

The effective and critical Lewis numbers estimated through the BM model only
predicted the flame transition from stable to unstable at rich equivalence ratio
accurately and corroborated well with the measurements.

The onset of hydrodynamic instability (small cells appeared uniformly on the flame
surface) was delayed/ preponed for a stable/ unstable mixture having positive/ negative
Lb. It depends strongly on the flame thickness. A thicker flame delayed the onset of

hydrodynamic instability for a longer duration as compared to that of a thinner flame.

10.2 Oxy-n-dodecane mixtures

Study-2: The mixture considered in this work was (100-Z)% (n-Ci2H26+(18.5 O2/¢)) +Z2%
(N2/CO2/H.0) mixtures at 400-450 K, 1-4 bar, $=0.6-1.4, and Z varied for (a) N2=55-75%, (b)
CO2/ H20 = 65% to address the effect of dilution on LBV and flame stability with different

diluents independently at identical operating conditions. The equilibrium flame temperatures

of the above mixtures were in the range of 2100K to 2800K. This is also the first time where

the LBV was measured for mixtures having such high-flame temperatures. The major outcomes

of this study were listed below:

The highest LBV of 233 cm/s was measured for stoichiometric 45%(n-
C12H26+(18.502/9)) +55%N2 mixture at 1 bar and 450 K. The LBV increased by nearly
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three times, as the Xn2 reduced from 75%-55%, due to an increase in the chemical
energy, equilibrium flame temperature, and reaction rates.

The normalized net heat release rate and mole fractions X+o+ow) varied exponentially
with equilibrium flame temperature whereas LBV followed the power law for different
nitrogen fractions due to the non-monotonic increment of thermal diffusivity of the
added nitrogen.

Only You et al. chemistry predicted LBV that matched with experimental data.
JetsurF2.0 / PoliMi-1410 mechanisms under / over predicted the LBV, which indicated
that the mechanism validated with conventional air combustion measurements needed
a revision for oxy-fuel mixtures.

Dilution of oxy-n-dodecane mixtures with N2/ CO2/ steam decreased the unstretched
LBV significantly due to a decrease in the heating value of the mixture and subsequent
reduction in the temperature and the Kinetic activities. The predicted LBV with the
contemporary Kinetic schemes of mixtures having higher magnitudes of LBV
significantly deviated with the measurements.

The flame stability of mixtures having high flame temperatures increased significantly
against the thermo-diffusive effects due to an increase in heat diffusivities. In addition,
unlike n-dodecane-air mixtures, the n-dodecane-O, mixtures were quite stable at rich
equivalence ratios, even at elevated initial pressure conditions.

The contribution of thermal and kinetic effects of different diluents were estimated
through simulations, and the overall decrease in the LBV due to the addition of N2/
H>0/ CO> as compared to an undiluted mixture was 60%/ 68%/ 87%, which was due
to thermal effect:96%/ 93%/ 67%, and chemical effect: 4%/ 7%/ 33%.

Among different diluents, n-dodecane-O,-steam mixtures were highly stable than N>
and CO2 owing to higher thermal diffusivity and the associated Le number. The
pressure exponents of diluted oxy-n-dodecane mixtures were insensitive to initial

pressure than n-dodecane-air mixtures.

10.3 Hydrogen blended n-dodecane-air mixtures

Study-3: The effect of addition of hydrogen on the LBV of a binary mixture of n-dodecane-

H> was also studied. The binary fuel was {(1-Z) % nCi2He+ Z% H}, and it reacted with air

at 1-4 bar and 425 K, where the hydrogen fraction was varied from 0 — 40% (by volume) in n-

dodecane. The key observations are listed below:
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o An interesting aspect was that the stretched flame speed of n-dodecane-H, mixture
showed a linear variation with the stretch rate, and the unstretched flame speed
estimated by the linear/ nonlinear extrapolation schemes, were same which contradicted
with that of n-dodecane mixture which showed a strong non-linear behaviour between
flame speed and stretch rate.

o LBV increased with the addition of H> at all the studied operating conditions up to a
factor of two at stoichiometric condition. The addition of H> tremendously increased
the reaction rates of the binary fuel whereas only a minor increase in the equilibrium
flame temperature was observed.

o H2 addition decreased the magnitude of Markstein length, which indicated that the
response of flame to stretch effects got reduced. Importantly, H> blending makes the
flame stable at rich equivalence ratio at all the studied pressures due to its high mobility,
and hence, Leefr was always greater than the critical Lewis number.

o At both elevated pressures and higher H fractions, the on-set instabilities occur earlier
due to the effective reduction of flame thickness and the decrement of the effect of

flame stretch on burning velocity.

10.4 Oxy-methane mixtures

Study-4: The absolute dilution effect of various exhaust recirculation gases were studied on
(100-X) % (CHas + (202/9)) + X% H20/CO2/N2; XH20 = 40—-60%, Xco2 = 50%, Xn2 = 50%,
mixtures at 1 -4 bar and 393 — 453 K. The major conclusion obtained from this work are

presented below:

v The addition of steam/ N2/ CO2 to the premixed CHs-O2 mixture led to the reduction in
unstretched LBV, and the suppression effects were highest for CO2, and it was followed
by steam and nitrogen due to both thermal and kinetic effects at a given set of initial
conditions.

v Burned gas Markstein length remained positive for oxy-methane diluted mixtures, and
it increased with an increment of steam dilution fraction due to the respective increase
in the effective Lewis number and flame thickness.

v' The widely recognized GRIMech3.0 mechanism was not efficient in predicting the
LBV of oxy-fuel diluted mixtures if the magnitude of the burning velocity of the
mixture was higher than 150 cm/s. FFCM-1 was consistently under-predicted at all

conditions. Therefore, chemical mechanisms developed for the oxidation of CH4/ air
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mixtures failed to predict accurately the LBV of oxy-fuel mixtures. The temperature/
pressure exponents of steam/ N2/ CO, showed that slower flames were more sensitive

to both pressure and temperature.

10.5 The overall contribution of present work

The present work published a large volume of accurate, unstretched LBV and burned
gas Markstein length data of n-dodecane and methane measured using a freely
expanding spherical flame method under various categories and at elevated
thermodynamic conditions. The reported large dataset, especially at elevated
thermodynamic conditions, will be useful to kinetic scheme developers working in
long-chain liquid fuels.

Absolute dilution effects of all major EGR components (steam, CO», N») at identical
thermodynamic and mixture conditions were published for the first time in the literature
for lower alkane-methane and heavy hydrocarbon: n-dodecane.

Thermo-diffusive instability effects of n-dodecane/air, n-dodecane/O., and n-
dodecane/Hz/air mixtures were newly reported.

A compact correlation was developed for finding LBV of oxy-methane mixtures as a
function of equivalence ratio and dilution fraction for different diluents and successfully
validated with existing literature and simulation predictions of up to 50 bar pressures

with a deviation of less than 7%.

10.6 Application potential of the present work

With the presented large range of accurate LBV data, one can optimize the existing
chemical kinetic mechanisms in order to improve its accuracy in predicting LBV at
different mixture compositions.

The wide range of EGR diluted LBV data, and the presented LBV correlation as a
function of equivalence ratio and dilution fraction will be useful for industrial gas
turbine operations.

LBV is used in the design of new fuels to suit a particular application. This data shall

help in designing new fuels too.
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10.7 Future scope of the present work

e Development of a compact and reliable surrogate fuel for kerosene and Jet fuels.

e With the successful execution of primary experiments of various classes of liquid fuels
(Alcohol-ethanol, Ether-DEE, Alkane-methane, ethane, propane, n-decane, dodecane,
MCH, Ester-methyl formate, Aromatics-Propyl benzene, and Hydrogen blended
studies), the government policy of ethanol blended petrol (EBP) liquids and its
combustion characteristics can be estimated. The combustion characteristics of
upcoming methanol blended transport fuels need to be studied.

e To increase the energy density, various particles in smaller concentrations were added
to various liquid fuels. The impact of suspended particles on the combustion

characteristics of the liquid fuel has to be analysed.
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Appendix -A: Ignition Discharge Energy Measurement

In the freely expanding spherical flame method, a spherical flame is initiated by means of a
spark kernel provided by a spark ignition system. It comprised of extended electrodes which
were vertically positioned inside the chamber. The pointed tips of the electrodes were
assembled at the center of the chamber with a short gap of 1-3 mm. A spark with a short
duration is discharged in this gap. The strength of this spark strongly depends on the primary
voltage and the current of the spark ignition coil. The flame kernel generated by this spark was
highly unsteady and non-spherical in shape. Then, the flame kernel develops or grows into a
smooth spherical flame and the ignition effects disappear. Hence, the smallest radius of a
smooth spherical flame chosen for the estimation of LBV quite strongly dependent on the spark
energy. Hence, the spark should have the minimum possible energy only to initiate a self-
sustainable flame. The smallest ignition energy needed to initiate a self-sustainable flame is
called minimum ignition energy (MIE). The energy deposited through the spark should be close
enough to the MIE. Each fuel has its respective MIE, and it depends on the structure of the
fuel. For example, the MIE of Propane/ n-Pentane/ n-Heptane/ Isooctane are 5.5/7.8/14.5/27.0
mJ at and 298 K [1]. Also, MIE depends on the equivalence ratio too. At a given equivalence
ratio, MIE increased with an increase in the carbon number of the fuel. The equivalence ratio
at which the lower limit of MIE shifted towards richer condition with increase in the carbon
number of a fuel, for methane (¢ = 0.9), propane (¢ = 1.25), heptane (¢ = 1.8), and n-dodecane
(¢ = 3.5) [2]. The reason was that the heavier molecules diffused slowly which affected the
replenishing of fuel molecules at the ignition point. This clearly indicates the requirement of a
higher ignition energy under lean fuel conditions for heavier liquid fuels than lighter
hydrocarbons. Furthermore, the MIE decreased with an increase in the initial pressure and

initial temperature [1].

The discharge energy between electrodes can be varied by adjusting (a) the primary current
and voltage, and (b) the electrode gap itself. In the current test facility, the electrode gap was
adjustable from 1mm to 5mm. For both the fuels, methane and n-dodecane, the electrode gap
was kept constant at 1 mm based on the recommendation by Ferguson et al. [3] and Friedman
et al. [4]. Only for the lean mixtures of premixed n-dodecane-air mixtures at 1 bar and 400 —
450 K, the primary voltage was increased from 12 V to 14 V, as stated above, that the lean
combustible mixtures required higher MIE to ignite a self-sustainable flame. If a combustible
mixture was ignited with a spark having insufficient ignition energy, it leads to a weak flame

kernel which got extinguished immediately due to the strong transient effects and the energy
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losses to the electrodes [5] as shown in Figure A.1. In the following section, the methodology

followed to find the energy of the spark generated in between the electrodes is discussed.

Figure A.1 The sequence of flame strong kernel emerges and extinguish a weak kernel of lean n-

dodecane-air mixture at 1 bar 400 K, ¢ = 0.8.
Experimental procedure

Table Al lists the important technical properties of the ignition coil used in this study.
It has two primary power inputs and one signal input to trigger it. The minimum secondary
voltage attainable was 30 kV in order to ionize the molecules between the electrode gaps to
generate a spark. Figure A.2 shows the fundamental circuit diagram of the coil. The electronic
control unit (ECU) was connected to a pulse generator. Figure A.3 shows the wiring connection
arrangement of various instruments. Current and voltage probes were connected across the coil
to measure the primary current and voltage drawn by the coil while generating the spark. An

oscilloscope was used to record the transient profiles of current, and voltage.

Table Al. Summary of ignition coil technical data.

Technical data
Supply voltage 12-14V
Operating Temperature -30to 180 °C
Primary resistance 0.98 £ 5% Q
Secondary resistance 7.2+ 10% KQ
Secondary voltage with 35 PF Load | 30 KV min
Energy (into 1000V Zener) 30 mJ
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Figure A.3. The wiring diagram of the experimental arrangement.

The measured time-dependent parameters are used in Equation (A-1) to measure the maximum

possible ignition energy that can be stored in the coil.

E= f tv(t)i(t)dt A1l
0

where E-minimum ignition energy, v(t), the primary voltage-time curve; i(t) the priamary
current-time curve; t, spark duration (1 ms). The ignition energy discharged by means of an
electrical arc between the electrodes is approximated (with transmission loss, and custom spark

plug efficiency) to be the same as that of the stored in coil.

Two methodologies were adapted to measure the discharge ignition energy (1) by varying the
primary voltage, and (2) by varying the electrode gap. For a given constant electrode gap of 1
mm and a fixed spark duration of 1 ms, the primary voltage was increased from 10, 12, and 14
V by keeping the primary current constant at 20 mA. The variations in the primary current flow

and voltage during the actual spark were measured using a current probe (Pintech AC/DC
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Probe-PT2710:0.4-60 A) and a voltage probe (Keysight - N2791A:70 to 700 V), as shown in
Figure A.4.
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Figure A.4. The variation of primary current with different input volage (a) 10 V, (b) 12 V, and (c) 14

V in given constant 1 ms pulse width

Figure A.4 clearly shows that an increase in the primary voltage from 10 to 14V for a fixed
spark gap of 1mm, the spark energy also simultaneously increased from 11.18 to 21.65 mJ as
the primary current consumed also increased. The measured spark energy was in the general
MIE range of 10-30 mJ meant for hydrocarbons for $=0.8-1.4. Although the present work does
not involve any changes in the electrode gap, due to the uncertainty in smaller gap
measurements, the ignition energy measurements were carried out for different electrode gaps
(1-3 mm) by keeping the primary voltage as constant at 12V. Figure A.5 shows that the ignition
energy increased with an increase in the electrode gap, and then remained constant at 3 mm.
For a maximum gap of 3 mm, the energy drawn by the coil went up to 19.44 mJ, which was

also within the hydrocarbons range for a constant spark duration (trigger pulse width) of 1 ms.
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Figure A.5. The variation of primary current and spar energy with different spark gaps (a) 1

mm, (b) 2 mm, and (c) 3 mm for constant pulse width of 1 ms
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Therefore, these measurements confirm that the coil discharge energy falls within the
recommended range, and hence, ignition effects are negligible or minimal in the flame

propagation at a smaller radius.
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Appendix-B: Uncertainty Quantification

The uncertainties associated in the present measurements of unstretched laminar
burning velocity and burned gas Markstein length using the outwardly propagating spherical
flame method, and their quantification are discussed in this chapter. The uncertainties depend
on number of factors such as: unburned gas mixture composition, initial temperature, initial
pressure, estimation of radius through image processing, extrapolation schemes, thermal
radiation and the density ratio of burned to unburned gases. Uncertainty was estimated by
following the procedure reported by Xiouris et al. [110]. The total uncertainty involved in the

measurement of LBV ( as0) was categorized into three stages, (i) mixture preparation, (ii) data

acquisition, and (iii) post processing. The uncertainty of each stage was estimated
independently, and subsequently combined to provide an accurate estimate of the total
uncertainty in the unstretched LBV and burned gas Markstein length. Table B.1 shows the list

of sensors used for measuring absolute partial pressure and temperature of unburned gas

mixtures.

Table B.1 Pressure and temperature sensors range and accuracy.

Instruments Range Accuracy
Absolute Pressure Transducer 0-0.5 bar +0.25%FS

(Druck:PTX 5072-TA-A1-CA-HO-PF)

0—1 bar +0.25% FS

Keller Druck -Leo 3 0 —4 bar +0.1%FS

K type Sheathed Thermocouple 70 to 1500 K +3%FS

(Tempsens Pvt Ltd)

(i) Uncertainty in the Mixture Preparation

The uncertainty involved in the mixture preparation process is mainly due to the system
errors associated with the instruments. In present experiments, gas components were filled by
measuring respective partial pressures and total mixture pressure by piezo resistive pressure
transducer and mixture initial temperature measured by thermocouple. Therefore, the

uncertainties of all the factors related to the mixture preparation ago vp, that affect Su® were

defined as follows:
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To determine overall uncertainty associated with the LBV measurements, the above factors

were assumed to be uncorrelated. Therefore, the above expression was deduced as,

350\ ? 350 \? 9S50\ *
asgare = 2 () o+ (57 ) b+ (55) o o2

where ai, a% =~ and aj  are the uncertainty of partial pressure measurement of gas filling

process, mixture initial temperature and mixture initial pressure measurement. The uncertainty

in the value of R; is caused by error in the pressure transducer a, = 0.00125 and 0.0025 bar for

Psi

0.5 and 1 bar range pressure transducers with a least count of 0.001 bar, because R; =

Si+1

and therefore any change in the partial pressure value corresponding change in the value Ri.

After obtaining the partial pressure values through perturbation based on the instrument error
at a given pressure, their respective mole fraction and equivalence ratios were estimated. Then,
for all the mixture conditions, the LBV was predicted using CHEMKIN. Similar exercise was
repeated for four different perturbations to fetch data in the upper and lower limit of the

operating condition, to find its sensitivity to LBV.

For calculating the uncertainty on LBV due to the uncertainty in the initial pressure, initial
temperature measurements, again, based on instruments accuracy range, a few operating
conditions were populated with respect to the experimental value of initial pressure and
temperature. For all the newly populated operating conditions, where experimental values were
not there, the LBV was simulated, and the respective derivatives were estimated, and it was
followed by the calculation of uncertainty with respect to the perturbed initial parameter. The
obtained values were substituted in the above equation and the uncertainty in the mixture

preparation was calculated.
(if) Uncertainty in data acquisition

Uncertainty involved in the data acquisition was mainly due to real-time image capturing
method. The present shadowgraph system was carefully arranged to minimize the aberrations

and the image distortion to reduce the error in the flame radius estimation. Since the
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shadowgraph system has non-negligible error less than 1% and its uncertainty is insensitive to

S.°, therefore error due to data acquisition was neglected.
(ii1) Post processing uncertainty

The flame radius as a function of time was obtained through a circle fit procedure applied on
flame images by minimizing the following objective function and the error associated in the

estimation of this function was considered as the uncertainty in the calculation of flame radius.

| ZERi = Ry ) B.3
Ry = k-1

Where Ri and Ryt are flame radius of instantaneous image and corresponding circle fit, k is

number of points used for fitting. Therefore, two fits are possible,

ag, = f1(t) B.4

gy, = f2(0) B.5
While post processing data to obtain the unstretched LBV and Markstein length (L), the range
of radius used was 8-20mm. In addition to that, the estimated flame speed-time plot had minor
fluctuations or noise essentially due to the usage of numerical differentiation to find the flame
speed from the consequent two flame radii. To remove the same, the flame speed data was
conditioned using a smoothing algorithm, and the uncertainty arising due to the smoothing is
explained in the present work.

The flame speed is defined as S, = Z—}; but due to finite data collecting rate, the flame speed
has to be calculated numerically as:

—R(t;4+2) + 8R(ti41) — 8R(t;—1) + R(t;—7)
12At

B.6

Sp(t) =

Where At = 1/FPS' FPS is frame rate at which imaging of the flame is done. Therefore, the

uncertainty in the flame speed is given as:

B.7

ARyy, T 8aRi+1 + 8aRi—1 + aRi—z)

as, (t;) = Sp (ti)< 12

The uncertainty in stretch, defined as K = 2% can be written:
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Now consider Rt1 and Rt » from the radius data, such that Rs1 < R¢n and these two radius range
are free of any ignition or confine effects. Then any radius lying between these two bounds, its
corresponding stretch, flame speed and respective uncertainties can be used for either a linear
or a nonlinear fitting to obtain the unstretched flame speed and burned gas Markstein length.

Also the uncertainties in these quantities can be calculated.

Let,
Rfit = [Rfjl’ Rflz, Rf,n]’ aRfit = [aRf_l,aRf‘z....aRf'n] Bg
Sbfit = I:Sbf,l, Sbf,Z’ - Sbf.n] ; asbfit = [asbf,l , asbf,Z I asbf’n ] B.10
Kfit = [Kfrl’ Ksz’ Kf,n]’ aKfit = [aKf‘l,aKf‘z....aKf'n] Bll
Then
0 _ ¢o
651(,) _ ASg _ Sb IKf,i+aKf‘l. Sb IKf,i—aKf‘i B.12
aKf’i AKf,i ZaKf'i
0 _ ¢o0
aSy B AS? B Sp |Sbf,i+asbf'i Sb |5bf,i-asbf_i B.13
E)Sbf'i ASbf,i Zasbf’i
daL, _ AL, _ Ly |Kf,i+aKf,l- - Lble,i—aKf’i B.14
(')Kf,l- AKf,i ZaKfl.
dL, _ AL, _ Ly |Sbf.i+a5bf'l. — Ly ISbf,i—aSbf'i B.15
OSbf'l. ASbf,i ZaSbf'i

0 0 H H
The values Sp| b sasy Splx fitak,, Lp| Sbf‘iiasbf'i,and Lylx fitak,, are obtained by varying

one element at a time and then performing the fit. Once the derivatives are calculated the

uncertainty in the data is obtained as:
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B.17

The subscript ‘no smooth’ implies that the uncertainty associated with a non-smoothed data.
As mentioned earlier smoothing is required to minimise the noise raised due to numerical
differentiation of consecutive radius points, which also contribute to the LBV. This uncertainty
was quantified by smoothing the flame speed data and using this data to calculate the stretch.
Then a fitting was carried out using the radius data, smoothed flame data and the corresponding
smooth stretch data, which provided a value of unstretched flame speed and Markstein length.

Now,

aSbo, smoothing = ”SbOlsmoothed data — |Sb0|non smoothed data ” B.18

aLbl smoothing = ”Lblsmoothed data — ILbInon smoothed data ” B.19

Therefore, uncertainty of LBV and Ly are estimated by the following expression,

2 2
W[ T a B.20
Sbo \/ SbOsmoothed SbOnon smoothed

2 2
a;, = |a +a B.21
Ly \/ Lbsmoothed Lbnon smoothed

The calculated data processing uncertainty will be added with uncertainty in mixture
preparation, initial temperature, initial pressure and radiation, final experimental uncertainty is

the summation of all these individual uncertainties and reported in the plots.
Sample calculation (study -3)

Mixture: 35% (C12H26 + (18.502)/9) + 65% N2, 1 bar, 450 K, ¢ = 0.6 — 1.4, least count = 0.001,
error = 0.00125 bar, frame rate = 17000 FPS, smoothing factor = 0.35.
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Mixture preparation uncertainty

Uncertainty in the mixture preparation can impact the laminar burning velocity through
equivalence ratio, for 35% (Ci2H2s + (18.502)/¢) + 65% N2 flame experiments, the absolute
partial pressure measurements of each component was treated as independent, uncorrelated
variables. The mole fractions of the mixtures were slightly perturbed by its instrument
uncertainty and hence, the equivalence ratios. You et al. mechanism was used to quantify the
uncertainty effect on laminar burning velocity. The procedure needed to populate two different
equivalence ratios on the lower and upper regimes of the studied equivalence ratio by a small
perturbation as shown in Table B.2. This perturbation provided the partial pressures of each
species for the additional cases which takes care of the instrument accuracy too needed to
estimate the contribution of uncertainty in the equivalence ratio. To be in line with the
measurements, the estimated partial pressures and the associated mole fraction values were

corrected to three decimal points, and the respective equivalence ratios were estimated.

Table B.2 Populated equivalence ratios for uncertainty quantification.

Stoichiometric Mole

Populated mole fractions fractions Perturbed variables
Phi | X ele X _ele
1 X ele2 |3 X-DD | X-O2 | X-N2 X-02 | X-N2 | ¢_var

06 | 0.010 | 0.339 | 0.651 | 0.018 | 0.332 0.650 0.342 | 0.658 | 0.553
0.6 | 0.011 | 0.338 | 0.651 | 0.018 | 0.332 0.650 0.342 | 0.658 | 0.609
06 | 0.012 | 0.339 | 0.649 | 0.018 | 0.332 0.650 0.343 | 0.657 | 0.665
0.6 | 0.011 | 0.340 | 0.649 | 0.018 | 0.332 0.650 0.344 | 0.656 | 0.609
0.017 | 0332 | 0.651 | 0.018 | 0.332 0.650 0.338 | 0.662 | 0.946
0.018 | 0.331 | 0.651 | 0.018 | 0.332 0.650 0.337 | 0.663 | 1.003
0.019 | 0332 | 0.649 | 0.018 | 0.332 0.650 0.338 | 0.662 | 1.060
0.018 | 0.333 | 0.649 | 0.018 | 0.332 0.650 0.339 | 0.661 | 1.003
14 | 0023 | 0.326 | 0.651 | 0.018 | 0.332 0.650 0.334 | 0.666 | 1.288
14 | 0025 | 0.324 | 0.651 | 0.018 | 0.332 0.650 0.332 | 0.668 | 1.403
14 | 0026 | 0.325 | 0.649 | 0.018 | 0.332 0.650 0.334 | 0.666 | 1.461

14 | 0.025 | 0.327 | 0.648 | 0.018 | 0.332 0.650 0.335 | 0.665 | 1.401
Table B.3 Mixture preparation uncertainty

S

o LSC asgyMP(Cm/S)
0.6 ] 1.33 13.41
0.8 | 0.65 11.61

1 | 0.02 1.09
1.2 | -0.82 7.24
14| -2.23 12.38

162



0
Figure B.3 shows the computed Logarithmic Sensitivity Coefficients LSC = ‘u;(—g;‘) for 35%

(C12H26 + (18.502)/) + 65% N2 mixtures at 450 K, and 1 bar. Off-stoichiometric mixtures
exhibit larger LSC, similar trend is reported in literature [110]. All the calculated values are

attached in the excel sheet of the supplementary files.

Independent perturbation for the unburned mixture temperature and pressure values by their
associated uncertainties (£ 3 K / temperature and 0.00125 bar / pressure) were designed and
You et al. mechanism was used to quantify the uncertainty impact of each initial conditions
on LBV estimated.

-2,23

Equivalence ratio (¢)

1.33

1.5

Figure B.1 Logarithmic sensitivity coefficients of SO for 35% (Ci2Hzs + (18.50,)/¢) + 65% N, mixtures
at 450 K and 1bar

Table B.4 Initial temperature uncertainty

T1 T2
¢ | Suo +|Suo -| (K) (K) | dSu/dT | %s;
06| 112 110 453 447 0.33 1.00
0.8 | 149 146 453 447 0.50 2.25
1 162 159 453 447 0.50 2.25
12| 152 149 453 447 0.50 2.25
14| 122 120 453 447 0.33 1.00
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Table B.5 Initial pressure uncertainty

¢ | Suo + | Suo - | P1 (bar) | P2 (bar) | dSu/dP | %si,
0.6 11094 | 111 |1.00125 | 0.99875 | 24.00 0.0009
0.8 | 147.75 | 148 | 1.00125| 0.99875 | 100.00 | 0.015625
1 | 160.07 | 160 |1.00125| 0.99875 | 28.00 | 0.001225
1.2]150.34 | 150 | 1.00125| 0.99875 | 136.00 | 0.0289
14112081 | 121 | 1.00125| 0.99875 76.00 | 0.009025

Table A.6 Mixture preparation uncertainty

d aSﬁ,MP¢ aSﬁ,T a53,p asngP (cm/s)
06| 1341 1.00 | 0.0009 13.75
0.8 ] 11.61 2.25 | 0.0156 13.43
1 1.09 2.25 | 0.0012 6.84
12| 7.24 2.25 | 0.0289 9.90
14| 12.38 1.00 | 0.0090 12.74

Post processing uncertainty

The uncertainty in the radius measurement due to pixel to physical conversion, propagates in

the flame speed and Markstein length, and hence in the reported laminar burning velocity. The

error profile in the image processing was used to estimate the error involved in flame speed

with nonlinear expansion extrapolation scheme to calculate the post processing uncertainty on

LBV and Markstein length. Figure B.2 shows the uncertainty in the calculation of radius for

different images of stoichiometric n-dodecane/O2/65%N, mixtures at 1 bar 450 K.

Finally, the post processing uncertainty calculated by,

dpp (Mm)

0
aco =
Su.pp

Usim

aco
S
b,pp

0
Sb NE

X

| n-dodecane-0,-65%N,
| Lbar, 450 K. =10

1 2

Flame radius (mm)
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Figure B.2 Variation of flame radius uncertainty with flame growth.

where Sfjsim is LBV obtained through simulation by using You et al., ago is uncertainty of
PP

experimental flame speed due to radius error, and S{,’NE Is corresponding experimental

unstretched flame speed. Table B.6 shows the post processing uncertainty on LBV and

Markstein length for different equivalence ratios.

Table B.7 Post processing uncertainty of LBV and Markstein length.

¢ asg,pp S I(J) NE Sgsim asg,pp ar, (cm)
0.6 | 551 | 550.23 | 111.10 1.11 0.0079
0.8 | 10.43 | 858.47 | 149.22 1.81 0.0080

1 |10.28 | 952.44 | 161.83 1.75 0.0073
1211046 | 936.77 | 151.60 1.69 0.0076

1.4] 870 | 869.20 | 120.81 1.21 | 0.0067

The overall uncertainty was quantified by root-of-sum-of-squares method, by following

expression.

— 2 2
asg = \/aS‘S.’MP + asg'PP B.23

Table B.8 Mixture preparation, post processing, and total uncertainty on LBV

o | ¥y | 98, | aso(cm/s)
0.6 | 13.75 1.11 13.79
0.8 | 13.43 1.81 13.55

1| 684 1.75 7.06
1.2 9.90 1.69 10.04
14| 12.74 1.21 12.80

Minimization of extrapolation uncertainty

In the present work, the uncertainty of LBV and burned gas Markstein length was estimated
by following the procedure reported by Xiouris et al. [141] and a non-linear extrapolation (NE)
[99] model was fitted to a radius range of 8-20mm which falls in the weak stretched regime.
Further, Wu et al [126] provided a correlation to minimize the extrapolation uncertainty. For
the present mixtures, all the chosen data range were within the limits of -0.05 < MajinearKamid <
0.15, except two lean mixtures, as plotted in Figure B.3. Hence, the present radius range and

extrapolation scheme had a high value of goodness of fit in the range of 96% and above for the
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investigated diluted, oxy-n-dodecane mixtures and meets the recommended criteria to

minimize the extrapolation uncertainty.

03
nDodecane/0,/65% diluents m 65%N,

0.25 4 450K ® (5% 1,0
{ e 2
02 4 * 65%CO,
] o
015+ - — — — — — — - — - — ——————— - - -
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Equivalence ratio (¢)
Figure B.3 Extrapolation uncertainty parameter as a function of equivalence ratio of 35% (n-
C12H26 + (18.502/9)) + 65% diluent at 1 and 4 bar 450 K.

Density ratio

The unburned to burned gas densities at equilibrium can be calculated using standard
thermodynamic properties with EQUIL model in CHEMKIN. Three kinetic models
(JetsurF2.0, You et al., and PoliMI-1410) were used to simulate the n-dodecane/air and n-
dodecane/O2/65%N. flames at 1 bar, 450 K, and ¢ = 0.8 -1.4. The average relative average
deviation seen in the modelled density ratio results was found to be 0.062% and 0.088%
respectively, indicating that the species-specific thermodynamic properties used in each model
have a negligible impact on the overall LBV results. Therefore, uncertainty in the density ratio

calculation is relatively insignificant compared to the other sources of uncertainty.

Table B.9 Reported average uncertainties of LBV and Lb for various mixtures.

Uncertainty range (%)
LBV Markstein length
Study-1 n-dodecane-air +5.87-6.03 +6.27-9.28
Study-2 | n-dodecane-O»-diluents | £5.81 - 6.45 +7.64 - 8.95
Study-3 (n-dodecane+H>)-air +4.8 - 8.69 +7.8-13.2
Study-4 Methane-O2-diluents +4.83 -6.93 16.48 -9.42

Study Mixtures
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