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Abstract

Research on power generation and adaptation of existing traditional fossil fuel-based
engines/infrastructure to run on renewable gaseous fuels such as producer gas (PG) is
gaining pace. PG is a multicomponent fuel mixture with combustible species such as Ha,
CHs, and CO and non-combustible species such as H>O, CO2 and N2. Chemical
composition and physical form of biomass, choice of the gasifier, catalysts, oxidizing
agent, moisture content, processing temperature, and pressure, working fluid path in the
gasifier, location of gas collection in the gasifier, and time of collection after the onset of
gasification affect the final composition of PG mixture substantially. The producer gas
mixtures are relatively less explored due to (a) the lower calorific content, because of the
presence of higher levels of non-combustible components, and (b) the varying calorific
profile due to inconsistent composition. Producer gas-based internal combustion engine
was operated and tested in the literature and recommended fuel refinement to lower the

non-combustible components.

Refining PG is one of the most effective ways to increase the heating value of fuel; for
example, membrane technology isolates CO> from other gas mixtures. Combustion
characteristics depend on multiple factors such as fuel composition, choice of oxidizer,
fuel-oxidizer mixing proportion, operating pressure, temperature, etc. In domestic and
industrial applications, there are several applications in which combustion occurs at high
pressures, such as Spark Ignition Engine, Compression Ignition Engine, Jet Engine,
Rocket Engine, etc. Hence, it is essential to understand the variation in PG composition
and initial pressure on combustion characteristics at conditions within the limits/ranges
of practical importance. A representative composition of PG was obtained from an
exhaustive literature review in this work. The combustible and non-combustible
components were varied. Their effect on laminar burning velocity and the onset of
thermo-diffusive and hydrodynamic instabilities at elevated pressure conditions was

thoroughly investigated.
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In this research, a comprehensive literature survey was undertaken to identify the extent
of Hz, CO, CH4, N2, and CO> variation in a multicomponent producer gas fuel. 800 diverse
compositions (different research groups, feedstock, gasifier, oxidizers, operating and
collecting conditions) from recent literature (2001 -2019) were compiled. After obtaining
the realistic range of all the important species of PG from a detailed literature survey, the
study was conducted in two different ways.

The PG was considered with combustible and non-combustible components in the first
strategy. It was burnt with oxygen to avoid the effect of nitrogen present in ambient air.
Combustible components (CC) and Non-combustible components (NCC) species were
systematically varied. Forty-five different PG compositions were investigated to
understand their impact on unstretched laminar burning velocity (LBV) and flame stability
at 1 bar, 300 K, and an equivalence ratio of 0.8. In this study, the composition of PG was
considered as Z% CC+(100-Z2)% NCC, where Z was varied at 25, 35, and 45. It was
referred to as the Inter-CC-NCC study. CC was considered (25CH4:25C0:25H,:25Y),
where Y represented rich combustible species CH4/CO/H> and referred to as an intra-CC
study. NCC was P%CO2+(100-P)%N., where P was varied from 0- 100 (by volume) at
25%.

In the second strategy, the PG was considered without any non-combustible components,
and it was termed as Refined Producer Gas (RPG). It reacted with air (21%02 and 79%N>
by volume). Twelve different RPG compositions where the CC was again systematically
varied to realize its effect on unstretched LBV and flame stability at 1-4 bar, 300 K, and
equivalence ratio of 0.8-1.2. In this study, the composition of RPG was considered as
50%A+(X)%B+(50-X)%C, where A: CH4/H2/CO, B: H2/CO/CH4, C: CO/CH4/H2, and X:
00:50 in steps of 12.5%.

The freely expanding spherical flame method was used to measure LBV and flame
stability. All experimental operating conditions were simulated using a one-dimensional
freely propagating planar flame model in Ansys Chemkin using GRI Mech 3.0 (Gas
Research Institute Mechanism version 3.0), USC Mech 2.0 (University of Southern
California Mechanism version 2.0), and FFCM-1 (Foundational Fuel Chemistry Model
version 1.0) chemical kinetic schemes. One dimensional expanding spherical flame
model in Cosilab was also used to predict LBV for few operating conditions using GRI
Mech 3.0.
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Significant findings are: Higher volume fraction of fuel/inert species in combustible/non-
combustible components commands the combustion characteristics of PG. PG with
higher mole fractions of hydrogen, carbon monoxide, and nitrogen and relatively lesser
amounts of methane and carbon dioxide resulted in stable flames with respect to
preferential diffusion. It had better resilience towards minor deviation/fluctuations in
composition. Combustion properties of intermediate compositions can be well estimated
for mixtures having non-combustible components, CO2:Ny, in the range of 50:50 to
00:100. The presence of higher levels nitrogen than CO2 enhanced the stability of the
mixtures toward the preferential diffusion effects.

The LBV of RPG-air mixtures followed a decreasing order with respect to the rich/ higher
mole fractions (50% vol) of Ha, followed by CO and CH4 in the mixture due to the
individual variation in the flame temperature and thermal & mass diffusivities. The non-
linear variation of LBV with equivalence ratio at any given RPG-air composition
increased with an increase in the mole fraction of CHs in the mixture due to a shift in the
peak LBV towards the stoichiometric condition. The simulated values obtained using GRI
Mech 3.0 were consistently higher in magnitude than those obtained using FFCM-1 at all
the conditions.

From the burned gas Markstein length and effective Lewis number analysis, CO added
resilience to the mixtures against thermo-diffusive instabilities while supported by CH4
and opposed by H>. The onset of hydrodynamic instability is strongly dependent on
critical radius and flame thickness. From the newly presented exclusive susceptibility
score/ranking system related to the onset of hydrodynamic instability, the composition
H2:CO:CH4 = 0:1:1 (0:4:4) was found to have the highest resilience. The increase in the
content of Hz in the presence of CO favoured the onset of hydrodynamic instability, while
the presence of CH4 favoured the onset of thermo-diffusive instability. Increment in the
mole fraction of CH4 suppressed the susceptibility to hydrodynamic instability, while a
rise in the mole fraction of CO suppressed the thermo-diffusive instability. Combustible
mixtures having lower values of LBV promoted thermo-diffusive effects, and the higher

values resulted in earlier onset of hydrodynamic instability.

Keywords: Spherical flame, Producer gas, Laminar burning velocity, Thermo-diffusive
instability, Hydrodynamic instability, Refined producer gas, Premixed multicomponent

gas, Premixed combustion.
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Chapter 1 Introduction

1.1 General Introduction

Research on power generation and adaptation of existing traditional fossil fuel-based
engines/infrastructure to run on renewable gaseous fuels such as producer gas (PG) is
gaining pace[1-9]. PG is a multicomponent fuel mixture with combustible species such
as Hz, CHs, and CO and non-combustible species such as H>O, CO., and N2 [10].
Chemical composition and physical form of biomass, choice of the gasifier, catalysts,
oxidizing agent, moisture content, processing temperature, and pressure, working fluid
path in the gasifier, location of gas collection in the gasifier, and time of collection after
the onset of gasification affect the final composition of PG mixture substantially [11-15].

The producer gas mixtures are relatively less explored due to (a) the lower calorific
content, because of the presence of higher levels of non-combustible components [16—
18], and (b) varying calorific profile due to inconsistent composition. Producer gas-based
IC engine was operated and tested in the literature and recommended fuel refinement to
lower the non-combustible components [19-24]. Refining PG is one of the most effective
ways to increase the heating value of fuel; for example, membrane technology isolates
CO, from other gas mixtures [12,25-31]. A detailed survey of the suitable cleaning
technologies for natural gas [13] is available in the literature; Similar approaches may be

implemented to clean PG to obtain better heating values.

Emission protocols, operating conditions for maintaining synchronization among
different system units, and dynamic power demand bring in further constraints on the
variation of the fuel composition. But the performance of any refining module is
inherently prone to decline with time, and replacing an entire unit within a short period is
not an economically viable option. The replacement cycle can be increased if the
dwindling operational unit can achieve the desired outcome. A decline in performance
eventually leads to possible scenarios such as 1) Drop-in absolute refining efficiency and
2) Differential refinement, i.e., the difference in the removal rate of CO2 and Na. This
variation in the composition will impact the performance of end applications viz., burners,
combustion chambers, internal combustion engines, and gas turbines. These are further

affected by different volume fractions of combustible components, Hz, CO, and CHa.
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There are several applications in which combustion occurs at high pressures, such as
Spark Ignition Engine, Compression Ignition Engine, Jet Engine, Rocket Engine, etc.
Apart from domestic and industrial applications at atmospheric conditions, Natural gas is
also used in internal combustion engines (~60 atm) and stationary power generation gas
turbine engines (~30 atm). At elevated pressures, the specific volume decreases; collision
frequency and the reaction rate increase. Combustor/reactor size depends on the
parameters, viz., reaction rate and residence time to attain complete combustion. Mixtures
with high reactivity require less residence time. Thus, pressurizing the reactant mixture
leads to smaller combustors/reactors with a high flow rate. In addition, the surface area
susceptible to thermal loss decreases as well. The pressurization further will result in an

increase in core temperature, which will accelerate the reaction rate.

Gas-based power generators are of two types based on the drive viz., Gas engine and Gas
turbine. Gas engine-driven generators are typically opted for small-scale power
generation projects, while gas turbine-driven generators are for large-scale projects. In
both cases, the combustion occurs at elevated/high-pressure conditions due to the
compression stage. Combustion characteristics depend on multiple factors such as fuel
composition, choice of oxidizer, fuel-oxidizer mixing proportion, operating pressure,
temperature, etc. Hence, it is essential to understand the variation in PG composition and
initial pressure on combustion characteristics at conditions within the limits/ranges of
practical importance. In this thesis work, an attempt has been made to understand the
variation of combustible and non-combustible components in PG composition in practice,
the effects of composition variation on premixed combustion characteristics such as
laminar burning velocity, and the onset of thermo-diffusive and hydrodynamic

instabilities at elevated pressure conditions.
1.2 Combustion characteristics - fundamental concepts and definitions

All essential concepts related to combustion characteristics in the scope of this thesis are
introduced in this section. The exact mathematical models and procedures to obtain the
parameters are presented in Chapter-3, while the explanation below is limited to
introducing the concepts.
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1.2.1 Combustion

Combustion is a rapid oxidation process of fuel to form equilibrium products releasing
large amounts of heat with or without light emission. The species that undergo oxidation
is called fuel, while the species undergoing reduction is called an oxidizer. Generally, the
mixture comprising fuel, oxidizer, and other inerts are called reactants. The release of
heat from the reactants at a standard temperature and pressure is due to the difference in
the heat of formation between the reactants and the products. Based on the state-of-
mixedness of the fuel and the oxidizer, the combustion is classified as (a) premixed and
(b) non-premixed combustion. In non-premixed combustion, the fuel and the oxidizer
move from opposite directions, meet at the reaction zone, undergo mixing, and react. A
candle flame is a classic example of a diffusion flame. The fuel and oxidizer are
thoroughly mixed to the molecular level in premixed combustion, resulting in a
homogeneous mixture before the reaction zone. Both combustion modes exist in the real
world and are chosen according to necessity and feasibility. Premixed combustion is
commonly preferred in many applications, as it provides an inherent control advantage
over the end temperature and composition of products to achieve clean combustion. As
shown in Figure 1-1, a modern LPG gas stove is an exemplary application of premixed
flame that replaced the inefficient open-wood stack stoves. Present research work falls

under the premixed combustion category.

o, ) ot

Figure 1-1 A modern LPG gas stove with a premixed flame mode
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1.2.2 Stoichiometric mixture and Equivalence ratio

A stoichiometric mixture is an exact composition of fuel and oxidizer components for
achieving complete combustion without any excess/shortage of reactants. Equivalence
ratio (¢) is a non-dimensional variable to characterize the composition of a premixed
combustible mixture. It is defined as the ratio of stoichiometric oxidizer to fuel ratio to

(Oxidizer

the actual oxidizer to fuel ratio as ¢ = F(“Oefddzzsg;’ic’”"me”“. In this definition, both the

Fuel )Actual

oxidizer to fuel ratios 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.
1.2.3 Equilibrium temperature

The temperature of flame or products is an essential intensive thermodynamic property
of the combustion process. It is a crucial design variable in the development 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.
1.2.4 Laminar burning velocity

Unstretched adiabatic laminar burning velocity (LBV or SQ) 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 1-2. LBV provides a piece of first-
hand information on the reactive intensity of the combustible mixture. It is a critical
parameter in calculating and assessing complex phenomena like ignition, quenching,
flashback, flame stabilization, etc. A generic combustor design starts from the

information of LBV of the chosen fuel-oxidizer mixture and its associated initial
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thermodynamic and flow conditions. It is one of the standard parameters used for
validating and updating the existing and new chemical kinetic schemes.

Figure 1-2 shows the structure of a planar flame front in a flame coordinate system
depicting the propagation of the unburned mixture into the flame at a velocity identical
to that of laminar burning velocity. The products from the flame hot and light. A slight
pressure drop occurs, which is a characteristic feature of deflagrations resulting in
acceleration of the products. The adiabatic planar flame consists of two zones, preheat

and reaction zone, as shown in Figure 1-2.

Flame thickn Burned
- 3 .

Preheat
zone Al
e LN ] .. '

)
'l }-..- >S°

Figure 1-2 Schematic representation of the premixed flame structure in a flame

coordinate system

The heat diffusion from the reaction zone to the preheat zone raises the temperature of
the reactants to the cross-over temperature due to the presence of a temperature gradient
resulting in spontaneity in the reactivity. These preheated reactants oxidize in the reaction
zone to attain equilibrium composition and temperature. These two zones together are
called a flame, and their width is referred to as flame thickness (&, ). Several factors that
affect the flame structure and propagation rate are mass diffusivity, thermal diffusivity,
initial pressure, initial temperature, fuel type, oxidizer type, mixture composition, and
reaction rate. In any combustion application, the flame ultimately has to anchor in a
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position/location where the convection and diffusion of reactants into the flame balance
the consumption rate of reactants in the flame.

1.2.5 Stretch

LBV is defined for an adiabatic planar flame, as displayed in Figure 1-2, whose area will
remain constant, and a uniform flow of unburned gases always flow normal to it. Such an
optimum situation occurs only in carefully anchored laboratory-level flames. In real-life
applications, unburned gases may flow non-uniform and non-orthogonal towards the
flame front. Due to the non-uniform flow conditions, the balance/alignment between
convection, diffusion, and reaction gets affected, eventually leading to perturbation of the
flame. This flame front adjusts to establish a new balance/equilibrium by becoming
flexible (wrinkling/bending from planar) and/or elongated depending on the conditions.
This phenomenon is called flame stretch and is typically correlated with the change in the
surface area. Three typical cases of the flame stretch are presented in Figure 1-3. A conical
flame is anchored in case-A, where the reactants flow towards the stationary flame front.
At the tip, the flame is curved, tending to close in/collapse, resulting in a negatively-

stretched flame (compression).

Figure 1-3 A) Conical flame-Negatively stretched flame B) Wall stabilized stagnation
flame-Positively stretched flame and C) Spherical flame- Outward (inward) propagation

results in positively (negatively) stretched flame

In case-B, a stagnation flame is established by injecting the reactants against a solid
adiabatic surface. The established flame extends the boundary/surface resulting in a
positively-stretched flame. The above cases fall under the stationary flame category but
still exhibit two different types of stretch. In case-C, a freely expanding spherical flame

is presented. By nature, at any instant, the flame cannot be considered to be stretched, but
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it is stretched during its outward or inward propagation. In a freely expanding spherical
flame propagation, the unburned gases always flow normal to it, but the flame surface
area and the associated curvature change during its propagation, resulting in a positive

flame stretch.
1.2.6 Intrinsic instabilities

Establishing a stable flame with a constant consumption rate is the ultimate objective in
any combustion application. Despite damping the external contributing/triggering factors,
the flames are still prone to intrinsic instabilities such as thermo-diffusive and
hydrodynamic (or Darrieus—Landau). These instabilities lead to the formation of cells,
which increase the surface area, leading to a sudden change in consumption rate. The

occurrence of instabilities in positively stretched spherical flames is shown in Figure 1-4.

Figure 1-4 (a) Stable flame (b) Thermo-diffusive instability (¢) Hydrodynamic
instability (d) Both thermo-diffusive and hydrodynamic instability

1.2.6.1 Thermo-diffusive instabilities

A stretched flame generated in a reacting mixture with an imbalance in thermal and mass
diffusivities leads to thermo-diffusive instabilities. Lewis number (Le) is often associated
with the onset and characterization of this instability which is the ratio of thermal to the
mass diffusivity of the mixture. If a stretched flame is generated in a mixture having: (a)
Le as unity lead to thermo-diffusive stable flame, (b) Le > 1, the heat diffusion dominates
than mass diffusion, resulting in again, thermo-diffusive stable flame, (c) Le < 1, and if
the deficient reactant is more diffusive, it results in thermo-diffusive unstable flame due
to change in the local equivalence ratio. If a stretched flame is subjected to a perturbation,
and if the diffusional effects hinder/accelerate its growth, it results in a stable/unstable
flame towards thermo-diffusion. Instability generates cells, cusps, and crests on the flame
surface. These create locally low and high-temperature spots leading to extinction and
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reignition, further triggering other flow and thermo-acoustic fluctuations. These local
temperature and mass distribution irregularities affect the final composition of products
and temperature. Cells of non-uniform sizes and spatial distribution are the characteristic

feature of these instabilities.
1.2.6.2 Hydrodynamic instabilities

Uniform small cells occurring evenly on the entire surface of the flame is a unique
characteristic feature of hydrodynamic (or Darrieus-Landau) instability. Density jump
across the flame front, which is usually linked with thermal expansion ratio (o) (or
unburned-to-burned density ratio), is one of the significant factors contributing to this
instability. This type of instability increases the flame surface area resulting in self-
acceleration leading to sudden pressure rise inside a confined environment. An increase
in initial pressure further enhances or prepones the occurrence of this instability.
Expanding spherical flames in a confined chamber, where the lighter products (flame)
propagate into a denser reactant mixture, are prone to hydrodynamic instability. This
instability affects all the spherical flames anchored in a combustion chamber irrespective
of the type of fuel, oxidizer, and initial conditions. But the onset of this instability is
strongly dependent on the type of fuel, oxidizer, and initial conditions. A combination of
both thermo-diffusive and hydrodynamic instabilities will significantly enhance the flame

propagation rate.
1.3 Organization of thesis

The content of the thesis is distributed and organized into five chapters. In addition to the

above few appendices are added to explain the presented content further.

e Chapter-1: The general background and motivation behind the work are
introduced in the simplest terms. Later, the necessary fundamental concepts of the
current work are discussed, followed by the organization of the thesis.

o Chapter-2: The literature review of the associated topics of interest is presented
and summarized. The research gaps are carefully articulated, and primary
objectives are discussed.

e Chapter-3: The methods adopted to obtain the required parameters are discussed

in this chapter. The experimental test facility, the theory behind it, the post-

TH-27%)_ 166151104



Introduction

processing procedure, design of experiments, and uncertainty analysis are
primarily presented.

e Chapter-4: The consolidated results of conducted analysis and corresponding
discussions are presented in this chapter. The results are further segregated into
multiple divisions along with the conclusions for a coherent flow of
understanding.

e Chapter-5: The summary of conclusions from the above study is presented,
followed by the associated application potential and future scope.

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

e Appendix-1: The state-of-the-art literature review of 800 producer gas
compositions is presented in this section.

e Appendix-2: The complete development of the test facility from framing the
design objectives and constraints, conceptual, preliminary & detailed design,
execution, and commission.

e Appendix-3: The adopted uncertainty analysis of the considered parameters is

discussed.
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Chapter 2 Literature Review

2.1 General introduction

Laminar burning velocity is the relative velocity of reactants propagating normally to an
adiabatic planar flame. It is a physicochemical property and gives information on the
reactivity, exothermicity, and diffusivity of the mixture. Thermo-diffusive instabilities
occur due to the considerable disparity/competition between mass (species) and thermal
diffusivity at a local region in the flame. Tangential velocity strain and curvature normal
to the propagation surface result in stretching of the flame surface, which escalates the

thermo-diffusive instabilities.

In contrast, another category of instabilities originates due to the thermal expansion jump
across the propagating flame, referred to as hydrodynamic (or Darrius-Landau)
instability. This instability leads to the formation of uniform cell structures resulting in
the self-acceleration of flame due to an increase in the surface area. These instabilities are
important at elevated pressure combustion conditions as the flame thickness reduces

significantly with an increase in the initial pressure.
2.2 Flame measurement techniques

Today, several techniques are available for accurately measuring the laminar burning
velocity of gaseous mixtures at a wide range of initial pressure, temperature and
composition conditions. Some popular and widely explored techniques are Flame tube,
Soap bubble, Bunsen burner, Slot burner, Flat flame, Heat flux, expanding spherical
flame, Stagnation flame, Counter-flow flame, Diverging channel method, etc. In the
following sections, certain contemporary flame measurement methods are briefly

discussed.
2.2.1 Burner method

This method falls in the category of stationary flames. Bunsen burner, nozzle/orifice
burner, and slot burner are popular variants that anchor a conical flame to measure LBV.
This technique has been widely adopted for quite a long time owing to its simplicity. The

main challenge is to anchor the flame for: (a) mixtures having high burning velocity at
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laminar flow conditions, (b) ultra-lean/rich mixtures may result in buoyancy affected
flames or blow-off, and (c) mixtures at elevated pressures result in very short flames at
high flow rates. Other common challenges are heat loss from the flame to the burner rim,

flame interaction with ambient air, flame stretch effects leading to tip opening, etc.

A burner, flow regulator, and gas cylinders constitute the main essential elements of a
generic burner setup, as presented in Figure 2-1. Gas is supplied to the burner with the
help of a booster pump from the storage cylinder. A digital flow regulator is placed
between the gas reservoir and burner to achieve desired flow rate to maintain the mixture
composition. An exclusive mixer is used for attaining multicomponent mixtures
depending on the requirement. The measured values of the flow rate and the surface area
of the flame front are used to calculate the laminar burning velocity. It is very helpful in

obtaining first-hand information on the LBV of any combustible mixture.

MASS FLOW

VATVES CONTROLLERS I
A NS
MIXING
¥
IMAGING DATA
ACQUISITION
A
I A

Figure 2-1 Schematic diagram of Bunsen burner setup and burning velocity definition

based on the half cone angle
Advantages:

e The test rig is relatively inexpensive due to its simple configuration and
experimental procedure.
e Less post-processing time.

e Effective real-time control over the flame.
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Challenges:

e Flame anchoring.

e Accurate determination of flame structure, cone angle, and surface area.

e Heat loss to surroundings and burner rim are significant at the bottom of the flame.
e Tip of the flame prone to stretch and thermo-diffusional effect.

e To achieve initial elevated pressure and temperature conditions.

2.2.2 Planar flame method

\ . o
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Figure 2-2 Schematic diagram of Flat flame burner setup

One dimensional planar flame is achieved using a flat flame burner, as shown in Figure
2-2. It is also referred to as the heat flux method. The burner plate design plays a crucial
role in anchoring the flat flame over the burner plate. Uniform flow of premixed
combustible mixture at the upstream of burner plate is obtained by allowing the gases to
pass through flow straighteners such as honeycomb structure. In this method, a special
heating provision in the plenum chamber preheats the unburned gases before reaching the
burner plate. The key feature is to supply thermal energy by preheating the unburned
gases to compensate for the heat loss from the flame to the burner. Later, using an
interpolation technique, the LBV of an adiabatic flame is measured in this method. The

post-processing is simple compared to other techniques.

Advantages:

¢ One dimensional flame anchored normal to the unburned gas mixture.
e Significant reduction in heat loss from the flame to burner plate.

e Free from the flame stretch.
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e Provision for probe intrusion for collecting chemical samples under special

conditions.
Challenges:

e Fabrication of burner plate is challenging.
e Flame anchoring.
e To achieve laminar flow conditions at high pressures.

e Testing of liquid fuel mixtures.
2.2.3 Stagnation flame method

In this method, a premixed air-fuel mixture is passed through a nozzle at velocities higher
than the expected laminar burning velocity for that particular mixture. The flow is
directed towards a stagnation plate where the mixture flow decelerates to a stagnation
regime upon reaching the plate surface. The counter-flow flame method is a special case
of the stagnation flame method. A stagnation plate is replaced with a jet of similar flow
characteristics and mixture composition. It impinges on the already established jet, and
as a result, two planar flames are formed, as shown in Figure 2-3. This will create an
adiabatic flame condition omitting the necessity of a hot plate and the associated wall
reactions. At a specific height from the nozzle, the flame front gets stabilized. Here, the
particle image velocimetry technique is popularly used to measure the unburned gas

velocity fields, and from that, the strain rate and LBV are estimated.

MASS FLOW tj
"ONTROLLERS I

/
MIXING - @ o
PN

DATA
ACQUISITION

IMAGING

Figure 2-3 Schematic diagram of Stagnation flame burner setup
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Advantages:

¢ Nearly one-dimensional planar flame is anchored.
e High flame speed mixtures can be tested.

e Measurements at elevated pressures and temperatures are possible.
Challenges:

e Fuel-air mixture in large volume is necessary for an experimental run.

e Flame experiences a positive stretch.

e Achieving two similar jets with identical flow properties.

e Complicated measurement techniques such as particle image velocimetry or Laser
Doppler velocimetry are needed to measure the unburned gas velocity.

e Uncertainties associated with post-processing methods.
2.2.4 Spherically expanding flame method

In this method, air and fuel components are filled into a chamber sequentially and left
ideal for achieving quiescent conditions. Two high voltage electrodes with a minimum
gap are typically used to generate a spark to establish a flame kernel that propagates
outwardly, consuming the fresh reactants. It extinguishes once it reaches the inner surface
of the chamber. The pressure development inside the chamber and radial propagation of
flame are captured. High-speed imaging techniques such as shadowgraph, etc., capture
the flame front propagation. Pressure-time and radius-time data are processed to obtain
laminar burning velocity using mathematical models developed based on underlying
physics. Depending on the facility, the vessel used in this method can be operated in
constant-volume or constant-pressure mode. Constant-pressure mode facilitates
combustion at high initial pressure conditions. Typical test facility connections and

propagating flame images can be seen in Figure 2-4 and Figure 2-5.
Advantages:

e A small quantity of fuel is sufficient for a single experimental run, given that the
chamber size is relatively small. Liquid and gaseous fuels can be tested.

e Measurements at higher initial temperatures and pressures can be performed.

TH-2750" 166151104



Literature Review

Challenges:

e Asudden spike in chamber pressure during combustion in constant-volume mode.

e Prone to multiple flame instabilities, including buoyancy, thermo-diffusive,

hydrodynamic, acoustic, etc.
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Figure 2-4 Schematic diagram of Spherically expanding flame setup [32]

Figure 2-5 Shadowgraph images of expanding flame from a spark generated flame

kernel
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2.2.5 Summary of Flame measurement techniques

The most common experimental techniques used for flame propagation measurements
are the conical flame burner, stagnation/counter-flow flame, heat flux burner, and
spherical flame methods. Each method comes with a set of merits and challenges. The
steady flow systems (stagnation, heat flux, Bunsen) can achieve higher initial
temperatures, as these systems can easily control residence time and temperature.
However, these devices are typically limited to pressures below 5, 10, and 15 atmospheres
for stagnation flames [33], heat flux burners [34], and Bunsen burners [35]. In contrast,
the spherical flame method is most suited for higher pressure measurements up to 71 atm
[36]. The other systems require a steady flow with a relatively large volume of gas at high
pressures. Burning rates typically increase with pressure, leading to high Reynolds
number and flow instabilities in these systems and difficulty in cooling the burner and
associated equipment. For these reasons, the outwardly propagating spherical flame is the

best suitable method for laminar burning velocity studies at high pressure [33].
2.3 Spherical flame combustion test facilities

Measurement of laminar burning velocities, flame stretch interaction, hydrodynamic
instabilities of premixed combustible mixtures, etc can be studied using outwardly
propagating spherical flame method. This method also facilitates to condcut at elevated
initial pressure, and temperature conditions in constant volume or pressure configuration.
Single and double chamber concept test facilities are typically adopted to achieve the
elevated initial pressure conditions in constant pressure mode. The mixtures are prepared
inside the chamber in single-chamber rigs and ignited. The post-combustion pressure
increase substantially, restricting it to a range of elevated initial pressures subjected to the
designed structural integrity. Various test facilities operated in constant pressure
configuration using a single chamber are presented in Table 2-1.

In a dual-chamber rig, after ignition, the volume of the chamber will be adjusted
(increased) to accommodate the rise in post-combustion chamber pressure. Some of the
dual chamber test facilities are reported in Table 2-2. A typical double chamber test

facility is shown in Figure 2-6.
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Dual-chamber rigs are typically comprised of an inner and outer chamber. Both chambers
have dedicated optical accesses. From the literature, the volume of the outer chamber is
selected such that the annular volume between the inner and the outer chambers varied
10-25 times than that of the volume of the inner chamber. The inner chamber is initially
filled with the combustible mixture to the desired initial pressure and temperature. The
outer chamber will be filled with inert gases at the same thermodynamic conditions as the
inner chamber. The chambers are then left ideal to achieve quiescent conditions, and a
central spark is generated at the center of the inner chamber. The gas release mechanism
synchronously disengages and allows the combustible mixture to flow into the outer
chamber. The combustible mixture flowing into the outer chamber gets diluted with inert
gases and does not react. As a result, only 10-12% of the combustible mixture in the inner
chamber will be burnt, depending on the mechanism and time of engagement (gas release
mechanism engagement). Because of this mechanism, the peak post-combustion
pressures will typically reach 1-2% of the initial pressure of the inner chamber[37]. This
design concept facilitates conducting experiments at high initial pressure and temperature

conditions.

Table 2-1 Selected single chamber test rigs with different chamber volumes

SI.No. Group Volume(L) Geometry References
1 Razus et al. 0.5 Spherical [48]
Keshava Murthy )
2 1 Spherical [49]
etal.
3 Omari et al. 1 Spherical [50]
4 Xiouris et al. 4.4 Spherical [51]
5 Bradley et al. 28.7 Spherical [52]
Cylindrical with unity
6 Prathap et al. 43.7 ) [53]
aspect ratio
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Table 2-2 Overview of Double Chamber combustion rig development from literature

volume | Max . L . .
Year | Group Chamber geometry oo P(atm) Regime and variation Imaging technique
Tseetal. Inner-Cylindrical . . Schlieren
2000 [38] Outer-Cylindrical 2 o Lamingr (Pressure) Shadowgraph
Qinetal. Inner-Cylindrical ) - .
2005 [39] Outer-Cylindrical 10:1 30 Laminar Schlieren
Kelley et al. Inner-Cylindrical d Laminar  (Pressure & .
2009 [40] Outer-Cylindrical 1 0 Temperature) Schlieren
. Schlieren
: : N Laminar & Turbulent | < .
2011 Liuetal. Inner- Crl_JC|fqrm Cylindrical ‘NA- 10 (Pressure  and  Reynolds Dlre_ct Imaging _
[41] Outer-Cylindrical Particle Image Velocimetry
number) .
Laser Doppler Velocimetry
. N Schlieren
2012 Chaudhuri et al. Inner-Cyll_ndrl_caI 12:1 30 Turbulent Particle Image Velocimetry
[42] Outer-Cylindrical . .
Laser Mie-Scattering
Santner et al. Inner-Spherical _ . .
2013 [43] Outer-Cylindrical 12:1 30 Laminar Schlieren
2013 Nassouri et al. Inner-Cylindrical 10:1 118.4 Laminar  (Pressure & | Shadowgraph
[44] Outer-Octagonal ) ) Temperature) Laser tomography
Aietal. Inner-Cylindrical . .
2014 [45] Outer-Cylindrical -NA- 39.5 Laminar Schlieren
2015 Thimothée et al. Inner-Spherical 9.2:1 118.4 Laminar  (Pressure & | Shadowgraph
[46] Outer-Octagonal o ) Temperature) Laser tomography
’ Schlieren
: : N Laminar & Turbulent | < .
2016 Jiang et al. Inner- Crgufqrm Cylindrical ‘NA- 10 (Pressure  and  Reynolds D|re_ct Imaging _
[47] Outer-Cylindrical number) Particle Image Velocimetry

Laser Doppler Velocimetry
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Figure 2-6 Schematic diagram of a typical double/dual-chamber test facility [37]
2.4 Summary of Spherical flame combustion test facilities

Both single and double chamber test facilities were predominantly used for exploring the
combustion characteristics at elevated pressure conditions. Each variant/test facility was
associated with both operational advantages and drawbacks. A hybrid test facility that
can be operated in single and double chamber mode would be more appropriate to
maximize the benefits. The mode can be selected based on the requirement of the initial
pressure. A test facility chamber with the following characteristics will address many of
the above-discussed challenges
e Spherical inner chamber with optical access to monitor flame front evolution.
e Flat surface for accommodating the instrumentation and pressure release systems.
e Gas pressure release mechanism with a minimum number of moving parts, less
complex, replaceable, reliable, and provision for synchronous operation.
e Non-exclusive, detachable, and spherical chambers with minimum required
volume.
e Simple heating mechanism with less warm-up time and with better active control.

¢ Small maintenance cycle, provision for sample collection, and reuse of inert gases.
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2.5 Producer gas

As mentioned in the previous chapter, the producer gas is chiefly generated from biomass
gasification. Due to a significant volume fraction of non-combustible gaseous
components, it has a low heating value. It is unsuitable for a wide range of applications
due to the relatively low flame temperature and laminar burning velocity. A large volume
of the gas has to be stored for the same energy content compared to a pure combustible
gaseous mixture. The share of non-combustible components has to be decreased to
increase the energy per unit volume, flame temperature, and laminar burning velocity. It
is crucial to analyze the variation in the composition and its effects on the laminar burning

velocity and onset of intrinsic instabilities.
2.5.1 Composition variation

Eight hundred diverse compositions (different research groups, feedstocks, gasifiers,
oxidizers, operating and collecting conditions) from recent literature (2001-2019) were
considered to understand the PG composition variation. These included compositions of
gases obtained at the middle/end of any gasification process and simulated gas (a mixture
created from individual gas cylinders) based on other experimental data and/or with
theoretical justifications. The model estimated compositions were omitted. A detailed list
of about 800 compositions with references has been presented in the Appendix section,
and an abridged summary is in Table 2-3. To avoid ambiguity upon using individual
absolute values, the percentage volume fraction (mole fraction) of individual components
was segregated into combustible components (CC) (CH4 + H2+ CO) and non-combustible
components (NCC) (N2 + CO>) categories and then normalized. The other volatile
components were ignored in the current work due to the negligible fraction and their
presence exclusive only to certain feedstocks and operating conditions. Moisture was one
of the important NCC species that was not considered, as in most production plants, the

PG was dried out to minimize moisture.
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Table 2-3 Abridged summary of producer gas composition from different sources

Data
Year CO2 N2 CH4 H2 CO Source Extraction Reference
2001 6.2666 43.2408 0.9145 20.7936 28.8706 | Unspecified Wood Digitized Zainal et al. [61]
2004 10 55.1 1.9 14 19 Keekar Wood Absolute Uma et al. [62]
2005 14.44 na 4.19 5.84 15.77 Seed Corn Absolute Zhang et al. [63]
2006 18.93 55.63 1.51 12.03 11.9 Cashew Nut Shells Absolute Singh et al. [64]
2007 na 51.471 1.864 14.083 14.049 Jatropha Seed Husk Absolute Vyas et al. [65]
2008 42.48 na 6.73 26.68 22.79 Olive Kernels Absolute Skoulou et al. [66]
2009 16.8 45.3 1.9 13.7 22.3 Simulated Gas Absolute Mohon Roy et al. [67]
Coal+Pine ,
2010 19.43 28.2 2.54 20.71 29.13 Sawdust+Rice Straw Absolute Alauddin et al. [68]
2011 19.72 55.02 3.15 5.04 17.07 Cashew Nut Shells Absolute Tippayawong et al. [69]
2012 12 47 2 19 20 Simulated Gas Absolute Street et al. [70]
2013 |15 53 3 13 16 Modified-Municipal | -~ pciite | szwaja et al. [71]
Sewage Sludge
2014 |95 475 2 185 19.5 gﬁfgfc'f'ed ey Averaged | Veraetal. [72]
2015 | 2248 | 38.11 8.2 3.13 25.8 ggvt\)/zigt\mod Absolute | Simanjuntak et al. [73]
2016 9 50 3 17 20 Babul wood Averaged Yaliwal et al. [16]
2017 15 45 5 15 20 Simulated Gas Absolute Warsita et al. [74]
2018 20.5 0 15.5 42.8 21.2 Simulated Gas Absolute Wang et al. [75]
2019 | 11.9 459 15 19.7 21 Bamboo Absolute | F[’;%TS'”'apak“”ChO” et
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2.5.2 Laminar burning velocity and intrinsic instabilities

A large database on laminar burning velocities of H»-air, C1-Cs hydrocarbons-air, liquid
fuels (n-Heptane, iso-octane, and n-decane)-air spanning over the last three decades was
presented by Konnov et al. [54] for a broader range of equivalence ratios (¢) and
thermodynamic conditions. Similarly, LBV data were available for the H>-CO-air system
with respect to different Ho/CO ratios, equivalence ratios, initial temperatures, and
pressures with/without No/CO; dilution [55-60]. Vu et al. [77] studied the delay in the
onset of hydrodynamic instabilities in an equimolar mixture of H, and CO by adding
hydrocarbon (such as CH4/C3Hg/C4H1o from 0 to 10%) at 1-3 bar and 298 + 3 K by using
the spherical flame method. The addition of methane did not alter the critical radius at
which the onset of hydrodynamic instabilities was observed, whereas C3Hs/C4H10 delayed
the same to a much larger critical radius. Other than methane, Yan et al. [14] reported
LBV of PG (H2/CO/CH4/CO2/N2)-air mixtures using a flat flame method at 1 atm and
298-358 K. In their study, three variants of PG derived from a gasification unit were
considered.

The co-firing of PG with methane provided higher LBV than pure methane-air mixtures,
and the prediction of respective LBV at measurement conditions by GRI Mech 3.0 was
not satisfactory. Similarly, He et al. [78] studied 14 variants of PG-air mixture at 1 atm
and 298 K to understand the impact of variation of CO in the considered fuel. It was
reported that augmentation/reduction in LBV due to an increase in CO in the
absence/presence of H» depended on the viability of chain propagation elementary
reaction of OH + CO <« CO2+ H.

Lapalme et al. [79] used the Bunsen burner method and the chemiluminescence technique
to measure LBV of syngas mixtures with H2/CO ratio kept as unity, and methane was
varied between 0-40% by volume in the fuel, which resulted in reduced LBV. But in
another aspect, Kolekar et al. [80] studied syngas having H2/CO ratio of 0.75 with 5%
CH4 and 65% (CO2:N2) burning in the air using a diverging channel method at 1 bar and
up to 650 K, and reported that the addition of CH4 enhanced LBV of the mixture as
methane was only added replacing the diluents in the fuel. Varghese et al. [81] studied
nine variants of PG-air mixtures using a diverging channel method at 300-650 K and 1-5
bar. The effect of replacing the non-combustible components with combustible

components was also studied. A new power law-based correlation was proposed to
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estimate the LBV of PG air mixtures as a function of equivalence ratio, initial temperature,
and pressure for a wide range of operating conditions. The level of variation in each
component of PG considered in the study was inadequate compared to the substantial

variation in the PG reported in the literature.

Zhou et al. [82] investigated LBV and Ly of fuel (40H>: 40CO: 20CHa)-air mixtures with
different proportions of diluent (N2/CO2) by using the freely expanding spherical flame
method in a cylindrical chamber at 0.1 MPa, 300 K and ¢ = 0.6-1.5. It was mentioned that
the addition of diluents in syngas decreased LBV and promoted the diffusional-thermal
instability, but it delayed the onset of hydrodynamic instabilities. Hence, dilution with
CO2 had a pronounced effect in suppressing or delaying hydrodynamic instabilities than
No. Li et al. [83] mechanism was used (21 species, 84 reactions). A deviation was reported
between experiments and simulations at higher percentages of N2/CO.. Using the
spherical flame method, Lapalme et al. [84] investigated the onset of thermo-
diffusive/hydrodynamic instability for syngas fuels (H2:CO) at 1 bar, and 300 K.
CH4/CO> was also added to syngas and studied the effect on the instabilities. It was
mentioned that the controlling parameters were Lewis number, flame thickness, and
density ratio of reactants to products. It was reported that the addition of methane did not
delay the onset of instabilities. Recently, Oliveira et al. [85] reported LBV of synthetic
gas (H2/CO/CH4/CO2/N2) representing composition from downdraft gasifier at 950 mbar,
298 K, ¢ = 0.88-1.74 using the Bunsen burner method equipped with OH-PLIF technique.

Cheng et al. [86,87] measured the LBV of the Refined Producer gas (RPG) -Air mixtures
by the opposed-jet flames method. LBV increased with the addition of H; due to a
chemical effect (an increase in the mole fraction of active species) than thermal effect
(increase in equilibrium flame temperature). Abe et al. [1] measured the LBV of RPG
(XCH4:yCO:zH>)-air mixtures in proportions x:y:z = 1:1:1 to 1:2:2 using the nozzle burner
method at different initial temperatures, T = 323-573 K, with and without N2/CO-
dilution. A linear increment in the LBV with the increase in temperature was reported.
Morovatiyan et al. [9] explored LBV, flame morphology, and pressure history of
CH4:CO:H2 mixtures (100:00:00, 80:10:10 & 60:20:20) in a cylindrical constant volume
vessel using spherically expanding flame method at P = 1 bar and T = 298 K. CH4:CO:H>
(60:20:20) mixture observed to had wider flammability and higher LBV. Lapalme et al.
[79] measured the LBV of H2:CO mixtures mixed with CO2/CHjs using the Bunsen burner
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method at different initial temperatures (295-450 K) and compositions (¢: 0.8-2.2). The
addition of CHa4 reduced the LBV of RPG mixture compositions such as CH4:CO:H; =
5:47.5:47.5, 20:40:40, and 40:30:30 and shifted the peak LBV towards the stoichiometric
mixture. The USC Mech Il or GRI Mech 3.0 could not predict the shift. Xie et al. [88],
Liu etal. [8], Zhou et al. [89], etc. studied the flame morphology, pressure history, effect

of dilution, etc. on RPG mixtures at different conditions.

Apart from LBV measurement, Lapalme et al. [84] quantified the occurrence of thermo-
diffusive and hydrodynamic instabilities in the CO:H, mixtures mixed with CO2/CHs
using an expanding spherical flame method. The ratio of the stretched burning velocity at
the critical radius, and the normalized critical LBV (Su,cr/Sl(L))a and its variation with self-
acceleration coefficient (o) were used to determine and distinguish the two instabilities
as compared to the critical radius (R,,-) as a function of a. A new correlation of critical
Peclet number (Pe,,) in terms of both instabilities (hydrodynamic: Prandtl number (Pr)
& unburnt-burnt density ratio (o), thermo-diffusive: Lewis (Le) and Zeldovich (Ze)
numbers) was proposed [84] based on experimental data and a correlation proposed by

Jomaas et al. [90]. Further studies on these instabilities can be found here [19-30].
2.5.3 Summary of Producer gas combustion characteristics

The preceding discussion pointed out that most of the studies involved very specific PG
composition-air mixtures or a slight variation, which are insufficient to map the
composition variations expected in real biomass gasifiers. In addition, most of the dilution
effect studies are reported either with CO2 or N2 but not a combination of both, which is
inevitable in practical PG compositions. The burner method was chiefly employed by
most of the studies, and the flame stability aspect was not discussed in detail.
Comprehensive treatment of intrinsic instabilities and a systematic approach to
understanding the effect of change in composition under the testing conditions of practical
importance are missing in the available related literature. Hence, a systematic study of
the variation of each species in PG on its combustion characteristics and flame stability
using one of the accurate methods, the freely expanding spherical flame method, is
required. A comprehensive and systematic treatment of intrinsic instabilities is also

necessary.
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2.6 Objectives

1. Addressing the design, development, and execution challenges associated with
elevated pressure single chamber test facility with all essential provisions to
upgrade to a double chamber test facility.

» Effect of chamber geometry, volume, thermodynamic model, and post-
processing data range selection by analyzing the raw measured data from different
test rigs.

* Conception of design solutions for the listed challenges and development of a
combustion rig based on the outcomes to facilitate freely expanding spherical
flame combustion at elevated initial pressure conditions.

» Development of robust post-processing algorithms to detect flame edges, and
the onset of cell formation on the spherical flame fronts.

2. ldentification of standard representative producer gas composition from a detailed
literature review.

3. Effect of non-combustible components (N2 and COz2) on the LBV and instability
due to preferential diffusion effects of producer gas-oxygen mixtures.

4. Effect of combustible components (H2, CO, and CH4) on the LBV and stability of
mixture towards preferential diffusion effects of producer gas-oxygen mixtures.

5. Effect of initial pressure on the LBV and preferential diffusion instability of

refined producer gas (H2, CO, and CHa) - air mixtures.
2.7 Design of experiments

The experiments were conducted in two different phases to understand the effect of
various constituents on combustion characteristics at different initial thermodynamic
conditions. The variation in the compositions and conditions were selected based on the

discussed literature gaps.
2.7.1 Effect of Non-combustible components

The mole fraction of CC for all the 800 compositions is presented in Figure 2-7, and the
variation of Xcc typically varied around 25-45% in most cases. The extent of variation in
mole fractions of Hz, CO, and CHys4 in the combustible components is reported in Figure
2-8. The above figure clearly shows that the mole fraction of CHsamong all combustible

species is relatively low, and it varied in the range of 0-20% with few exceptions like
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51.6%. The mole fractions of H> and CO have comparable values of 25-65%, with an
average of around 45%.

Compositions of PG from a batch type pyrolysis plant in India which was developed and
operated by Chandrasekaran et al. [102] were obtained. Air was used as the oxidizer and
Casuarina wood, Prosopis Juliflora twigs (from small branches), logs (from the trunk),
roots (bigger ones) and coconut shells as feedstock. The measured compositions (major
species only) of generated PG from Prosopis Juliflora wood feedstock at different
temperatures (measured at the exit of the bed) for an experimental run are summarized in
Table 2-4.

Table 2-4: The typical component formation at different temperatures in a pyrolysis unit

for Prosopis Juliflora wood feedstock

Temperature at the exit of the bed (°C)
Contents 27-100 | 100-150 150-300 300 |400 |500 |600
Water Vapour | Small | Significant | Significant | - - - -
CH4 (%) - - - 132 |498 |874 |12.46
H2 (%) - - - 158 |5.74 |9.38 |1552
CO (%) - - Small 30.56 | 34.22 | 36.34 | 35.10
Diluents (%) | - - - 66.54 | 55.06 | 45.54 | 36.92
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Figure 2-7 Mole fraction of combustible components for various compositions of
producer gas reported in literature.
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Additional data corresponding to PG compositions based on different feedstock (not
presented here) by Chandrasekaran et al. [102] was also considered. A plant operating at
an equivalent condition to 400-600°C (at the exit of the bed) or above led to a similar
range of variation of Hz, CO & CH4 (Figure 2-8).
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Figure 2-8 Normalized variation of intra-combustible components in producer gas.
2.7.1.1 Intra-NCC-Variation
Identical to the intra-CC study, the intra-NCC compositions are calculated and reported

in Figure 2-9. The COz and N2 have a narrow variation band with average values around

25% and 75% (by volume), respectively, unlike the combustible components.
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Figure 2-9 Normalized variation of intra-non-combustible components in producer gas
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2.7.1.2 Present PG composition matrix

The composition of PG is considered as Z% CC+(100-Z)% NCC where Z is varied at 25,
35, and 45 as presented in Figure 2-7. It is referred to as the inter-CC-NCC study. CC is
considered as 25CH4:25C0:25H2:25Y, where Y represents rich combustible species,
which may be CH4 or CO or Hz, and referred to as the intra-CC study.

Hence, a fuel with more CH4/CO/H is called CH4/CO/H>-rich PG fuel. In the Intra-CC
study, each fuel species is varied between 25-50%. This variation is in line with the
variations shown in Figure 2-8 for H2/CO species. 25% CH4 in CC corresponds to the
higher limit of the average shown in Figure 2-8. For CHa, a few exceptional cases are
reported with higher values; around 50% is considered than the lower proportions. As
mentioned earlier, refining inert from PG may lead to higher mole fractions of all
combustible species. Also, no studies are available for PG having higher volume fractions
of CH4. A similar approach is followed for NCC as P% CO + (100-P)% N2 where P is
varied from 0-100 (by volume) and referred to as Intra-NCC study. To mimic the
differential refining process, the mole fraction of CO2 in NCC is also varied from O -
100% identical to that of N.. Forty-five variants of PG were tested in the present work to
understand the effect of each species in detail while it was reacting with pure oxygen.

Figure 2-10 shows all the studied compositions of PG (CHa-rich set) in the present work

graphically.
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Figure 2-10 Producer gas compositions studied in the present work (CHs-rich set)
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2.7.2 Effect of Combustible components

The composition of refined producer gas (RPG) is considered as 50%A+ X%B + (50-
X)%C where A: CH4/H2/CO, B: H2/CO/CH4, C: CO/CH4/H2, and X: 0:50 in steps of
12.5%. Table 2-5 and Figure 2-11 shows the compositions considered for the combustible

composition variation study.

Table 2-5 Refined producer gas composition variation

Refined Producer Gas (RPG) Composition (vol%o)
Case H2 CO CHa4 H2: CO: CHs
1 50 0 50 4:0:4
2 50 | g9 37.5 4:1:3
3 50 25 25 4:2:2
4 50 37.5 12.5 4:3:1
5 50 50 0 4:4:0
6 37.5 50 12.5 3:4:1
7 25 50 25 2:4:2
8 12.5 50 37.5 1:4:3
9 0 50 50 0:4:4
10 12.5 37.5 50 1:3:4
11 25 25 50 2:2:4
12 37.5 12.5 50 3:1:4
1= 50 0 50 4:0:4
Casp-9 H,:CO:CH,=1:2:1

H,:CO:CH,=1:1:2

<

Case-1 H,:.CO:CH,=2:1:1

Figure 2-11 Producer gas compositions studied for combustible component variation

study
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2.7.3 Effect of Initial pressure

All the compositions discussed in section 2.7.2 were considered at 300 + 3 K and 1, 2,

and 4 bar to study the effect of initial pressure.
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Chapter 3 Experimental setup and Methodology

The design of the experimental rig, experimental operating conditions, experimental

procedure, and post-processing methodology are discussed in this chapter.
3.1 Design of single-chamber test rig

According to the regular engineering practice, the test facility development of the design
was carried out in three stages. The requirements, essential features, and different designs
of core parts were discussed in the conceptual design phase. A particular design concept
was selected based on desired requirements and practical feasibility. The primary design
parameters were defined, and other subsystems were identified with essential information
during the preliminary design phase. The entire list of design parameters was prepared in
detail and updated to achieve an optimized setup during the detailed design phase. After
concluding this phase, the execution, redesign, and refinement were carried out. The
chamber diameter (shape: spherical) was considered at least 20 cm with at least 10 cm
optical visibility based on volume effect analysis [103] and other physical constraints, as
discussed in the previous chapter. The vertical alignment of heating cartridges was
preferred. Non-magnetic grades of stainless steel were explored, which can withstand a
ceiling working pressure of 100 bar and a body temperature up to 500 K. Standard '%”

BSP threaded ports were considered. Several models were designed and iterated to

include features based on these primary design constraints, as shown in Figure 3-1.

Figure 3-1 Design of the chamber at the end of the 4™ iteration
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3.2 Design Specifications of Developed Chamber

The test rig design was developed to facilitate double chamber related diverse operations,

as presented in Table 3-1.

Table 3-1 A summary of the subsystems and their operation

List of ] )
SI.No Functionality
processes
To purge the chamber with air after the combustion to
1 Purging replace the burned gases and bring down the chamber
temperature.
To evacuate the leftover gases from the chamber after
2 Evacuating combustion & purging before creating a vacuum to refill
with fresh gases.
3 Filli To channel the high purity fresh gases from cylinders to the
Hing chamber to fill it with the desired combustible mixture.
4 | 2% chamb To collect the gases from the core chamber with active
g o control during/at the end of the spherical flame propagation.
_ To achieve a stable and uniform set temperature in the core
5 Heating . . .
chamber with minimum warm-up time.
. To generate a spark of specific energy and duration at the
6 Ignition . .
center of the chamber upon triggering.
; | { To capture the propagating flame with an excellent
maging resolution to facilitate edge and cracks detection.
To send the trigger signals to the various devices/systems
8 | Triggering depending on the response times in synchronization with
ignition.
i To acquire, monitor, and store the data of important
9 Data Acquisition
parameters.

After several design iterations upon including all required subsystems of specific

operations, the final design was concluded with the design specifications mentioned in

Table 3-2. The detailed procedure for arriving at the design specifications is explained in

the Appendix. The developed test facility under operation is shown in Figure 3-2.
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Figure 3-2 Elevated Pressure combustion test facility under operation

Table 3-2 Summary of final design specifications

Sl. No. | Design parameter value

1 Design Pressure 100 bar

2 Temperature 500 K

3 MOC — Central body and flanges | SS321

4 MOC — Studs SS304

5 Inner volume of the chamber ~45L

6 Inner shape of chamber Spherical

7 Outer shape of the chamber Cube

8 Inner major dimensions Diameter = 200 mm
9 Outer major dimensions 250 mm x 250 mm x 250 mm
10 Minimum thickness 25 mm

11 Weight 100+ kgs

12 Clear Aperture dimension 110 mm

13 No. of Optical access 2

14 Diameter of studs 20 mm

15 Diameter of flange holes 12 mm

16 No. of Bolts used for flanges 8

17 Minimum thread engagement 25 mm

18 No. of holes (after assembling) 18 (threaded & through)
19 Sealing O-ring

20 No. of ports 15
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3.3 Experimental Procedure

A new spherical chamber having an inner diameter of 20 cm was designed to withstand
10 MPa and 500 K in compliance with ASME standards and fabricated. Two quartz
windows with 110 mm clear aperture were mounted to the chamber to facilitate the
imaging of flame propagation. KELLER LEO 3 (0-4bar, £0.1% FS accuracy) and
KISTLER 7061C pressure transducers were used to measure absolute and unsteady
pressure in the spherical chamber. A standard LED white light source, two spherical
concave mirrors of 6” diameter and 60” focal length, and a high-speed camera
(PHANTOM v1210) were used to establish the high-speed shadowgraph imaging system.
A schematic representation of the test facility is presented in Figure 3-3.

------------- TRIGGER SIGNAL LINE
IGNITION CIRCUIT LINE e TOP VIEW

—————— SENSOR DATA LINE

---------- TEMPERATURE et ’"' 7;_7..—"7::—"”/ T T e
CONTROLLER LINE B
GAS FLOW LINE S

___________________________________ | N Fes—a -
FLOW CONTROL PANEL | I e .i_-_
[ T XXXXXX| | +

UNSTEADY PRESSURE g
ABSOLUTE PRESSURE TRANS]?UCER
++] TRANSDUCER. /

AN

Lye

Figure 3-3 Schematic diagram of the combustion test facility in constant volume
configuration
Ignition was achieved by an electronic spark ignition system using extended thin steel
electrodes which were pointed near the tip. Electrodes were positioned vertically with a
1mm gap between them. A pulse generator was used to trigger the camera, ignition
system, and data acquisition system simultaneously to initiate the experiment and record
the essential data.
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A K-type thermocouple was used to measure the temperature of the reactants in the
chamber. The gases of purity level H2 (99.99%), CO (99.95%), CO2 (99.99%), CH4
(99.999%), O2 (99.999%), and N2 (99.9997%) were used in the current study. The
chamber was purged with dry (de-humidified) air supplied by the lab compressor,
bringing the core temperature to around 300 + 5 K, and then evacuated. The gases were
filled from lower to higher volume fractions through the partial pressure method. Needle
valves and an absolute pressure transducer were used to precisely fill the gases. The
system was left idle for 10-15 mins to achieve quiescent and well-mixed conditions inside
the chamber. Ignition was then achieved by supplying slightly higher than minimum
ignition energy. The flame propagation and pressure development were recorded using a
high-speed camera and an unsteady pressure transducer. The chamber was then evacuated
and later purged to remove post-combustion products and ultimately lowered the
temperature to normal. The constant pressure period was identified from pressure-time
data, and images corresponding to that period were used for processing. An image
processing algorithm and Image Processing Toolbox in MATLAB software platform
were used to obtain the radius data from recorded images. The radius-time data
corresponding to constant pressure period and free from cells, distortions, buoyancy, etc.,
were considered for the following parameter calculations.

3.4 Data Processing

As mentioned in the earlier section, two data sets were recorded in the expanding
spherical flame experiments under constant volume configuration. Depending on the type
of data, the method was selected. The unsteady pressure-time data-based method was
referred to as the confined flame method, while the radius-time data-driven method was

called the unconfined flame method.
3.4.1 Confined flame method (Unsteady pressure-time data-driven)

In this method, unsteady pressure-time (P-t) data was solely required to estimate laminar
burning velocity. The main advantage of this method was the ability to calculate the LBV
at all possible conditions between initial and end thermodynamic conditions. As a result,
thermodynamic conditions at elevated levels can be obtained. The primary

thermodynamic model used to calculate the burning velocity was presented in Eq. 3.1.
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The assumptions were:

e The total mass and volume of the vessel contents were conserved.

e The unburned premixed combustible gas mixture was initially at rest.
e The pressure remained spatially uniform during combustion.

e External heat input, heat losses, and buoyancy were negligible.

e The flame front was spherical and infinitely thin.

e The effect of flame stretch was negligible.

e The unburned gas was compressed isentropically.

e There was no heat transfer between the burned and unburned gas zones.

2
il "3 2
_ d_de(p) Ryessel _ (Pi\vu _d Pi\ru
Su= %ar s [1 (P) < x(P))] (P) 31

Several models were available in the literature, and the main difference among them was
in estimating burned mass fraction from the P-t data. Widely used and recently developed
models were considered for processing the data, as presented below.

Thermodynamic model by Lewis and von Elbe [104]

P—P;

x(P) = = 3.2
axp) _ _1 3.3
dp Po—P;
Thermodynamic model by Luitjen et al. [104]
_ P-Pif(P)
x(P) = PP () 3.4
Yu—1
_ (vp—1 Yu=Vb\ (Pi\ vu
fp) = (yu—l) + (yu—l ) (F) 3.5
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dx _ 1=Pif1(P) | Pif1(P)[P=Pif(P)] 26
dP ~ Pe—Pif(P) [Pe—P:f(P)]2 :
_1
li _ (Yu=Vp i Yu
PfI(P) = (222) (3) 3.7

Thermodynamic model by Omari et al. [50]

1+
Yor = % 3.8
_ PP
h= Pe—P; 3.9
P—Pif(P)
P) = —& A
“P) =5 s 3.10
Yu—1
_ (Ybr—1 Yu—Ybr ﬂ Yu
f(P) - (Yu—l) + ( Yu—1 )(P) 3.11
dx _ 1-Pif1(P) | Pif'(P)[P—Pif(P)] 312
dP  P.—Pif(P) [Pe—Pif (P)]? '
=1
W _ (ru=Ybr\(P\ vu
PfI(P) = (22er) (2) 3.13

The flame front radius was estimated from the pressure and burned mass fraction using

the following correlation:

1
3

= l1 - (%)i (1- x(P))] 3.14

Ry

Ryessel

The following correlation was used to calculate the unburned mixture temperature at any

intermediate stage of flame propagation.

Yu—1
Py

T,=T (%)™ 3.15

As presented in Eq. 3.16, a power-law correlation was used to fit the available LBV data
at higher temperatures and pressures (corresponding to the flame front at the intermediate

stage) and then extrapolated back to the initial condition.
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%= (Pﬂ)a 3.16
The pressure-time data were processed using Eq. 3.1 iteratively to estimate LBV (S2).
Burned gas mass fraction and its variation with pressure were estimated using Eq. 3.2-
3.13. The pressure data corresponding to an interval 0.25 to 0.5 times that of reduced
pressure, B (Eqg. 3.9) was chosen. Power law (Eq. 3.16) was employed in the selected
data range, and laminar burning velocity at initial thermodynamic conditions was
estimated through extrapolation. The above formulations were implemented in the data
range with negligible stretch. For further analysis, the flame stretch was calculated with
two different formulations K1[3] and Kz[4].

dx 1
ap  gptp (1%

Pru 3.17

1
1

ko= 2(2) (1+ (D) ) (e

3.4.2 Unconfined Flame Method (Radius-time data-driven)

Klz

Images recorded during the flame propagation inside the chamber corresponding to the
constant pressure period were the essential input data needed for the post-processing in
this method. The radius of the spherical flame (smooth and free from instabilities) was
obtained using image processing. From the radius-time data, the unstretched LBV was
estimated as explained below.

3.4.2.1 Image Processing algorithm

An in-house developed edge detection algorithm in MATLAB was used to measure the
flame diameter from the images. This was developed to reduce the dependency on any
single parameter and avoid the interpolation of pixels. Initially, a background image
without any flame front was chosen. The image with the flame front was subtracted with
the default background picture to obtain only the flame front-related data referred to as
the working image. The working image was split into eight sectors: East, West, North,
South, Northeast, Northwest, Southeast, and Southwest. A representative division is

shown in Figure 3-4. The flame front was normal to axes in cardinal sectors. Either row
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or column-wise marching/movement was used to identify the changes in the pixel
intensity level. The distribution of pixel intensity levels from the Eastern sector is
presented in Figure 3-5. The rate of change in the intensity was coupled with the moving
average to identify the edge and nullify discreet points. The post averaged rate of change
in intensity is presented in Figure 3-6. The outer edges were identified by specifying the
stringent constraints, excluding all other edges in the image.

\
|

300 —

— — o
7S o
8 & o

N
(=}

N

N

(=]
L

o

Figure 3-5 Pixel intensity distribution in the Eastern sector of the working image
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Figure 3-6 Rate of change in intensity in the Eastern sector of working image

The main challenge was identifying the edges in the ordinal directions as the flame front
was at 45° to two cardinal directions. The marching, either row or column-wise, was not
possible. Typically image was rotated by 45° to align with cardinal directions. This
operation incorporated the interpolation of pixels, leading to distortion of original pixel
data. This interpolation-based rotation was avoided by using the matrix-interlacing

method.

3.4.2.1.1 Matrix-interlacing method

The pixel intensity distribution of the image was stored in a square matrix. The alternate
pixels were separated, similar to the interlacing operation, and reassigned into a new
matrix, as shown in Figure 3-7. The two new matrices were referred to as child matrices.
The null points were dropped in the child matrix, as shown in Figure 3-8. New null points
were added, and a new matrix was reconstructed, as presented in Figure 3-9. Figure 3-10
is the consolidated figure with all crucial steps of image rotation. The 45° rotated images
were obtained without interpolating original pixel intensity data. The image rotation

operation is executed on an image and presented in Figure 3-11.
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Figure 3-9 Reconstructing the child matrix with new null points

TH-2750_168151104



Experimental setup and Methodology

Parent Image Child-1 Image Child-1 Image*
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3b | 42 ab | sa sb | 6a 6b | 7a 7b
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Figure 3-10 A consolidated image capturing the steps of image roatation

Parent Child-1 Child-2

» o

Figure 3-11 A test image split into two child images

The rotated images were processed similarly to cardinal sectors. The obtained edge data
coordinates were reassigned back to the original configuration. The resultant data was
corresponding to the ordinal sectors. All the coordinates were sorted, and duplicates were
removed. The final edge list was fitted with a circle equation to compute the radius and
its center. The procedure was repeated for all the images to obtain radius-time data. The
main advantages of the developed algorithm were 1. The set of operations suitable enough
to be implemented on any platform, 2. Minimized dependency on any single parameter,
3. The original pixel intensity distribution remained undisturbed, 4. Unwanted edges
except the boundaries were ignored by default in the initial stages. As a result, the
developed algorithm can be used for any non-smooth, turbulent, and unstable flame
fronts, as shown in Figure 3-12. A word of caution was that edge detection of non-smooth
images shown in Figure 3-12 was only for an illustration, and such non-smooth flames

were never considered in the estimation of LBV.
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Figure 3-12 Edge detection of non-smooth spherical flames. This illustration is only for

demonstrating the ability of the new edge detection algorithm. Non-smooth images were
never considered for the estimation of LBV
3.4.2.2 Procedure for the estimation of Unstretched LBV

The measured/simulated radius-time data was processed as shown in the flowchart
(Figure 3-13) to obtain unstretched LBV and burned gas Markstein length. Detailed
description of each process mentioned in Figure 3-13 is discussed in the following
section. Initially, stretched flame speed (S») was calculated using Eq. 3.19.

ﬂ

Sp = = 3.19

where rf was the instantaneous flame radius. Eq. 3.19 was applicable only for thin flames
where (rf / 6f) <« 1 (& is the flame thickness) without ignition and buoyancy effects. As
the spherical flames change curvature during the flame propagation, the stretch rate (K)
was estimated using Eq. 3.20.

K = f—f% 3.20
Then, unstretched flame speed (S?) at K = 0 was extrapolated using a linear model (Eq.
3.21[54]) and a non-linear model (Eq. 3.22[105]).

S, = S)—L,K 3.21
2 3

S—€<1+ﬂ+“—2”+%+04(ﬂ’)>=1 3.22

Sb Ty rf 3rf Ty
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77, t from experiments ¢ sim» Lsim from simulations Initial gas composition, pressure,
temperature, Kinetic mechanisms
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Figure 3-13 Flow chart of data processing in unconfined flame method
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Also, the non-extrapolation model proposed by Xiouris et al. [51] for the estimation of

SP as shown in the Eq. 3.23 was also used.

3.23

_c0 _c0
e = PR,
The S,‘,’,Sim was calculated from the freely propagating planar flame model in Ansys
Chemkin [106] and instantaneous Sy, 5;,,, and Ksim Were estimated using one dimensional,
expanding spherical flame model available in Cosilab [107]. For both the simulations,
GRI Mech 3.0 [108] was used. From the known information of Sy, .., and S, s, at each
Kexp, Sp.exp Was estimated by following Eq. 3.23. Then, the obtained Sy £, at each Kexp
was averaged to find the final value of Sy z,,, meant for that operating condition. Xiouris
et al. [51] mentioned that the choice of chemical kinetic mechanism did not affect the
accuracy of Eqg. 3.23. Finally, laminar burning velocity (S2) defined as the relative
velocity of the reactants propagating normal to an adiabatic and stretch free planar flame
was estimated using Eq. 3.24. Burned gas density (pg) assumed to be in chemical

equilibrium was estimated using equilibrium model in Ansys Chemkin.

SO = _gg (%) 3.24

3.4.3 Thermo-diffusive instability

From the linear (Eg. 3.21) and non-linear extrapolation (Eq. 3.22) models, the burned gas
Markstein length (Ly) is also obtained. It quantifies the response of the flame to the stretch
effects. A combustible mixture is stable/unstable to preferential diffusion effects in the
cases (1) Lo is positive/negative, and (2) Lewis number of the mixture is greater/lesser
than unity or critical Lewis number (Le"). Lewis number (Le) is a ratio of mixture thermal
diffusivity («<r) to binary mass diffusivity (D;;) where i/j represents the deficient/excess
species. It indicates the stability of the flame towards an imbalance in thermal and mass
diffusional effects. If Le < Le" (critical Lewis number) for a given combustible mixture,
it indicates that the mixture will lead to an unstable flame due to the preferential diffusion

effects.

Identifying the deficient reactant to estimate the binary mass diffusion coefficient was

quite challenging if the combustible mixture: (a) was close to the stoichiometric

TH-2750_1668P51104



Experimental setup and Methodology

composition and (b) had more than three species. Recent studies [10] adopted a more
sophisticated parameter called effective Lewis number (Leer) for multicomponent
mixtures with several reactants eligible as deficient or excess species. Most of the models
to estimate Leesr were formulated using a weighted average of Le of different species
available in the mixture, and the procedure for arriving at these weights differed from the
selected model, such as arithmetic/harmonic mean [109], volume/mass fraction [110],
and effective diffusion [110]. The heat release-based model by Law et al. [111] used a
weighting factor of the normalized heating values of each fuel species, i.e., the ratio of
the heating value of a species to the heating value of the mixture. The mixture strength
model by Matalon et al. [112] used Zeldovich number (Ze, Eq. 3.30) and Le of excess and
deficient species to estimate the Leetr. Recently, it was reported that the volume/effective
diffusion-based models were well suited for PG mixtures [110,113]. Hence, the Lees in
the present was calculated using both the volume-based (Eqg. 3.25) and the effective
diffusion-based (Eqg. 3.26) models.

Leeff = 2?’:1 Xl-Lei 3.25
1 _ 4 ﬁ
Leeff - Zi:l Le; 326

where X; referred to mole fraction, i representing CHa4, Hz, CO, Oz and Le; = «<;/D;,
was the Lewis number of the species i. ar was the thermal diffusivity of the mixture (m?/s)

and D;,,, (m?/s) was the effective diffusivity.

=0 0/

where j represented CHs, Hz, CO, Oz, N2, and CO», and Dj; was the binary diffusivity.
Needed transport properties were obtained using a Transport calculator by Colorado state
university [114], Ansys Chemkin, and Cosilab. Critical Lewis numbers (Eq. 3.28 and
3.29) were calculated using Zeldovich number-based formulations [115].
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P _q_1
Lej=1- 3.28
f_q_2
Ley=1-2 3.29
BorZe = (Eq(Taa — Ty))/ (RuTZ:) 3.30

where S or Ze was the Zeldovich number or non-dimensional global activation energy,
Tad Was equilibrium flame temperature, Ty -unburnt mixture temperature, and Ea/Ru -
activation temperature. The activation temperature was calculated using Eq. 3.31 as
proposed by Bradley et al. [116].

2In(p,S0) = — (E—) (=)+c 3.31

Ry Taa
3.4.4 Hydrodynamic instability

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 3-14.

Figure 3-14 Inspection area of the spherical flame for cells
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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 a 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
thickness (&;). Here, the necessary data of flame thickness, &, was computed using
Ansys Chemkin with GRI Mech 3.0 and calculated as, 6¢ = (Tyq — Ty)/(dT/dx) max,
Where T was equilibrium temperature at a location x in the considered computational
spacial domain. The critical radius (Rcr) was normalized with flame thickness to calculate
the critical Peclet number (Pecr) 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 () was obtained by fitting the radius-time data in the equation, R = R, +
Ct*, Where Ro (referred to as virtual origin), C (constant), and « were the fitting

parameters.
3.4.5 Numerical study

One-dimensional freely propagating simulations were performed for analysis in
conjunction with experimental data. A freely propagating planar flame model in Ansys
Chemkin [106] was used to estimate unstretched LBV. The 1D spherically expanding
flame model in Cosilab [9] was used to estimate radius-time, stretched flame speed-time,
stretch rate-time data, and later, unstretched flame speed and LBV. Apart from the above
simulations, several transport parameters were obtained from the Transport property
calculator by Colorado state university [114]. All simulations were performed using GRI
Mech 3.0 (53 species and 325 elementary reactions) [108], FFCM-1 (38 species and 291
elementary reactions)[117] and USC Mech 2.0. model (111 species and 784 elementary
reactions)[118].
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3.4.5.1 Freely propagating planar flame model in Ansys Chemkin

Planar flame considered in this model was a quasi-steady and adiabatic flame with
uniform inlet flow conditions, specified pressure, and temperature. As a result governing

equations were reduced to the following forms [119].

m = pud 3.32
ar_ 14 (4% L Ayk ar L AvK & Ao =
o o dx (AA dx) + o Lie=1PYieViCpr - + . k=1 Qi Wy + . Qraa =0 333

. dy d 1
md—xk +—(pAY, Vy) — Ak Wy = 0 3.34
PW

Where P was the pressure, X - the spatial coordinate, A - cross-sectional area of the stream
tube, r - mass flow rate (independent of x), Q,.4 - heat loss due to gas and particle
radiation, T - temperature, Vi - diffusion velocity of the k" species, Yk - mass fraction of
the k" species, hk - specific enthalpy of the k™ species, u - velocity of the fluid mixture,
@y, - molar rate of production by chemical reaction of k'™ species per unit volume, p -
mass density, ok - constant pressure heat capacity of the k™" species, Wi - molecular weight
of the k™" species, ¢, - constant pressure heat capacity of the mixture, W - mean molecular
weight of the mixture, A - thermal conductivity of the mixture, and R - universal gas
constant. The mentioned continuity (Eq. 3.32), energy (Eqg. 3.33), species (Eqg. 3.34), and
closure equation of state (Eq. 3.35) equations were solved by discretizing using implicit
finite difference methods on a non-uniform grid. The molar rate of production by all
species from all chemical reactions (represented by @, for k™ species) as specified in the
selected chemical kinetic mechanism was taken into account. In the present work, GRI
Mech 3.0 and FFCM-1 were used. A mixture averaged transport model was used. The
mass flow rate needed was determined as an eigenvalue in the current problem. This was
achieved by fixing the flame in the computational domain at one location. The flame was
tracked with a temperature of 500 K above the unburned gas temperature. Inlet boundary
conditions were known mole fractions of reactants, initial temperature, and pressure.
Boundary conditions on the burned gas side were defined as the zero gradients of all the

parameters. The grid adaptation technique was used to resolve the strong gradients as the
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conservation equations were stiff due to the inclusion of chemical kinetics. GRAD and
CURYV parameters were set to 0.02 and 0.2 and obtained grid-independent solutions.
TWOPNT steady-state solver was primarily used for solving the governing
equations[119,120]. The simulation was initiated with a few grid points, and the final
solution was achieved through different continuation. The accuracy of the obtained result
was crosschecked with equilibrium flame temperature and mole fractions of product

species obtained from equilibrium calculations using the equilibrium (EQUIL) model.
3.4.5.2 Freely propagating flame simulation in Cosilab

In this case, the flame front was considered propagating in the defined spatial domain (the
beginning and end of the domain corresponding to the center and end boundary wall of
the spherical chamber). The flame propagation and tracking were achieved by fixing the
frame of reference to the flame front and adopting a Lagrangian formulation. This
simulation assisted in generating essential data such as flame front radius, flame speed,
and flame stretch with respect to time analogous to propagation of flame in experiments.
The flame simulations were performed under both constant volume and pressure
configurations. The original governing equations were considered in a polar coordinate
system to achieve a symmetrical domain to explore spherical flames. The transformation
of governing equations into lagrangian form: The independent mass-weighted lagrangian

variable (w) was used instead of the physical distance variable (r - the spatial coordinate).
Y(r,t) = f:op(r, tr*dr 3.36

Where ro was a reference value of r, t was time, p - mixture mass density, and a -

geometrical parameter.

W

%~ pr 3.37
oY _ ropr® _

- = fro S dr = —pr®v +mg(0) 3.38

Where mo was the value of pr%v at reference coordinate ro and v was the flow velocity.
The chain rule was implemented for the above differential operators and transformed into

the new coordinate system[(r,t) = (¥, 1)].
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3.4.5.2.1 Resultant differential operators in Lagrangian coordinates

90 90
—_ = praw

2= L0~ prvsy

a0) a0
L() = ¥+m

0oy

3.4.5.2.2 Resultant governing equations in Lagrangian coordinates

or 1
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Where &, 7, Tg9 and D,, were defined as presented below.

¢ = Twz—: + (Z‘l'gg; 3.47
T = Dy (52— 57) 3.48
Tgg = —%(Z—:—%) fora>0;,=0 fora=0 3.49
D, = 4u/3 3.50
Where j; = pY;V; was the diffusion of i species, ¥; - mass fraction of i'" species, V; -

diffusion velocity of i species, w; - mass rate of production of i species, | - total number

of species in the system, p - pressure, u - dynamic viscosity of the mixture, c,- mass-

based frozen specific heat at constant pressure, A - thermal conductivity of the mixture,

h; - mass-based enthalpy of the i species, T - temperature of the mixture, Cpi - Specific

heat at a constant pressure of the i species, Q, - the source of energy per unit volume

and unit time and gy - radiative heat flux. The above governing equations were solved

with finite difference method discretization on a non-uniform-adaptive grid and

associated boundary conditions, as discussed in the Cosilab theory manual[107]. Soret

effect was included. GRAD and CURYV, the grid adaptation parameters were set at 0.02

and 0.3, respectively, ensuring grid-independent solutions in Cosilab and Ansys

Chemkin.

3.4.6 Uncertainty analysis

Table 3-3 Uncertainty in the parameters

SI.No. | Parameter Uncertainty (%)
1 Radius + 1.47

2 Time + 0.00

3 Flame speed +2.93

4 Flame stretch rate +3.28

5 Unstretched flame speed (Linear form) +4.50

6 Burned gas Markstein length (Linear form) +46.16

7 Unstretched flame speed (Non-Linear form) +4.11

8 Burned gas Markstein length (Non-Linear form) + 55.46

9 Unstretched flame speed (Xiouris model) +4.39
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The uncertainty in each parameter was calculated by following the procedure discussed
in the literature on uncertainty calculation [121]. The detailed procedure is reported in

Appendix. The corresponding uncertainty values are summarized in Table 3-3.

3.4.7 Summary

The constant pressure period was identified from the recorded pressure-time data. Then,
the images with smooth spherical flames were only processed within the pre-pressure
period. An in-house developed image processing code in MATLAB was used to obtain
the flame radius from images. Flames having a radius less than 0.75cm were not
considered to avoid transient ignition effects. The fuel mixtures used in this study had
higher values of LBV, and hence, the buoyancy effects were not observed. The flame
radius, stretched flame speed, flame thickness, flame stretch rate, unstretched laminar
burning velocity, burned gas Markstein length, effective Lewis number, Zeldovich
number, critical Lewis number, critical radius, normalized critical burning velocity,

critical Peclet numbers, etc. were calculated.
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Chapter 4 Results and Discussion

Detailed discussion on identifying the representative composition of producer gas is
presented in chapter-2. The design of the experimental rig, post-processing procedure of
experimental data, numerical models used in the present work, and procedure were
reported in chapter-3. Important results obtained from different experiments/simulations

are presented in this chapter.
4.1 Validation of the experimental rig and procedure

Experimental and simulated LBV of three binary fuel mixtures viz., H2:CO:CH4 = 1:1:0,
0:1:1, and 1:0:1 and three ternary fuel mixtures viz., H:CO:CHs = 1:1:2, 1:2:1 and 2:1:1
reacting in the air are presented in Figure 4-1 along with the corresponding literature data.
The operating conditions were ¢ = 0.8 to 1.2, T = 300 K, and P =1 bar. Measured values
of LBV from the present study of an equimolar H2:CO-Air mixture showed an excellent
agreement with the literature data within an average deviation of £3.96% (Min: 0.06%
and Max:7.36%).

== HyCH,=1:1 H,:CH,=1:1[cheng2011]
« e HyCO:CH,=2:1:1 A H,CO=1:1[prathap2008]
== H, CO=1:1 ¥ H,:CO=1:1[bouvet2011]
1.6+ H,:CO:CH,=1:2:1 H,:CO=1:1[Li2018]
| CO:CH,=1:1
1.4 |- -#+ HiCOCH=1:12 A
. ® CO:CH,=1:1[cheng2011]
= 1 ® H;CO:CH,=1:1:2[cheng2011] - ‘I
(ICJ 1.2 - ® HCOCH,=1:2:1[cheng2011] . . ,I— - v
£ 1 k22
= _ -
!(|—J 1 0 7 —1" - v
% .’ - P SERTLEL AR *
m 084 &7 . e
— T L S .
Y 0.6 YO A= ——- *——=-s
E _ - ' ______ t RETRTRTIN @ crrecasins *
— 0 4 i - -' _____ L S
os V. [ Xy
%) |
0.2-
00 T T T T T

Figure 4-1 LBV of selected refined producer gas mixtures at 300 K and 1 bar
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Data from Prathap et al. [122] were higher, and Bouvet et al. [59] were lower than the
present measurements due to the application of a linear stretch extrapolation scheme in
their work, respectively. LBV data of binary and ternary compositions such as H2:CO:CHgs
=0:1:1, 1:1:0, 1:0:1, 1:1:2, and 1:2:1 measured through the opposed jet method at 300 K,
1 bar, and stoichiometric condition were also presented, and they agreed well with the
present measurements. Uncertainty in all cases is not included in Figure 4-1 for data
legibility and is shown in the rest of the figures. The LBV of pure unary fuels such as H»
and CO burning in air occupied the higher and lower extremes in Figure 4-1. Among the
binary compositions H2:CO:CHs = 1:1:0 and 0:1:1 placed at higher and lower extremes
respectively while H2:CO:CH4 = 2:1:1 and 1:1:2 in ternary mixtures.

4.2 Chamber geometry, thermodynamic model, and processing data

range selection

During the flame propagation in the constant-volume mode, the unburned mixture gets
compressed, and the associated temperature and pressure will increase. As a result, the
burning velocities at conditions other than the initial thermodynamic conditions are also
encountered and can be considered an advantage. On the other side, the unsteady
pressure-time data measured is extremely sensitive to the geometry of the chamber.
Hence, an initial analysis was conducted in the constant volume mode for designing a

chamber for the present work.

The results from this section played a crucial role while designing the chamber geometry
and choosing the appropriate post-processing method. Three thermodynamic models
were discussed for processing pressure-time data in chapter-3. All these models differed
majorly in dividing the domain into multiple zones and the selection of reduced burned
gas heat capacity ratio (y,,) as summarized in Table 4.1. The reduced values were
considered instead of the original to induce the radiation effect, which was proven to

achieve accurate results[50,123].

These models were used to analyze the pressure-time data from different chambers:
purely spherical, spherical with intrusions, and non-spherical chambers. The obtained
LBV values from these different chambers and reduced burned gas heat capacity ratio are

shown in Figure 4-2. Details of the associated chambers are presented in Table 4-1.
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Table 4-1 Different correlations of reduced burned gas heat capacity ratio

SI. No Correlation References
1 Omari et al. Vor = ! zy” [50]
2 Luijten et al. Yor = Vb [104]
3 Faghih et al. Vo == ;y" [124]
4 Van Den Bulck 1.17 [123]

A Omari
60 - A Faghih
Bulck
Luijten
- -
55 .
0
gso4
A
%< 45 - A Spherical chamber
(;‘; ® Spherical with Intrusions
%) @ Non-Spherical chamber
40 - * Caosilab Simulations
RS o e-zrIiiiesc Y
35 L . ,
1.1 1.16 1.20 1.24
Tor

Figure 4-2 Laminar burning velocity variation with reduced burnt gas heat capacity ratio
for different chamber confinements and simulations

Table 4-2 Design specifications of considered chambers

SI.No. | Volume(L) Geometry Remarks References
1 0.5 Spherical - [48]
2 1 Spherical - [49]
3 1 Spherical - [50]
4 4.4 Spherical - [51]
5 98.7 Spherical Presence of fans inside [52]
chamber
6 43.7 C)_/Ilndrlcal W|t_h Presence _of _Protrudlng [53]
unity aspect ratio structures inside chamber
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The entire range of pressure-time data was not considered for the post-processing, as
portions of data were affected by ignition effects, heat losses to the wall, hydrodynamic
instability, etc. As a result, only a trimmed range of data that was free from the above-
mentioned effects was selected for the estimation of LBV accurately. Different trimmed
ranges in terms of reduced pressure were considered and presented in Figure 4-3. The
following results show that a pure spherical chamber without intrusions, along with
Omari et al. and Faghih et al. thermodynamic models and the data range corresponding

to Pr = 0.2-0.5 is the best for obtaining accurate results.

0. P.=02-05
451
® ° ¢
£ 401 ® i
- ® m © ® ]
=t L. _____ l____!____ 3%
Z 35— —Y— e %
% 2 = 3%
30
25 1T ™ 1T "™ T 7™ T T T T T 7T T TTT T 1
@ % w O % w08 @ Q
Q@ Q@ 9 Q@ Q @ 9 9 9
< d BT A D =& -
[en] o o o o o o o o o

Reduced Pressur

)

(P)

Figure 4-3 LBV values of the stoichiometric methane-air mixture at 1 bar, 300 K and
corresponding to different reduced pressure data ranges

4.3 Effect of chamber volume and geometry on laminar burning

velocity

A choice of the spherical chamber was made from the above results. Further analysis was
conducted to arrive at an optimum chamber inner volume suitable for the present work to
measure LBV in both constant pressure and volume modes. Figure 4-4 shows the stretched
LBV data at different pressures (+0.01 bar) and temperatures (x5 K) obtained from 0.5 L
[48], 1L [50], 4.4 L [125], 20 L [126] spherical chambers at an initial pressure of 1 bar,
and an initial temperature of 300+2 K. Symbols correspond to present measurements;
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simulated stretched data correspond to Cosilab simulations, unstretched experimental
data at 1 bar, 300 K corresponds to Hu et al. [127]. The deviation in values of stretched
LBV between chambers of different volumes was observed at higher pressures and
temperatures. Stretched LBV decreased with increased volume till 4.4 L and considerably

increased for 20 L.

60 1 4 1.0bar-300K & 4.0bar-430K

m  3.0bar - 400K 4 5bar - 445K
55- 3.5bar - 415K
= = =1.0bar - 300K - Sim - Stretched | T

|

’J)" = = = .0bar - 300K - Exp - Unstretched
“é 50 - 3.0bar - 400K - Sim - Stretched
3.0bar - 400K - Sim - Unstretched E
FI T
O ke
< 454 1 4 %
3 [ 2 i
> [ ¥
0 40-
356 TmmmmmeEe----- ooz t
30 L 1 1 L

Combustion Chamber Volume (L)

Figure 4-4 Laminar burning velocity of the stoichiometric methane-air mixture at

different conditions.

To understand the deviation, the flame stretch rates were calculated using Eq. 3.17 and
3.18 for all the obtained data, and both the formulations provided nearly the same values
under all conditions. Hence, stretch rate data obtained from Eq. 3.18 was only considered
and shown in Figure 4-5. For relative comparison, all stretch rates were normalized using
stretch rate data obtained from 20L at 4.5 bar and 445 K. The maximum difference in
stretch rate for a given initial condition between chambers of different volumes was
almost four times in magnitude, as shown in Figure 4-5. Flame stretch rates decreased
with an increase in chamber volume due to a decrease in the ratio of the flame thickness

(6¢) to the flame radius (r¢) in the considered data range.
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Estimated flame stretch rates could not explain the sudden increase in the value of LBV
at 20 L. Then, the time derivative of pressure was calculated for all chambers and shown
in Figure 4-6. For 0.5 L and 1 L, there was no remarkable change in the slope of dp/dt in
the considered data range (2.8-5 bar). In 4.4 L, it was observed at P = 5.46 bar (as pointed
by an arrow mark in Figure 4-6), but it happened outside the considered data range. The
remarkable change in the slope of dp/dt indicated the onset of flow instabilities resulted

in flame acceleration [50,128].

4.5 m  3.0bar - 400K
L 40/ ® 3.5bar- 415K
1]

I n 4 Obar - 430K

< 351 4.5bar - 415K

© 30- n

o

< 251 °

g

't—é 20' [

S 15- :

prd ]
1 P
0-5 T L] T L]

0.5 1 4.4 20

Combustion Chamber Volume(L)

Figure 4-5 Normalized stretch rate comparison at different conditions

4.4L

20L

dp/dt (bar/s)

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 4-6 Variation of pressure gradient with time for all chambers.
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In 20 L, it was observed at P = 2.89 bar, which was within the considered data. As the

chamber volume increased, & /7y decreased in the chosen data range and hence, the

propagating spherical flame was affected by flow instabilities. Before the onset of
instability in 20 L, the data could not be used as it was very close to the considered lower
pressure limit. Hence, it is advised to observe a remarkable change in the slope of dp/dt
before choosing and processing pressure-time data in the constant volume spherical flame
method in bigger chambers. Flame stretch rate estimation did not include flow instability.

Hence, it could not estimate deviations in the 20 L chamber.

One dimensional, constant volume, spherical flame model in Cosilab was used to simulate
pressure-time data for all studied spherical chambers. GRI Mech 3.0 was used for this
study. Convergence of solutions in simulations was ensured. The simulated pressure-time
data were processed identically to that of the experiments. Stretched LBV data at 3 bar
and 400 K for all chambers are shown in Figure 4-4. Also, in Figure 4-4, unstretched LBV
data at 3 bar and 400 K simulated using 1D freely propagating planar flame from Cosilab

is also shown.

Stretch rates and the stretched LBV predicted by simulations did not change with an
increase in chamber volume compared to experiments, and the possible reason could be
& /¢ became smaller even in the considered data range of the smallest chamber itself.
The difference in LBV between measurement at 4.4 L and unstretched data could be
further reduced by appropriate stretch correction. Another observation from Figure 4-4
was that as the chamber volume increased till 4.4 L, the measured stretched LBV
approached that of predicted unstretched LBV at 3 bar and 400 K. From the above
discussion, it is clear that the usage of a spherical chamber having a volume of 4.4 L to
have lesser stretch effects will result in LBV with minimal stretch effects at elevated

pressures and temperatures.

The stretched LBV data from both measurements and simulations as a function of pressure
and temperature for a given chamber was fitted with a power-law (Eg. 3.16) to estimate
it at 1 bar and 300 K. The extrapolated value of measured stretched LBV at 1 bar and 300
K obtained from different chambers including 20 L, showed good agreement with each
other. One crucial observation with power-law was that the parameter, S2 (36.9-35.2

cm/s) was least affected by a change in volume. But, the exponent (&) changed
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considerably (0.15-0.31). Agreement in LBV at 1 bar and 300 K was good between
simulations and measurements. A spherical chamber with 4.5 L was designed considering
the outcomes from these sections and fabricated, and the same was used for further

analysis.

4.4 Effect of Non-Combustible Components (N2 and CO2) on LBV and
instability of PG-O2, mixtures

As explained in the previous section, a combustion chamber having inner geometry as
sphere was designed and fabricated. The same was used for the measurement of LBV of
producer gas. In this section, the composition of PG was considered as Z% CC+(100-2)%
NCC, where Z was varied at 25, 35, and 45, as discussed and presented in chapter-2. It
was referred to as the Inter-CC-NCC study. CC was considered
(25CH4:25C0:25H2:25Y), where Y represented rich combustible species CH4/CO/H; and
referred to as an intra-CC study. Hence, a fuel with more CH4/CO/H, was called
CHa4/CO/Ha-rich PG fuel. In the Intra-CC study, each fuel species varied between 25 and
50%. A similar approach was followed for NCC as P%CO2+(100-P)%N2, where P was
varied from 0-100 (by volume) and referred to as Intra-NCC study. The design of the
compositions corresponding to CHs-rich set presented in Figure 4-7. Pure oxygen was
chosen as the oxidizer than air to avoid N2 present in air. This will provide valuable

information on the combustion characteristics of producer gas reacting with oxygen.

CH.CO:H, Intra NCC Variation CO,:N,
50:25:25] cc:45. | | NCC:55  0:100
50:25:25| CC:45 | NCC:55  25:75
50:25:25] cC:45] | 7 NCC:55  50:50

50:25:25[CC:4500 //////NCC:557/ 75:25
50:25:25[ cc:450 | | //NCC:557//////////100:0

ACH, | CO- BEEEIH, 774 CO, N,
50:25:25/{CcC:45 | NCC:55 50:50
i NCC:65 50:50

AL, NCC:75 50:50
40 60 80 100
Inter CC-NCC Variation

Figure 4-7 Producer gas compositions studied in the present work (CHa-rich set)
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In this method, a total of 45 different compositions was investigated. Each experiment
was repeated twice to ensure repeatability. The obtained flame images were processed
using in-house developed code reported in section 3.4.2.1. After obtained the radius-time
data, the LBV was calculated as per the procedure reported in section 3.4.2.2. All the
experimental operating conditions were simulated in Ansys Chemkin and Cosilab using
contemporary reaction mechanisms. Important results obtained from this study along with

the inferences are reported in this section.
4.4.1 Flame stretch rate and preferential diffusion instability

The stretched flame speed variation with radius corresponding to CHs-rich, Hz-rich, and
CO-rich mixtures are shown in Figure 4-8, Figure 4-9, and Figure 4-10. Figure 4-11
shows the stretched flame speed variation with the flame stretch rate for CO-rich PG-
oxygen mixtures at ¢ = 0.8, 1 bar, 300 K, and all inter-CC-NCC and intra-NCC variations.
Stretched flame speed, Sy, varied smoothly for 100% N> mixtures. The magnitude of Sy
was consistently higher for mixtures having a higher mole fraction of N2 than CO: in
NCC. It was due to the higher flame temperature (low values of mixture specific heat
capacity) of those mixtures with high N2. Minor disturbances were observed for 75 and
100% CO2 mixtures, mainly due to minor cracks on the flames in the pre-pressure period.
Similar trends were observed in the CH4 and Hz-rich PG, as shown in Figure 4-12 and
Figure 4-13. The stretched flame speed variations with both stretch rate and radius were

used for extrapolating to zero stretch conditions for obtaining LBV.

Figure 4-14 shows stretched flame speed extrapolating to zero stretch rate using a linear
stretch model and a sufficiently large flame radius through a non-linear model. Only three
chosen cases representing positive, zero (almost), and negative values of burned gas
Markstein length are shown to reduce the redundancy. Unstretched flame speed estimated

from both linear and non-linear models agreed well for most studied mixtures.
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Figure 4-8 S, variation with radius for CHas-rich mixtures
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Figure 4-9 S, variation with radius for Hz-rich mixtures
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Figure 4-10 S, variation with radius for CO-rich mixtures
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Figure 4-11 Spvariation with stretch rate for CO-rich mixtures.
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Figure 4-12 S,variation with stretch rate for CHs-rich mixtures.
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Figure 4-13 S, variation with stretch rate for Hz-rich mixtures.
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Figure 4-14 Extrapolation of unstretched flame speed through linear and non-linear
models of three possible cases (L»<0, Lp~0, Lp>0). The symbols and lines represent the

measured and fitted values.
4.4.2 Burned Gas Markstein Length

Burned gas Markstein length (L») was determined using non-linear models (Eg. 3.21 and
3.22) and presented in Figure 4-15. The solid symbols represent the averaged values from
experiments, and open symbols represent the averaged values from simulations. The
dashed and dotted lines represent the linear trend line of the experimental and simulation
values, respectively. Figure 4-15A indicated that the values of burned gas Markstein
length increased with an increase in the Xcc (Mole fraction of CHs+H2+CO in the total
mixture) in the premixed producer gas-oxygen mixture. CO, and Nz varied individually
but the fraction of CO2+N> remained constant. As discussed before, the composition of
PG was considered as Z% CC+(100-2)% NCC, where Z was varied at 25, 35, and 45. CC
was considered (25CH4:25C0:25H:25Y), where Y represented rich combustible species
CH4/CO/H.. As a result, five variations of the non-combustible components (CO2:N; =
100:00, 75:25, 50:50, 25:75 and 00:100) possessed the same mole fraction at any given
set of Z and Y. Connecting lines were avoided to reduce the clutter as the intended

objective was being served by scattered points. L, becomes negative as Xcc fell below
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20% for the analyzed hydrogen and carbon monoxide-rich PG at ¢ = 0.8. This change
was due to the increase in the significant presence of deficit species with high mass
diffusivity. Further discussion on this change is presented in the next section.

Mean values of measured burned gas Markstein length of all the CH4/CO/H: rich PG
mixtures at a given inter-CC-NCC at each variant of intra-NCC (P%CO> + (100-P)%N>)
was estimated, and the same is presented in Figure 4-15B. It also includes the Ly estimated
from simulations in Cosilab with GRI Mech 3.0 reaction mechanism. The linear trend
lines were fitted to the measured as well as simulated values. The slopes decreased with
an increase volume fraction of CC from 25-45%, indicating that mixtures with lower Xcc
were more susceptible to preferential diffusional instability. This becomes significant as

most PGs are expected to have a low fraction of CC.

In the case of the simulated values of Ly (estimated using the non-linear model), the slope
of the trend lines was consistently smaller than the slope measured from experimental
measurements. Predicted Ly reported that the flame remained unstable for all 25%CC
cases if CO2 was present in the mixture, which did not match well with experiments. This
was primarily due to the limitation of GRI Mech 3.0 used for the considered species in
this study. For all CH4/H2/CO-rich PG fuels, an increase in mole fraction of CO; resulted
in smaller L values due to the occurrence of slow (example Figure 4-11 for CO-rich PG
fuel) and thick flames. Prathap et al. [58,122] reported that the response of such flames
to preferential diffusional effects was higher, resulting in a reduction in Ly values at lean
mixture conditions. It was quite interesting to notice only positive values of Ly for

methane-rich mixtures under all studied conditions.
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Figure 4-15 A) Variation of measured burned gas Markstein length with Xcc in the

premixed combustible mixture at all studied compositions, 1 bar, 300 K and ¢ = 0.8. B).

The trend of burned gas Markstein Length with variation in CO2:N2 composition.
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Hence, methane-rich PG mixtures were stable towards preferential diffusion instability,
typically a characteristic of pure methane-air/O> mixtures [129]. The above information
strengthened the view that combustion characteristics of PG mixtures were strongly
dependent on their rich fuel component. Hence, methane-rich PG displayed stability

identical to methane towards preferential diffusion effects under all studied conditions.
4.4.3 Flame stability - Effective and critical Lewis Numbers

Figure 4-16 shows the effective Lewis numbers estimated from the volume and diffusion-
based models along with the critical Lewis numbers (Le; (Eq. 3.28) and Le; (Eq. 3.29)).
Of them, the Leest ((Eg. 3.25) volume-based) of three PG mixtures were less than the Le;
indicating that they were unstable due to the preferential diffusion effects. The values of
the experimental burned gas Markstein length (Lb) of these three mixtures were also
negative, as reported in Table 4-3. Unstable mixtures identified by Lees (diffusion-based
model) and the respective Le; or Le; did not corroborate with measured Ly and hence, it

was not used further.
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Figure 4-16 Effective Lewis Numbers based on volume and diffusion-based models with

corresponding Critical Lewis Numbers of all the considered compositions
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Table 4-3: Stability parameters of PG mixtures in unstable regime

Fuel composition Xcc | Leest | Le" | Lb (mm) (NL)
25% (25CH4+25C0O+50H2) + 75%CO> 0.196 | 0.88 | 0.93 -0.473
25% (25CH4+25CO+50H2) + 75%
0.196 | 0.91 |0.92 -0.264
(75C0O2+25N5>)
25% (25CH4+50C0O+25H) + 75%CO> 0.196 | 0.89 | 0.92 -0.102

Based on the above corroboration, the Leet of all compositions were estimated using the
volume-based model along with Le; and plotted in Figure 4-17. The magnitudes of Lees
were higher for PG mixtures that had higher values of mole fractions of combustible
components due to an increase in the thermal diffusivity of the mixture. Hydrogen-rich
PG displayed the lowest/highest Leest for 25/45% CC mixtures due to the respective
change in the thermal diffusivities. Figure 4-17 shows that the PG mixtures with 25%CC
and higher volume fractions of H2 or CO in CC and COz in NCC were more susceptible
to preferential diffusion instability. Hence, removing CO, from PG mixtures is essential

to avoid diffusional instabilities.
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Figure 4-17 Effective Lewis Numbers of all PG mixtures along with the critical Le

number. Lines with symbols represent effective Le, and Lines without symbols represent

the corresponding Le;.
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4.4.4 Unstretched Laminar Burning Velocity

Figure 4-18A-C shows the unstretched LBV of CH4/CO/H,-rich-PG reacting in oxygen at
all studied operating conditions obtained from experiments. Unstretched LBV obtained
from linear (Eq. 3.21) and non-linear (Eq. 3.22) formulations agreed well within + 1%.
The results obtained through the Xiouris et al. model [51] also were in good agreement

(£ 4.92%) with the experimental results despite the underprediction of LBV and Ly by

simulations.
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Figure 4-18 A) Unstretched Laminar Burning Velocities LBV of CH4 rich producer gas
mixtures as a function of CO2+N in NCC at ¢ = 0.8, 1 bar, and 300 K. B) Laminar
Burning Velocities of CO rich producer gas mixtures. C) LBV of H-rich producer gas
mixtures. D) Unstretched laminar burning velocities (NL-extrapolation) of CH4/CO/Ha-
rich PG fuel at different inter-CC-NCC as a function of intra-NCC reacting with 100%0,
at ¢ = 0.8, 1 bar, and 300 K.
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Figure 4-18A-C indicated that LBV enhanced with an increase in Xcc in the combustible
mixture due to an increase in chemical energy and a decrease in the specific heat capacity
of the mixture, resulting in higher flame temperature. Variation of LBV with an increase
in Xcoz and simultaneous reduction in Xn2 was non-monotonic for all reported
measurements. The results from Cosilab simulations with GRI Mech 3.0 deviated (max
13.2%) from measurements at a higher volume fraction of CC in PG. Varghese and
Kumar [81] had formulated a correlation to estimate the LBV of PG mixtures. Present
mixtures did not fit into their range, so they could not be calculated. The operating
conditions of Zhou et al. [82] were also well away from the present work. Hence,
comparing current measurements with literature data could not be accomplished. Figure
4-18D shows the consolidated plot of all measured LBVs shown in Figure 4-18A-C. In
Figure 4-18D, the values of unstretched LBV from experiments estimated using a non-
linear formulation were only reported to attain better readability. LBV decreased with an

increase in Xn2+co2 at all compositions of producer gas.

For a given mole fraction of Xcoz or X2, the magnitude of reduction in LBV was higher
for CO> than N2. The possible reasons were (a) the specific heat capacity of the mixture
with CO2 was higher, leading to lower flame temperature, and (b) participation of CO- in
a chemical reaction [130]. It was interesting to note higher values of LBV for CHs-rich
mixture at 25%CC+75%NCC case for all combinations of NCC than Hz-rich mixtures.
At 35-45%CC, CHa-rich mixtures showed equal or higher values of LBV than H-rich or
CO-rich mixtures for all NCC combinations having higher Xco2. To understand the
above-mentioned variation, the equilibrium flame temperature and mixture thermal
diffusivity were estimated for all operating conditions and presented in Figure 4-19. The
flame temperature of CHs-rich PG at all %CC was higher than other mixtures, which
corroborated with the obtained higher values of LBV at most operating conditions
reported in Figure 4-18D. A similar observation was reported by Kolekar et al. [80]. But,
at 45%CC, thermal diffusivity of Hz-rich PG increased significantly, resulting in higher
LBV than other mixtures. From the foregoing discussion, it is clear that CHs-rich PG
mixtures resulted in higher flame temperature and larger magnitudes of LBV as compared

to other Ha-rich or CO-rich mixtures.
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mixtures with the variation of CO2/Nz ratio

To better understand the change in LBV between CHa/Hz-rich PG fuel, a sensitivity

analysis was conducted with Ansys Chemkin using GRI Mech 3.0 for four fuel
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compositions, as shown in Figure 4-20, to identify the important elementary reactions
that affect LBV. Only contributions from the top ten elementary reactions were reported
in Figure 4-20. Comparison of normalized sensitivity coefficients of CHas-rich PG and
Hz-rich PG at 25%CC showed that: (a) R166 (HCO+H>0«<H+CO+H2>0), which was one
of the important pathways in CH4 combustion chemistry (obtained from reaction pathway
analysis not presented here), was present only in CHs-rich PG (b) the cumulative effect
of R166 presence and only two negative sensitivity coefficient reactions R52
(H+CH3+M«—CH4+M) and R35 (H+O2+H20-02+H>) were the reasons for higher LBV
in CHas-rich PG. (c) Reaction R46 (H+HO,«<20H) which was one of the important chain
branching reactions was opposed by chain termination reaction R45 (H+HO2<0O2+H>)
for Hz-rich PG and the same combination of opposing reactions were not present in CHs-
rich PG and hence, LBV of CHs-rich PG fuel was higher. The above analysis indicated
that CHs-rich PG was dominated by hydrocarbon oxidation chemistry.

H,-rich-CC-45
; I H,rich-cC-25
R284 b z
B CH,-rich-CC-45
R166  e(R166) HCO+H,0H-COH,O [l CH,rich-CC-25
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.é R99 4 (R99) OH+CO=H+CO,
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Figure 4-20 Sensitivity analysis for four variants of producer gas (i) CH4-rich-CC45-45%
(50CH4:25C0:25H2)+55%N,, (ii) CHa-rich-CC25-25%(25CH4:25C0O:50H2)+75%N>
(iii) H2-rich-CC45-45%(25CH4:25C0:50H2)+55%N> (iv) H>-rich-CC25-
25%(25CH4:25C0O:50H2) +75%N>
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At 45%CC case, the important chain branching reactions, (a) higher positive values of
sensitivity coefficients of R46 (H+HO2«<20H) and R3 (O+H>«—H+OH) indicated the
dominance of the Hz-oxidation pathway for Hz-rich PG [131] and subsequent increase in
reaction rates of R99 (OH+CO«+H+CO>) and R84 (OH+H2«>H+H-0) resulted in higher
values of LBV for Ho-rich PG (b) R284 (O+CHsz—H+H>+CO) was an important chain
propagation reaction for CHs-rich PG which helped to decompose CHz radical. But, R10
(O+CH3—H+CH0) with negative sensitivity competed with R284. The reaction
pathway analysis showed that the relative rate of consumption of CH3 through R10 was
6.5%, while that of R284 was 4.3%. The reaction pathway analysis showed the dominance
of reaction R10 over R284, and this was the additional reason for the slightly lower value
of LBV for CHa-rich PG fuel.

4.4.4.1 Intra-NCC-Variation

In this section, for a given volume fraction of NCC in a mixture, the variation in the
composition of N2 and CO> within NCC and its effect on LBV was discussed. LBV from
the non-linear model was only considered as it was similar to the Xiouris model with
lesser uncertainty. Figure 4-18A-C showed the impact of selective refinement of CO2/N>
represented by P%CO,+(100-P)%Nz in which P varied from 0 to 100 and its effect on
the LBV of PG. Figures clearly showed that at a given CH4/CO/H; rich PG and volume
fraction of CC, the LBV varied nonlinearly with change in the proportion of CO, and No.
Hence, 2" order polynomial trend line was fitted to the data. The curvature of each trend

line at each combination of CO2/N2 was estimated as per Eq. 4.1.

If" ol 41

Curvature = W

For CHs-rich producer gas, absolute curvature of 25-45% CC at a given intra-NCC was
averaged and reported in Figure 4-21 as black-filled square symbols. The blue shaded
region represents the range of the change in normalized curvature with a decrease in CO>

(and increase in N>).

The dashed lines correspond to the averaged normalized curvature of the corresponding
dilution level. Similar estimation was done for CO/Hz-rich producer gases and reported
with green diamond and red circle symbols. Absolute curvature (averaged) of CHs-rich

mixture was the highest, and it was followed by CO and Hz-rich mixtures. This indicated
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a higher degree of non-linearity in CHas-rich mixtures with a change in CO2/N2. The
response of CHas-rich PG to increase in Xco2 was higher due to higher flame temperature.
Absolute curvature of CO-rich PG was the lowest, as these mixtures had low values of

flame temperature, and hence, the effects of an increase in Xco2 were not pronounced.
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Figure 4-21 Non-Linearity variation in LBV of all compositions. Solid symbols represent
the averaged values of absolute curvature of corresponding rich cases (CC-25%, 35% &
45%)

Then, the absolute curvature of each CH4/CO/Hz rich gas at each volume fraction of CC
was normalized with the respective curvature value at N>-100% at the same volume
fraction of CC. The same was presented as area distribution with blue color in Figure
4-21. This was done to identify the variation of volume fraction of CC on normalized
curvature. Magnitudes of normalized curvature showed a broader range at 100% CO, as
shown in Figure 4-21. Normalized curvature values decreased with a reduction in Xcoz
coupled with an increase in Xn2. Normalized curvature initially increased for an increase
in volume fraction of CC from 25% to 35%, and then it decreased. It was interesting to
observe that normalized curvature values of 35% CC and 45% CC were closer to each
other even though the magnitude of LBV values were quite different. It seemed that a
critical value of mole fraction of CO; exists above which CO> controls the combustion of
producer gas. The involvement of CO: in the kinetics rather than inert can be explicitly
interpreted from the above data as presented in Figure 4-21 and in agreement with a

similar observation presented by Varghese et al.[132].
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4.4.4.2 Inter-CC-NCC-Variation

As the earlier section discussed the effect of selective refinement of N2/CO; and its effect
on the variation of LBV, in this section, refinement of PG to remove NCC and its effects
on LBV is discussed. Figure 4-22A shows the unstretched LBV estimated using the
nonlinear stretch formulation for CHs-rich PG at different volume fractions of CC.
Symbols in the figure represent current experimental data. Dotted lines correspond to
linear trend lines. The CO and Hz-rich PG cases were not presented here to avoid
redundancy. Observations from the figures showed that LBV increased linearly with an
increase in the volume fraction of CC at a given volume fraction of NCC for all studied
cases due to the rise in the heating value and flame temperature. The slopes of linear
regression fits were analyzed to understand the extent of linearity of fitted trendlines with
respect to intra-NCC variation and the possibility of interpolation to obtain intermediate

values.

For CH4/CO/Hz-rich producer gas, the slopes corresponding to 25-45% CC at a given
intra-NCC were obtained and plotted in Figure 4-22B. A linear variation in the slope
values was observed for H> and CO-rich cases with a decrease in Xcoz (and simultaneous
increase in Xn2) in diluents. Such a trend was non-existent in methane-rich cases. The
combustible components fraction variation showed a linear variation in slopes for only
hydrogen & carbon monoxide-rich cases, and any intermediate value can be interpolated
within the studied conditions. It was also attempted to estimate the values of LBV of 35%
CC by interpolating the measured value of LBV at 25 & 45% CC for all CHs-rich, CO-

rich, and Hz-rich PG mixtures.

The deviation in measured and interpolated LBV data was estimated for all studied
conditions and presented in Figure 4-22B. At a given NCC, errors obtained with different
%CC and different fuel-rich cases were averaged to ease overall comparison in their
values with change in P%CO2+(100-P)% N.. The deviations were less than 4% for
mixtures with 0CO2:100N. and 50C0O2:50N> with the current choice of a linear fit. For
higher mole fractions of COg, linear fit resulted in a more significant deviation, which

could be observed in Figure 4-22B.
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Figure 4-22 A) Inter-CC-NCC variation in CH4 rich mixtures. B) The distribution of

slopes of linear variation and error in interpolation at 35%CC+65%NCC

As earlier mentioned, flame characteristics were strongly dependent on the rich

component in the fuel mixture, and the same observation held good for NCC mixtures.

As the NCC mixture contained N2 and CO., LBV values respond to the dominant dilution

effect of either CO. (nonlinear variation due to the reduction of the flame temperature

and also due to its participation in chemical kinetics to enhance chain termination

reactions) or N2 (linear variation due to the reduction of flame temperature only) whose

mole fraction was greater than 50% in NCC.
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4.5 Effect of Combustible Components (H., CO, and CH4) on LBV and

instability of RPG-air mixtures

Earlier section 4.4 discussed in length the effects of the independent variation of the
combustible/ non-combustible components in the producer gas while reacting with pure
oxygen. In this section, the combustion characteristics of Refined Producer Gas (producer
gas without any inerts obtained through the refining process) reacting with air at 300+3
K and 1, 2, and 4 bar are discussed. The composition of RPG was considered as
50%A+X%B+(50-X)%C where A: CH4/H2/CO, B: H2/CO/CHas, C: CO/CH4/H2 and X:
00:50 in steps of 12.5% to understand the impact of change in the proportion of
H2:CO:CH4 on LBV and flame stability. Table 4-4 shows the list of compositions
investigated along with the associated lower calorific values (LCV). All the experiments
were performed at 300+3 K and 1, 2, and 4 bar. At 1 bar, $ =0.8,0.9, 1.0, 1.1, & 1.2 was
considered, whereas at 2 & 4 bars, ¢ = 0.8, 1.0, & 1.2 were studied. Total number of
experiments performed were 132 without accounting for repeatability. As mentioned in
the earlier section, here too, all experiments were repeated twice, and some of the high
pressure experiments were repeated thrice to obtain accurate LBV. Post processing
procedure remained identical to that of section 4.4. In this chapter, finer details on the
variation of flame speed with stretch rate was not reported. Only unstretched LBV and
burned gas Markstein length was discussed in detail in the following section.

Table 4-4 Refined producer gas composition variation

Case | Hz2(vol%) | CO (vol%) | CH4(vol%) | H2:CO:CH4 | LCV(MJ/m3)
1 50 0 50 4:0:4 23.3
2 50 12.5 37.5 4:1:3 20.4
3 50 25 25 4:2:2 17.5
4 50 37.5 12.5 4:3:1 14.6
5 50 50 0 4:4:0 11.7
6 37.5 50 12.5 3:4:1 14.8
7 25 50 25 2:4:2 18
8 12.5 50 37.5 1:4:3 21.1
9 0 50 50 0:4:4 24.2
10 12.5 37.5 50 1:3:4 24
11 25 25 50 2:2:4 23.8
12 37.5 12.5 50 3:1:4 23.5
1* 50 0 50 4:0:4 23.3
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4.5.1 Unstretched Laminar Burning Velocity

LBV of twelve different RPG compositions (Table 4-4) were measured at ¢ = 0.8-1.2, 300 K, 1 bar and depicted in Figure 4-23. Here, the non-linear
extrapolation model (Eq. 3.22 ) was used. Xiouris model was not used as (a) LBV estimated using it matched close to that of Eq. 3.22, (b) it was quite
involved, as it needed radius-time simulation from the unsteady one-dimensional spherical flame model in Cosilab. Unstretched LBV data corresponding

to all the experimental conditions was simulated using GRI Mech 3.0 and FFCM-1 mechanisms.
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Figure 4-23 Laminar burning velocity of refined producer gas mixtures varying with equivalence ratio from 0.8 to 1.2 at 300 K and 1 bar

In the Hz-rich case, the magnitude of the LBV increased with an increase in CO and reduction in CHa at all equivalence ratios. The peak LBV shifted

towards the richer side, i.e., ¢ = 1.2, and the magnitude of the peak values increased continuously with an increase in CO and subsequent reduction in

CHa, which was typical behavior of H2-CO mixtures [58,122]. This was essentially due to increased flame temperature and mixture diffusivities.
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The LBV variation with an increase in the equivalence ratio in each fuel composition
became non-linear with a simultaneous increase/reduction in CH4/CO content,
respectively, as the peak shifted towards ¢ = 1.1. In the CO-rich case, the magnitude of
the LBV increased with an increase in Hz (and reduction in CHg) at any given equivalence
ratio, and a similar trend was reported by Xie et al. [133]. An increase in Hz increased the
heating value and transport properties of the mixture and resulted in higher LBV. The
peak shifted towards ¢ = 1.1 from ¢ = 1.2, and the magnitude of the peak values reduced
with the increase in CH4 (and reduction in Hz), and it showed the dominant behavior of

methane.

In the CH4-rich case, the magnitude of the LBV increased with an increase in Hz (and
reduction in CO) at any given equivalence ratio. Unlike as reported in H2:CO:CHjs-Air
mixture-related work by Xie et al. [133], an increment in CHa did not lead to an increment
in LBV, but rather in the presence of Hz and CO, and it led to the decrement of LBV in the
present work. The peak LBV was obtained at ¢ = 1.1 in all the CHs-rich cases, while the
magnitude marginally reduced with an increase in Hz (and reduction in CO) due to a
decrease in flame temperature. In all CHas-rich cases and a hike in CHs in all other
compositions, the peak always occurred at ¢ = 1.1, resulting in a non-linear behavior. A
similar trend in the peak LBV was reported by Lapalme et al. [79]. Generally, the
simulated values obtained using GRI Mech 3.0 were consistently higher (Average

deviation: +6.37%) in magnitude than those obtained using FFCM-1 under all conditions.

In CHgs-rich mixtures, the simulated LBV using FFCM-1 matched well with the
experiments than GRI Mech 3.0, and the agreement slightly tended to shift towards the
GRI Mech 3.0 with an increase in Hz (and reduction in CO). In the considered ternary
fuel variation, GRI Mech 3.0 performed better with CO-rich and H»-rich mixtures, while
FFCM performed better with CHas-rich mixtures. The increment in CO had different
effects based on the rich component of the mixture. Increment in Hz always enhanced the
LBV under most conditions. To further understand the reason for the impact of RPG
composition on the LBV, equilibrium flame temperature (EFT) and thermal diffusivity of
H2:CO:CH4=4:4:0, 2:2:4, 0:4:4, 4:2:2, 4:0:4 and 2:4:2 compositions were estimated and
presented in Figure 4-24. The range of EFT variation was within 100 K for all
compositions except for an equimolar mixture of H»-CO. As the temperature of the

products always peaked at ¢ = 1.1 independent of compositions, a similar trend was not
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reflected in the peak value of LBV due to the simultaneous change in the thermal
diffusivity and kinetic effect [79,89].
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Figure 4-24 Adiabatic flame temperature and Thermal diffusivity of selected
compositions of RPG at 300K and 1bar obtained using equilibrium calculations using
Ansys Chemkin along with the laminar burning velocity values obtained from the

experiment

4.6 Effect of Initial pressure on the LBV and flame stability of RPG-air

mixtures

The effect of initial pressure on LBV of all compositions is presented in Figure 4-25 and
Figure 4-26. The LBV of all the studied compositions decreased with an increase in
pressure as the reactant mixtures were denser. In the Hx-rich mixtures, the LBV values
were underestimated by the reaction mechanisms at elevated pressures and with a
concurrent rise in CO and lowering in CHs mole fractions. The divergence in LBV
between measurements and simulations was lesser till the absolute mole fraction of CH4
(XchHa) attained 25% and was significantly higher for cases that had Xcha greater than
50%. As the initial pressure stepped up, CO-rich-air mixtures with Xx. exceeding 25%
displayed a similar under prediction trend by GRI Mech 3.0 and FFCM-1.
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Figure 4-25 Laminar burning velocity of refined producer gas mixtures varying with equivalence ratio from 0.8-1.2 at 300 K and 2 bar
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Figure 4-26 Laminar burning velocity of refined producer gas mixtures varying with equivalence ratio from 0.8-1.2 at 300 K and 4 bar
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In CHs-rich-air mixtures, at 2 bar, GRI Mech 3.0 over predicted the LBV of CO dominant
mixtures but under-predicted the LBV of H> dominant mixtures, whereas results based on
FFCM-1 showed that it was underestimated in all cases. At 4 bar, LBV obtained with GRI
Mech 3.0 agreed well with experiments for mixtures with lower Xu2 in the mixtures where
FFCM-1 underperformed. The studied kinetic mechanisms needed further optimization

to improve their accuracy.

4.6.1 Intrinsic instabilities
4.6.1.1 Thermo-diffusive instabilities

Burned gas Markstein lengths were presented against compositions and fuel mole fraction
(XH2+Xco+XcHa) in Figure 4-27a and Figure 4-27b. Interestingly from Figure 4-27a, the
Ly was either close to zero or negative for all the investigated combustible mixtures that
had: (a) lower values of fuel mole fraction and (b) the mole fraction of methane in the
mixture was the lowest. The stability of such mixtures was dominated by the presence of
light and highly diffusive H> species. In contrast, some combustible mixtures remained
stable to thermo-diffusive effects even at the lowest fuel mole fraction due to a higher
methane mole fraction than Hz or CO. The larger amount of CH4 than H> or CO in these
mixtures swindled them to be relatively stable to thermo-diffusive effects due to an
increase in Le. The magnitude of the presented burned gas Markstein length values

consolidated in Table 4-5.
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Figure 4-27 Burned Gas Markstein length variation with compositions and fuel mole
fractions at different equivalence ratios and compositions
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Table 4-5 Burned Gas Markstein length variation with compositions (in mm)

Case Composition (vol%o) Equivalence ratio — Initial pressure (in bar)

H2 CcO CHa 0.8-1 1.0-1 1.2-1 0.8-2 1.0-2 1.2-2 0.8-4 1.0-4 1.2-4
1 50 0 50 -0.15446 | 0.25095 | 0.6229 -0.05733 | 0.15695 | 0.3093 0.04654 | 0.1801 0.3144
2 50 125 37.5 -0.06478 | 0.2916 0.48295 | -0.02546 | 0.1515 0.2895 0.3374 0.31395 | 0.24
3 50 25 25 0.0175 0.29465 | 0.3909 0.06006 0.16075 | 0.2392 0.18193 | 0.21645 | 0.2419
4 50 375 125 0.1356 0.2525 0.3739 0.2286 0.29455 | 0.27865 | 0.3729 0.3764 0.2535
5 50 50 0 0.02799 0.225 0.3145 0.46595 0.40195 | 0.29595 | 0.1727 0.3269 0.3993
6 375 50 12.5 0.19005 0.3579 0.36575 | 0.1586 0.26455 | 0.3005 0.301 0.2988 0.33997
7 25 50 25 0.2544 0.44705 | 0.459 0.1423 0.2313 0.2707 0.2122 0.3612 0.2994
8 125 50 375 0.3184 0.5149 0.5826 0.2391 0.3104 0.3126 0.09614 | 0.20825 | 0.2763
9 0 50 50 0.56125 0.672 0.72 0.2854 0.38065 | 0.37155 | 0.1599 0.2666 0.30907
10 | 125 375 50 0.3091 0.4786 0.64985 | 0.1345 0.30703 | 0.3361 0.08768 | 0.2361 0.2966
11 |25 25 50 0.1368 0.43325 | 0.61755 | 0.05728 0.2649 0.311 0.1156 0.218 0.27655
12 | 375 125 50 0.05857 0.3848 0.5763 -0.06147 | 0.18525 | 0.3312 0.09902 | 0.1821 0.2597
13 |50 0 50 -0.15446 | 0.25095 | 0.6229 -0.05733 | 0.15695 | 0.3093 0.04654 | 0.1801 0.3144
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Additionally, in Figure 4-27a, the magnitude of the Ly across the equivalence ratios was
estimated for each Ho/CO/CHgs-rich mixture at each pressure and plotted as color lines.
The Ly of the CHs-rich mixture showed the largest variation due to its stronger/weaker
response to Ho/CO. The mean Ly values of Hz-rich mixtures varied differently than the
trend observed in the CH4 and CO-rich mixtures. The average value initially decreased
with pressure and then increased, making Hz-rich mixtures more resilient to thermo-
diffusive instabilities, which were unexpected. Multiple repetitive experiments were

performed, but no improvement.

At higher pressures, the flame became cellular for Hz-rich mixtures, resulting in higher
uncertainty. Mean Ly of CO-rich mixtures irrespective of initial pressure varied within a
small range resulting in almost consistent exposure/vulnerability to the thermo-diffusive
instabilities due to its slow reactivity and low diffusivity. The rise in pressure decreased
the flame thickness and the magnitude of L, under all conditions, and also, the magnitude
of Ly varied within a small range. All the investigated richer (¢ = 1.2) mixtures had
positive Lp as the deficient reactant O> was less diffusive than the fuel species.
Conversely, few of the lean (¢ = 0.8) mixtures of certain compositions were unstable to
thermo-diffusive effects due to the active presence of Hz. Further analysis into the thermo-
diffusive instabilities was conducted with the effective Lewis number analysis. As
discussed in the previous section, effective Le estimation using volume and diffusion-
based models suited well for RPG type of multicomponent fuel. The present work also

used the same models to find effective Le as shown in Figure 4-28.
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Figure 4-28 Effective Lewis number of RPG by Volume and Diffusion based models
along with corresponding critical values
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For RPG-air mixtures, Leets, itt Showed good agreement with the measured Ly, and hence,
it was estimated for all the studied mixtures and presented in Figure 4-29 along with the
corresponding critical values. Except for the compositions ranging from 7-11, the Lees of
other compositions was below the Le*, pronouncing the potential vulnerability of these
mixtures towards the thermo-diffusive instabilities. H:CO:CHs = 1:2:1-1:1:2 (2:4:2-
2:2:4) were the mixtures had an effective Le value above the critical Le values. The mole
fraction of Hy in those compositions never exceeded 25%, concluding the crucial role of
H> in inducing the thermo-diffusive instability in the RPG-air mixtures. From the Ly and
effective Lewis number analysis, the addition of CO increased the resilience of the
mixtures against thermo-diffusive instabilities while supported by CH4 and opposed by
H..
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Figure 4-29 Effective Lewis Number and corresponding critical Lewis numbers at all

the initial pressure conditions
4.6.1.2 Hydrodynamic instabilities

The six parameters such as critical radius (Rcr), flame thickness (¢t ), density ratio (o) of
reactants (pu) to products (pg), normalized critical LBV (S, .,-/S3) where S, .- was the

stretched LBV at the critical radius, and S was the unstretched LBV, coefficient of self-
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acceleration («), and critical Peclet number (Pecr) were essential in addressing the
tendency of a mixture towards the occurrence of hydrodynamic instability. The critical
radius corresponding to the onset of hydrodynamic instability obtained by an in-house
code of all the analyzed RPG-air mixtures at 1-4 bar, 300 K, and ¢ = 1 were displayed in
Figure 4-30. Results corresponding to different equivalence ratios at 4 bar were presented
in Figure 4-31. The data was split into three categories, Hz, CO, and CH4 rich mixtures,
respectively, where the volume fraction of the rich component was 50% in the fuel. The
critical radius decreased with an increase in the hydrogen volume fraction irrespective of
variation in the mole fraction of other constituents and vice versa in the case of CHs. CO
variation did not significantly affect the critical radius as it depended on the other
components. There was a significant increase in the critical radius when H2/CH4 was

decreased/increased.

The flame thickness was estimated from the predicted temperature profile of 1D planar
flames. At 1 bar, H2:CO:CHs = 4:4:0 has the thickest flame owing to higher mass
diffusivity and lower expansion ratio due to lighter reactants, but still it has the lowest
critical radius and Peclet number due to higher LBV. Next thicker flame was observed for
H2:CO:CH4 = 0:4:4 due to lower mass diffusivity. Also, the expansion ratio of the mixture
was higher due to heavy reactants, which eventually resulted in a larger critical radius due
to lower LBV. All mixtures yielded thinner flames at elevated pressures due to a hike in
the reaction rate. At elevated pressures, the critical radius decreased due to thin flames
irrespective of lower values of LBV. It can be concluded that flame thickness was an
important factor in commanding the earlier or delayed occurrence of hydrodynamic
instability. The expansion ratio varied over a smaller range, and its variation on the
instability was unclear. The coefficient of self-acceleration [84,93] and normalized
critical LBV [84] were estimated to identify self-acceleration flames due to thermo-

diffusive effects.

At 4 bar, normalized critical LBV was greater than unity for Ho-rich cases, and mixtures
with lower methane content due to smaller critical radius resulted in stronger curvature
effects and higher stretched LBV than the unstretched LBV. These mixtures had higher
values of acceleration coefficient too. At lower pressures, the critical radius was larger,

the flame curvature effects were smaller, local pressure and temperature were different
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from the initial pressure and temperature, and all these effects made the normalized LBV

less than unity and also with lower values of acceleration coefficient.
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Figure 4-30 Hydrodynamic instability characterization parameters of all compositions at

stoichiometric and different initial pressure conditions.
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Figure 4-31 Hydrodynamic instability characterization parameters of all compositions
corresponding to 4 bar at different equivalence ratios.

The values of « corresponding to 1-1.15 referred to hydrodynamic instability in a thermo-
diffusive stable mixture, and beyond 1.15 indicated the existence of both the thermo-

diffusive and hydrodynamic instabilities and first one being dominant. Depending on the
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scenario, one of the parameters play crucial role in triggering the instability and it cannot
be singled out.

4.6.1.3 Comprehensive LBV-Instability profile/analysis

The preceding discussion brought out the contradictions, such as the high-density ratio
favored while the thickness disfavored the earliest occurrence of hydrodynamic
instability. These two parameters were independently found to be highest at composition
no. 9 (H2:CO:CH4=0:4:4), leading to contradicting conclusion. A similar conflict was
observed with other considered parameters due to the diversity of three fuel species
present in the fuel mixture. Hence, a ranking system was proposed to understand the
susceptibility to instability. The ranking was done in the following manner: the most
favorable and unfavorable parameters to the instability of a given mixture received the
lowest and highest rank on a scale of 1-12 (as the total number of compositions considered
was 12 and hence the maximum attainable rank was 12). Flame thickness, expansion
ratio, critical radius, normalized critical LBV, and coefficient of self-acceleration were
chosen for the ranking. The mixtures were independently arranged based on the: (1) flame
thickness, (2) critical radius, values from largest to smallest and were ranked from 1 to
12.

Similarly, the mixtures were based on: (1) coefficient of self-acceleration, (2) normalized
critical LBV, and (3) expansion ratio, values from smallest to largest were ranked from 1
to 12. Then, the ranks from all parameters were averaged to calculate the combined
representative susceptibility rank to address the occurrence of hydrodynamic instability.
The calculated susceptibility score (average) of all mixtures is displayed in Figure 4-32.
Some of the mixtures had common ranks, and therefore a maximum susceptibility score
of 10 was obtained. The susceptibility score was estimated for all the 12 compositions at
each operating condition of pressure and equivalence ratio independently. All the
susceptibility score plots were identical to Figure 4-32 with minor variations. So, the
susceptibility score of composition was estimated by averaging the susceptibility scores
obtained at all the studied operating conditions and rounded off to the nearest integer. The

final trend obtained from all above averaging is displayed in Figure 4-32.

An identical ranking system was followed with burned gas Markstein length and effective

Lewis number (higher to lower values will be allotted with ranks 1 to 12) to calculate the
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mixture’s susceptibility (average) to the thermo-diffusive instability and plotted in Figure
4-32. The susceptibility scores of thermo-diffusive and hydrodynamic instabilities were
averaged, and their rounded-off values were plotted as an intrinsic instability curve. After
that, the measured LBV at all operating conditions of compositions were averaged to find
the average LBV of that composition. Then, the average LBV of the C9 mixture with the
lowest susceptibility score was chosen to normalize the average LBV of all the mixtures.
The normalized values were plotted in Figure 4-32. It was included in the figure to have
a comprehensive perspective on the instabilities and their relation with LBV. As the
susceptibility of compositions varied cyclically, as shown in Figure 4-32, the
compositions were arranged from C3-C12-C3 for better explanation. The C9 (H2:CO:CHg4
= 0:4:4) had the highest resilience to both instabilities. The susceptibility to combined
intrinsic instabilities increased on either side of C9. The compositions on the CHa-rich
side (along with an increase in Hz and decrease in CO) were more susceptible to the
thermo-diffusive instabilities.
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Figure 4-32 The susceptibility of the mixtures to intrinsic, thermo-diffusive, and
hydrodynamic instabilities along with the representative laminar burning velocity

variation

Similarly, compositions on the CO-rich side (along with an increase in H» and a decrease
in CH4) were more susceptible to hydrodynamic instability. The susceptibility inflection
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between thermo-diffusive and hydrodynamic instability occurred in the Hz-rich mixtures
depending on the content of the CH4 and CO. The susceptibility to intrinsic instabilities
grew tremendously as the H» content shot up. Higher mole fractions of H in the presence
of CO favored an earlier onset of hydrodynamic instability, while accompanied with CHa
preferred the onset of thermo-diffusive instability. Larger mole fractions of CHs4 in the
mixture reduced the susceptibility to hydrodynamic instability, while CO increment
suppressed the thermo-diffusive instability. The equimolar CO-CH4 mixture displayed
the highest resilience to both kinds of instabilities. The H2:CO:CHas = 4:2:2 mixture had
the highest susceptibility to both instabilities. It was clear that the H> content variation in
a mixture affected its overall susceptibility to instabilities. In contrast, a change of CH4
or CO in a mixture was oriented towards either thermo-diffusive or hydrodynamic
instability. The laminar burning velocity was directly proportional to the susceptibility to
the instabilities, while the degree of proportionality was different for CO and CHjs-rich

cases.
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Chapter 5 Conclusions

The objective of the present research work was to investigate the combustion
characteristics of a multicomponent producer gas comprehensively. An exhaustive
literature review was undertaken to find a representative composition of producer gas
comprising of Hz, CO, CHa, CO2, and N.. To understand the combustion characteristics
of PG comprehensively, two different strategies were implemented. To measure the
unstretched LBV and burned gas Markstein length, freely expanding spherical flames
were generated in a new spherical combustion chamber (4.5 L), and were imaged using a
high-speed shadowgraph. A versatile non-linear extrapolation model was used to estimate
the unstretched LBV. Around 450+ experiments (inclusive of repeatable experiments)
comprising of various compositions at different initial pressures were performed.

Significant findings from this research are summarized below.
5.1 Effect of chamber volume on laminar burning velocity

To arrive at a proper design of the geometry and volume of the combustion chamber to
cater for both constant-volume (pressure-time data-based) and constant pressure (radius-
time data-based) experiments, the unsteady pressure-time history of stoichiometric
methane-air mixtures measured in four different spherical chambers having volumes as
05L,1L,4.4L,and 20 L was obtained from the literature. Power law was used to obtain
extrapolated values of LBV at 1 bar and 300 K1D Constant VVolume Spherical Flame

model in Cosilab was used to simulate all the experimental conditions.

e A pure spherical chamber without intrusions, along with Omari et al. and/or
Faghih et al. thermodynamic models and the data range corresponding to Py = 0.2-
0.5 is the best for obtaining accurate results.

e The deviation in values of stretched LBV between chambers of different volumes
was observed at higher pressures and temperatures.

e Stretched LBV decreased with increased volume till 4.4 L and considerably
increased for 20 L. Flame stretch rates decreased with an increase in chamber

volume due to a decrease in the ratio of the flame thickness (6;) to the flame radius

(r¢) in the considered data range.
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e Estimated flame stretch rates alone could not explain the sudden increase in the
value of LBV at 20 L. A significant change in the slope of dp/dt indicated the onset
of flow instabilities resulted in flame acceleration

e Stretch rates and the stretched LBV predicted by simulations did not change with
an increase in chamber volume compared to experiments, and the possible reason
could be & /7 became smaller even in the considered data range of the smallest
chamber itself.

e Itis recommended to use a spherical chamber having a volume in the range of 4.4
L to have lesser stretch effects will resulting in LBV with minimal stretch effects

at elevated pressures and temperatures.

5.2 Effect of Non-Combustible Components (N2 and CO3) in PG on
LBV and flame stability of PG-O, mixtures

In this first strategy, the composition of PG was considered as Z% CC+(100-2)% NCC
and it reacted with O, where Z was varied at 25, 35, and 45. It was referred to as the
Inter-CC-NCC study. CC was considered (25CH4:25C0O:25H>:25Y), where Y represented
rich combustible species such as CH4 or CO or Hz and referred to as an intra-CC study.
Hence, a fuel with more CH4/CO/H; was called CH4/CO/H>-rich PG fuel. In the Intra-CC
study, each fuel species varied between 25-and 50%. A similar approach was followed
for NCC as P%CO2+(100-P)%N>, where P was varied from 0-100 (by volume) and
referred to as Intra-NCC study. All experiments and simulations were performed at 1 bar,
300 K, and ¢ = 0.8. Notable findings are:

e From the analysis of 800 PG compositions, the combustible components, i.e.,
CH4+CO+Hoy, varied around 20-50 vol%.

e Within the combustible components, CH4, CO, and H> varied about 0-20%, 25-
65%, and 25-65%, respectively.

e Within the non-combustible components, CO, and N2 were narrowly dispersed
around 25% and 75%, respectively.

e LBV estimated using the linear/non-linear extrapolation schemes and non-
extrapolation mapping methods were close in magnitude for the studied PG-

oxygen mixtures.
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e LBV obtained from simulations based on GRI Mech 3.0 deviated from
experimental values with an increase in Xcc and Xn.

e Ly increased with an increase in Xcc for all reported PG mixtures. The values
became negative when Xcc fell below 20% for hydrogen and carbon monoxide-
rich mixtures.

e Methane-rich mixtures were stable (L, > 0) under all studied conditions. In the
present study, simulated values of L, were lower than measured values.

e Volume-based model was strongly recommended to estimate effective Lewis
numbers for the oxy-producer gas and similar mixtures.

e Producer gas mixtures having 25%CC and having higher mole fractions of CO/H>
in CC and CO. in NCC were more susceptible to the preferential diffusion
instability. An increase in either Xcn4 or Xz resulted in stable flames.

e Unstretched laminar burning velocity decreased with increased Xco2 (and
reduction in Xn2) for all studied producer gas compositions. It was due to a
reduction in the heating value of fuel, flame temperature, and participation of CO-
in chemical reactions.

o At 25%CC+75%NCC, the LBV of CHas-rich mixtures was higher for all
combinations of NCC than H2/CO-rich mixtures because of higher flame
temperature. CO-rich mixtures had the lowest values of LBV at all mixture
conditions owing to low flame temperature and thermal diffusivity.

e From the intra-NCC study, the non-linearity of the trend line increased either with
an increase in Xco2 (reduction in Xn2) in all considered cases pointing out the
involvement of CO> in the kinetics rather than being inert.

e From the inter-CC-NCC study, the changes in LBV values with variation in Xcc

were linear in the cases where NCC had CO: less than 50%.

As a whole, a higher volume fraction of fuel/inert species in combustible/non-
combustible components commands the combustion characteristics of PG. PG with
high hydrogen, carbon monoxide, and nitrogen content with relatively lesser amounts
of methane and carbon dioxide can lead to stable flames of better resilience with
systematic deviation to fluctuations in composition. Combustion properties of
intermediate compositions can be well estimated in mixtures with Non-combustible
components variation, i.e., CO2:N2 proportion ranging from 50:50 to 00:100. Nitrogen

adds stability to the combustion for preferential diffusion effects.
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5.3 Effect of Combustible Components (H., CO, and CH4) and Initial

pressure on LBV and instability of RPG-air mixtures

In this second strategy, Refined Producer Gas (producer gas without any inerts) reacting
with air at 300+3 K, ¢ =0.8-1.2, and 1, 2, and 4 bar was studied. The composition of RPG
was considered as 50%A+X%B+(50-X)%C where A: CHa/H2/CO, B: H,/CO/CHa, C:
CO/CH4/H2 and X: 00:50 in steps of 12.5% to understand the impact of change in the
proportion of H2:CO:CH4 on LBV and flame stability. Important inferences are:

e The LBV of RPG-air mixtures followed a decreasing order with respect to the
rich/higher mole fractions (50% vol) of Hz, followed by CO and CHg in the
mixture due to the respective variation in the flame temperature and thermal &
mass diffusivities

e The non-linear variation of LBV with equivalence ratio at any given RPG-air
composition increased with an increase in the mole fraction of CH4 in the mixture
due to a shift in the peak LBV towards the stoichiometric condition. The simulated
values obtained using GRI Mech 3.0 were consistently higher in magnitude than
those obtained using FFCM-1 at all the conditions.

e From the burned gas Markstein length and effective Lewis number analysis, CO
added resilience to the mixtures against thermo-diffusive instabilities while
supported by CH4 and opposed by Ho.

e The onset of hydrodynamic instability was strongly dependent on critical radius
and flame thickness.

e From the exclusive susceptibility score/ranking system related to the onset of
hydrodynamic instability, composition no.9 H2:CO:CH4 = 0:1:1 (0:4:4) has the
highest resilience. The increase in the content of H. in the presence of CO
favoured the onset of hydrodynamic instability, while in the presence of CHs
favoured the onset of thermo-diffusive instability. CH4 increment suppressed the
susceptibility to hydrodynamic instability, while CO increment suppressed the
thermo-diffusive instability.

e Lower values of LBV promoted thermo-diffusive effects, and the higher values

resulted in earlier onset of hydrodynamic instability.
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5.4 The overall contribution of the present work
e Development of a multi-functional test facility and robust post-processing
algorithms.
e A detailed study on the variation in the composition of producer gas.
o Effect of absolute refinement, non-combustible components, combustible
components, and initial pressure on laminar burning velocity & intrinsic
instabilities.

e Comprehensive analysis of the burning velocity-instability susceptibility profile.

5.5 The application potential of the present work

e High fidelity data useful for optimizing chemical kinetic mechanisms &
simulations.

e Development of refinement and mixing criteria for processing non-condensable
gases from multiple sources to achieve a fuel composition Pareto-front.
(Example:[134])

e |t can be used to develop exclusive data-driven controllers for achieving
consistent operation in applications such as burners, IC engines, Gas

turbines/engines. etc.

5.6 Future scope of the present work

e Upgradation of test facility into a full-fledged double chamber test facility to
achieve higher initial pressure conditions suitable for gaseous and liquid fuel
mixtures.

e Study on the impact of chamber cavities & geometry on combustion
characteristics.

e Estimation of intrinsic instabilities from the pressure/deflagration characteristics.

e Development of gas refinement system for reducing the inerts in producer gas.

e Development of porous radiant burner for burning producer gas in atmospheric

air.
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Appendix-1: Data on the composition of producer gas obtained from the literature

Appendix-1: Data on the composition of producer gas obtained from the literature

In the following table, all quantitative data on producer gas composition, feedstock, and data extraction methods were presented.

SILNo | CO2 N2 CHa H2 CcO Source Data Reference
Extraction
1 14.44 na 4.19 5.84 15.77 Seed Corn Absolute [1]
2 19.85 na 3.06 17.83 6.73 Seed Corn Absolute [1]
3 26.8 na 3.27 28.13 2.13 Seed Corn Absolute [1]
4 26.4 na 3.27 26.6 2.66 Seed Corn Absolute [1]
5 25.8 na 3.27 25.13 2.7 Seed Corn Absolute [1]
6 16.69 na 3.89 7.74 13.27 Seed Corn Absolute [1]
7 20.71 na 3.19 19.85 8.38 Seed Corn Absolute [1]
8 27.4 na 2.97 27.78 2.58 Seed Corn Absolute [1]
9 27.8 na 2.94 28.48 1.14 Seed Corn Absolute [1]
10 27.82 na 2.95 28.3 1.21 Seed Corn Absolute [1]
11 27.72 na 2.94 28.14 1.38 Seed Corn Absolute [1]
12 16.69 na 3.89 7.74 13.27 Seed Corn Absolute [1]
13 23.14 na 3.05 21.61 5.42 Seed Corn Absolute [1]
14 21.6 na 3.17 20.47 7.22 Seed Corn Absolute [1]
15 20.7 na 3.19 19.85 8.38 Seed Corn Absolute [1]
16 19.3 na 3.24 18.52 10.21 Seed Corn Absolute [1]
17 27.63 na 2.94 29.97 1.02 Seed Corn Absolute [1]
18 27.54 na 2.95 28.78 1.22 Seed Corn Absolute [1]
19 27.56 na 2.94 28.48 1.39 Seed Corn Absolute [1]
20 27.58 na 2.95 27.65 2.03 Seed Corn Absolute [1]
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21 16.3 na 4.04 6.53 14.18 Seed Corn Absolute [1]
22 20.9 na 3.17 20.5 8.04 Seed Corn Absolute [1]
23 28.83 na 2.97 36.11 0.4 Seed Corn Absolute [1]
24 28.63 na 2.97 29.68 0.43 Seed Corn Absolute [1]
25 28.72 na 2.97 29.13 0.49 Seed Corn Absolute [1]
26 16.3 na 4.04 6.53 14.18 Seed Corn Absolute [1]
27 20.9 na 3.17 20.5 8.04 Seed Corn Absolute [1]
28 28.5 na 2.97 29.68 0.2 Seed Corn Absolute [1]
29 28.45 na 2.97 29.6 0.31 Seed Corn Absolute [1]
30 28.51 na 2.98 29.56 0.37 Seed Corn Absolute [1]
31 28.3 na 2.98 29.44 0.46 Seed Corn Absolute [1]
32 17.01 na 3.81 8.81 13.23 Seed Corn Absolute [1]
33 20.85 na 3.13 23.86 7.99 Seed Corn Absolute [1]
34 20.41 na 3.34 23.53 9.01 Seed Corn Absolute [1]
35 19.38 na 3.51 22.8 10.33 Seed Corn Absolute [1]
36 17.37 na 3.44 21.07 12.63 Seed Corn Absolute [1]
37 27.2 na 3.05 27.83 0.19 Seed Corn Absolute [1]
38 27.04 na 3.05 28.1 0.16 Seed Corn Absolute [1]
39 26.9 na 3.05 27.75 0.2 Seed Corn Absolute [1]
40 26.7 na 3.05 27.51 0.4 Seed Corn Absolute [1]
41 6.2666 43.2408 | 0.9145 20.7936 | 28.8706 | Unspecified Wood Chips Digitized [2]
42 8.9367 42.3037 | 1.0949 224834 | 25.2673 | Unspecified Wood Chips Digitized [2]
43 11.5872 | 41.543 1.3144 24.1145 | 21.5855 | Unspecified Wood Chips Digitized [2]
44 141789 | 41.1352 | 1.4947 25.3731 | 17.9234 | Unspecified Wood Chips Digitized [2]
45 16.653 41.2567 1.675 26.2788 14.32 Unspecified Wood Chips Digitized [2]
46 na na 0.79033 | 18.6904 | 23.9824 | Municipal Waste Digitized [2]
47 na na 0.92046 19.9905 21.3093 Municipal Waste Digitized [2]
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48 na na 1.05139 | 21.2015 18.5223 Municipal Waste Digitized [2]
49 na na 1.18256 | 22.2244 | 15.6594 Municipal Waste Digitized [2]
50 na na 0.74003 | 17.381 18.1409 | Paddy Husk Digitized [2]
51 na na 0.84125 | 18.3664 | 15.8264 | Paddy Husk Digitized [2]
52 na na 0.93114 | 19.1966 | 13.532 Paddy Husk Digitized [2]
53 na na 1.01226 | 19.8087 | 11.2527 | Paddy Husk Digitized [2]
54 na na 1.05655 | 22.4283 | 27.7158 | Paper Digitized [2]
55 na na 1.24996 | 24.0655 | 24.156 Paper Digitized [2]
56 na na 1.44044 | 255094 | 20.4766 | Paper Digitized [2]
57 na na 1.61143 | 26.6227 16.8271 | Paper Digitized [2]
58 na na 0.91102 | 20.73 28.8177 Unspecified Wood Chips Digitized [2]
59 na na 1.09128 | 22.4607 | 25.2111 | Unspecified Wood Chips Digitized [2]
60 na na 1.28215 | 24.0232 | 21.582 Unspecified Wood Chips Digitized [2]
61 na na 1.46295 | 25.3283 17.8794 | Unspecified Wood Chips Digitized [2]
62 16.42 42.31 1.58 15.23 23.04 Unspecified Wood Chips Digitized [2]
63 9 50 3 17 20 Babul wood Averaged [3]
64 11 50 3 14 19 Unspecified Wood Chips Averaged [4]
65 23 57.5 2.5 115 23 Mixed Biomass Averaged [4]
66 15 45 5 15 20 Simulated Gas Absolute [5]
67 20.5 0 155 42.8 21.2 Simulated Gas Absolute [6]
68 19.1 0 14.4 47.6 18.9 Simulated Gas Absolute [7]
69 20 25 5 30 20 Simulated Gas Absolute [7]
70 10.3 36.8 4.6 16.7 16.5 Simulated Gas Absolute [7]
71 19.3 0 19.5 42.8 18.4 Simulated Gas Absolute [7]
72 9.8 0 13.3 45.4 315 Simulated Gas Absolute [7]
73 6.3 0 8.9 49.7 35.1 Simulated Gas Absolute [7]
74 na 51.471 1.864 14.083 14.049 Jatropha Seed Husk Absolute [8]
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75 na 48.634 1.709 10.619 19.259 Jatropha Seed Husk Absolute [8]
76 10 47.5 3 18 19 Olive Wood Chips Averaged [9]
77 11.2 48 2.7 16.9 19.9 Olive Wood Chips Absolute [9]
78 10.7 47.9 2.5 16.1 21.6 Olive Wood Chips Absolute [9]
79 9 47.5 2 18 19 Unspecified Wood Chips Averaged [9]
80 10.1 48.4 3.1 14.9 215 Hazelnut Shells Absolute [9]
81 16.4 42.3 1.6 15.2 23 Unspecified Wood Chips Absolute [9]
82 12.8 45.9 2.5 16.3 21.3 pellets Absolute [9]
83 9.3 41.5 2.2 14.8 19.5 Olive Wood Chips Absolute [10]
84 12.6 46 2.5 17.2 21.2 Unspecified Sawdust Pellets Absolute [9]
85 9.5 47.5 2 18.5 19.5 Unspecified Wood Chips Averaged [11]
86 11.18 47.95 2.73 16.96 19.9 Olive Wood Chips Absolute [11]
87 5.11 51.27 3.43 16 22.83 Olive Pits Absolute [11]
88 10 55.1 1.9 14 19 Keekar Wood Chips Absolute [12]
89 11.81 na 2.02 8.47 22.78 Oil Palm Fronds Absolute [13]
90 12.8 na 2.03 10.53 24.94 Oil Palm Fronds Absolute [13]
91 13.51 na 2.6 135 23.8 Unspecified Wood Chips Absolute [13]
92 11 na 4 13 23 Hazelnut Shells Absolute [13]
93 9.9 na 2.6 11.9 25.7 Unspecified Wood Pellets Absolute [13]
94 6.5 na 2 10 18.5 Unspecified Wood Waste Averaged [13]
95 27.5 na 9 40 235 Cedar Wood Averaged [13]
96 10.5 na 1.65 3 23 Juniper Wood Averaged [13]
97 16.5 na 4 8 14 Rice Straw Averaged [13]
98 14.8 na 11.8 25.1 33.1 Unspecified Wood Pellets Absolute [13]
99 19.3 na 10.4 33.1 25.1 Almond Shells Absolute [13]
100 19.42 na 3.75 23.98 14.26 Olive Kernel Absolute [13]
101 28 na 15 40 25 Olive Kernel Absolute [13]
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102 17.5 na 9.5 34 31 Pine Woodchips Averaged [13]
103 2.8 51 2 27 11 Simulated Gas Absolute [13]
104 16 46.5 1.5 16 20 Simulated Gas Absolute [14]
105 10 48 2 15 20 na Absolute [14]
106 13.3 6.3 6.3 20.8 13.3 na Absolute [14]
107 13 na 4 48 5 na Absolute [14]
108 2.8 51 2 27 11 Simulated Gas Absolute [14]
109 19 0 0 34 31 Simulated Gas Absolute [14]
110 12 3.2 0 29.1 28.6 Simulated Gas Absolute [14]
111 4.66 52.29 341 16.58 23.06 Olive Kernel Absolute [15]
112 5.27 51.91 10.72 12.14 19.96 Peach Kernel Absolute [15]
113 6.02 56.39 2.02 18.63 16.94 Grape Kernel Absolute [15]
114 19.72 55.02 3.15 5.04 17.07 Cashew Nut Shells Absolute [16]
115 9.4 46.5 1.8 18 24.3 Simulated Gas Absolute [17]
116 13 45.8 2.5 19.2 19.5 Simulated Gas Absolute [17]
117 17 45.4 3.6 19.9 14.2 Simulated Gas Absolute [17]
118 11.2 41.7 6.4 15.8 24.9 Simulated Gas Absolute [17]
119 16.2 40.9 7.4 17.4 18 Simulated Gas Absolute [17]
120 21.2 40.6 8.8 18.1 11.3 Simulated Gas Absolute [17]
121 15 53 3 13 16 Modified-Municipal Sewage Sludge Absolute [18]
122 9.3 59.51 1.49 12.1 17.6 Woody Biomass Absolute [19]
123 14.22 48.14 1.3 17.14 19.2 Eucalyptus Chips Absolute [20]
124 na na 0.89 16.78 19.04 Eucalyptus Chips Absolute [20]
125 17.46 na 7.9 3.29 20.4 Unspecified Wood Powder Absolute [21]
126 18.3 na 3.49 4.9 14.7 Unspecified Wood Powder Absolute [21]
127 18.3325 na 7.1324 3.6465 19.1489 Unspecified Wood Powder Digitized [21]
128 18.2514 | na 5.3274 4.5073 17.7526 Unspecified Wood Powder Digitized [21]
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129 16.01 na 3.84 5.03 18.6 Unspecified Wood Powder Absolute [21]
130 18.01 na 3.22 7.1 22 Unspecified Wood Powder Absolute [21]
131 15.81 na 4.47 6 20.5 Unspecified Wood Powder Absolute [21]
132 13.56 41.32 6.85 11.33 16.91 Unspecified Wood Absolute [22]
133 14.88 40.16 7.42 10.46 16.26 Modified-Wood Absolute [22]
134 12.87 41.04 7.66 7.01 12.55 Modified-Wood Absolute [22]
135 10.3 48.8 2.37 14.62 22.2 Sludge+Softwood Absolute [23]
136 8.72 52.75 1.17 13.19 23.42 Sludge+Softwood Absolute [23]
137 9 48 2 15 20 Average of Unspecified Biomass Absolute [24]
138 10.8 43.6 9 17.1 19.2 Spruce+Pine Wood Pellets Absolute [24]
139 21 39.6 6.5 15.8 16.2 Spruce+Pine Wood Pellets Absolute [24]
140 12 26 2 40 20 Simulated Gas Absolute [25]
141 12 47 2 19 20 Simulated Gas Absolute [25]
142 12 46 2 19 20 Simulated Gas Absolute [25]
143 20 na 12 45 30 Unspecified Wood Chips Absolute [26]
144 12 46 2 19 19 Causurina Wood Chips Absolute [27]
145 na 59.5 0 3.7 29.65 Charcoal Averaged [28]
146 19.42 na 3.75 23.98 14.26 Olive Kernels Absolute [29]
147 42.48 na 6.73 26.68 22.79 Olive Kernels Absolute [29]
148 48 na 8.5 30 15 Olive Kernels Absolute [29]
149 19.7 na 1.8 7.6 7.5 Olive Kernels Absolute [29]
150 21.7 na 3 5.4 8.6 Olive Kernels Absolute [29]
151 19 na 1.9 9.3 8.4 Olive Kernels Absolute [29]
152 55.12 na 7.97 19.55 15.25 Olive Tree Cuttings Absolute [29]
153 5 na 17 125 9 Olive Kernels Absolute [29]
154 15.1486 | 54.3452 1.3082 12.578 16.62 Prosopis Juliflora Wood pieces Absolute [30]
155 15.4075 | 53.4592 0.8368 12.1035 18.193 Prosopis Juliflora Wood pieces Absolute [30]
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156 13.3439 | 56.5952 1.0593 12.0239 18.037 Prosopis Juliflora Wood pieces Absolute [30]
157 18.93 55.63 1.51 12.03 11.9 Cashew Nut Shells Absolute [31]
158 16.53 54.75 2.25 11.27 15.2 Cashew Nut Shells Absolute [31]
159 18.41 50.71 1.7 12.67 16.51 Cashew Nut Shells Absolute [31]
160 18.13 52.61 4.96 2.45 20.64 Rubber Wood Sawdust Absolute [32]
161 19.28 47.43 5.8 2.68 23.41 Rubber Wood Sawdust Absolute [32]
162 22.48 38.11 8.2 3.13 25.8 Rubber Wood Sawdust Absolute [32]
163 21.49 43.6 5.82 3.11 23.98 Rubber Wood Sawdust Absolute [32]
164 30 na na 16 10 na Absolute [32]
165 7.5 na 35 7.5 27 na Absolute [32]
166 12 na 2.45 14.6 25.71 na Absolute [32]
167 135 na 4.5 9.5 18 na Absolute [32]
168 13.75 na 2.5 195 17.5 na Absolute [32]
169 13.28 na 4.21 9.27 9.25 na Absolute [32]
170 18 na 3 7 16 na Absolute [32]
171 14.45 56.57 2.9 4 19.9 na Absolute [32]
172 19.42 na 3.75 23.98 14.26 na Absolute [32]
173 155 na 5 6.5 18.5 na Averaged [32]
174 18.5 na 6 11 15 na Averaged [32]
175 12.59 58.99 1.24 10 17.18 Garden Waste Pellets Absolute [33]
176 10.39 58.68 14 11.39 18.14 Unspecified Wood Blocks Absolute [33]
177 11.49 58.18 1.36 10.28 18.69 Garden Waste Pellets Absolute [33]
178 11.72 58.96 0.96 11.13 17.23 Garden Waste Pellets Absolute [33]
179 12.18 59.22 1.29 11.77 15.55 Garden Waste Pellets Absolute [33]
180 12.36 59.34 1.33 12.25 14.72 Garden Waste Pellets Absolute [33]
181 13.77 58.56 1.46 12.58 13.64 Garden Waste Pellets Absolute [33]
182 12 49.2 1.8 18 19 na Absolute [34]
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183 na na 2 20 19.5 na Absolute [34]
184 na na 2 20 19.5 na Absolute [34]
185 na na 0 21 24 na Absolute [34]
186 na na 5.8 12 19 na Absolute [34]
187 na na 2 20 24 na Absolute [34]
188 16.42 42.31 1.58 15.23 23.04 Unspecified Wood Absolute [35]
189 10.6 52.7 1.03 17 18.4 Municipal Waste Absolute [35]
190 12.06 50.79 2.31 14 20.14 Unspecified Sawdust Pellet Absolute [35]
191 15 3 2 32 48 na Absolute [35]
192 15 48 2 15 20 na Absolute [36]
193 20 0 0 40 40 na Absolute [36]
194 25 2 8 40 25 na Absolute [36]
195 20 2 8 32 38 na Absolute [36]
196 12 na 1.5 19 19 Multisource Averaged Absolute [36]
197 10 48 2 20 20 Simulated Gas Absolute [36]
198 12.8 49.7 2.03 10.53 24.94 Simulated Gas Absolute [37]
199 19.69 22.49 3.72 21.62 32.48 Simulated Gas Absolute [37]
200 36.6 6 3.1 30.4 23.9 na Absolute [38]
201 23.2 24.2 2.7 22.3 27.6 na Absolute [38]
202 16.8 45.3 1.9 13.7 22.3 na Absolute [38]
203 16 21.1 28.9 14.6 194 na Absolute [38]
204 16.8 45.3 1.9 13.7 22.3 Simulated Gas Absolute [38]
205 16.8 39 1.9 20 22.3 Simulated Gas Absolute [38]
206 2.2 5.6 29.5 56.8 5.9 Simulated Gas(Coke Oven Gas) Absolute [38]
207 5 na 4 17 17 Olive Oil Processing Waste Absolute [39]
208 5 na 10 13 20 Grape Processing Waste Absolute [39]
209 6 na 2 18 16 Peach Processing Waste Absolute [39]
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210 16.8 51.2 7.5 5.2 19.3 Simulated Gas Absolute [40]
211 9 46.1 0.9 23 21 Fuel Wood Pieces Absolute [41]
212 na 50 3 17 20 Multisource Averaged Averaged [42]
213 4.08 40.12 0 18.67 35.23 Charcoal Absolute [43]
214 3.94 57.44 0 8.5 30.12 Charcoal Absolute [43]
215 6.13 52.41 0 12.46 27.55 Charcoal Absolute [43]
216 4.17 49.34 0 9.42 36.48 Charcoal Absolute [43]
217 4.01 51.12 0 11.64 31.75 Charcoal Absolute [43]
218 3.04 53.79 0 8.56 34.04 Charcoal Absolute [43]
219 5.52 52.65 0 10.27 31.56 Charcoal Absolute [43]
220 4.55 52.07 0 1141 29.76 Charcoal Absolute [43]
221 1.79 57.97 0 7.2 31.79 Charcoal Absolute [43]
222 10.27 62.58 3.36 9.62 11.55 Unspecified Wood Chips Absolute [44]
223 na na 35 22.5 27.5 Multisource Averaged Averaged [45]
224 5.4 57.5 2.1 10.3 24.7 Simulated Gas Absolute [45]
225 5.2 57.8 2 10.1 24.9 Simulated Gas Absolute [45]
226 20 30 3 30 17 na Absolute [45]
227 15 53 3 13 16 Sewage Sludge Absolute [45]
228 4.6 55.1 4.2 24.1 10.7 Olive Tree Seeds Absolute [45]
229 15 34 1 30 20 Simulated Gas Absolute [45]
230 5.98 59.55 0.98 14.03 19.46 Pongamia Shell Pellets-Small Absolute [46]
231 13.53 58.68 1.61 13.42 12.76 Pongamia Shell Pellets-Big Absolute [45]
232 11.46 55.55 1.04 14.95 17.03 Unspecified Wood Chips Absolute [45]
233 15.5 57.5 3 9.5 13.5 na Averaged [47]
234 27 0 5 32 33.5 na Averaged [47]
235 145 0 8.5 37 37.5 na Averaged [47]
236 17.5 0 2.5 48 19 na Averaged [47]
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237 14.2 57.8 1.8 13 13.2 Casuarina Wood Chips+Coconut Shells Absolute [47]
238 12.05 na 1.95 5.75 12.3 Eucalyptus Chips+Wood Char Particles Averaged [48]
239 9.2 na 3.05 12.1 25.9 Eucalyptus Chips+Wood Char Particles Averaged [48]
240 14.45 na 3.45 12.85 16.15 na Averaged [48]
241 51 na 0 13.8 35.9 na Averaged [48]
242 141 na 2.65 12 16.35 Unspecified Wood Pellets Chars Averaged [48]
243 11.9 45.9 1.5 19.7 21 Bamboo Absolute [49]
244 10.8 49.8 1.4 17.6 20.4 Rubber Wood Sawdust Absolute [49]
245 12.6 42.7 2.2 21.7 20.8 Unspecified Wood Pellets Absolute [49]
246 13.1 42.5 2 19.8 22.6 Rice Husk Absolute [49]
247 12 57.7 0.4 125 16.5 Marabou Absolute [50]
248 19 na 4.32 7.07 26.97 Japanese Poplar Woodchips Absolute [51]
249 15.84 na 3.43 4.64 18.9 Japanese Poplar Woodchips Absolute [51]
250 23.39 na 4.66 6.76 28.9 Japanese Poplar Woodchips Absolute [51]
251 21.22 na 4.63 5.96 26.53 Japanese Poplar Woodchips Absolute [51]
252 22.34 na 4.69 6.62 28.62 Japanese Poplar Woodchips Absolute [51]
253 13 55 2 15 15 Simulated Gas Absolute [52]
254 12.41 50.9 5 15.74 15.95 na Absolute [52]
255 11 45.75 1.75 17.5 20.5 Multisource Averaged Averaged [53]
256 111 42.6 1.9 18.5 18.5 Simulated Gas Absolute [53]
257 14.66 43.62 2.02 14.05 24.04 Unspecified Wood Chips Absolute [54]
258 10.7 61.9 2.3 9.2 12.4 Olive pits Absolute [54]
259 10.6 52.7 1.3 17 18.4 Rubber Wood Absolute [54]
260 9.52 53.33 2.18 13.13 20.66 Hazelnut Shells Absolute [54]
261 13.3 44.2 3.1 17.5 21.3 Unspecified Sawdust Pellets Absolute [54]
262 14.7 52.3 5.4 10.75 16.85 Unspecified Wood Pellets Absolute [54]
263 16.7 48.7 4.8 15.85 13.95 Unspecified Wood Pellets Absolute [54]
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264 14.66 43.62 2.02 14.05 24.04 na Absolute [54]
265 10.7 61.9 2.3 9.2 12.4 na Absolute [54]
266 10.6 52.7 1.3 17 18.4 na Absolute [54]
267 9.52 53.33 2.18 13.13 20.66 na Absolute [54]
268 13.3 44.2 3.1 17.5 21.3 na Absolute [54]
269 14.7 52.3 54 10.75 16.85 na Absolute [54]
270 16.7 48.7 4.8 15.85 13.95 na Absolute [54]
271 7.94 46.12 0.21 21.81 23.91 Olive pits Absolute [54]
272 8.35 45.45 0.19 21.03 24.98 Wood bark (Averaged) Absolute [54]
273 8.28 45.47 0.18 20.29 25.79 Hazelnut Shells Absolute [54]
274 8.41 45.31 0.2 21.3 24.79 Spruce Wood Absolute [54]
275 8.59 43.6 0.21 21.97 25.64 Fir mill Absolute [54]
276 8.75 45.27 0.19 21.16 24.63 Softwood (Averaged) Absolute [54]
277 9.17 43.52 0.2 21.53 25.59 Coconut Shells Absolute [54]
278 8.88 45.04 0.21 21.94 23.93 Pist. Shells Absolute [54]
279 9.18 46.44 0.19 20.76 23.44 Hybrid Poplar Absolute [54]
280 9.28 45.24 0.17 20.06 25.25 Hazelnut Seedcoat Absolute [54]
281 9.22 45.06 0.2 21.19 24.33 Willow Wood Absolute [54]
282 9.35 44.19 0.19 21.14 25.12 Akhrot Shells Absolute [54]
283 9.58 46.92 0.18 20.4 22.92 Almond Shells Absolute [54]
284 9.79 43.49 0.19 21.04 25.49 Corn Cobs Absolute [54]
285 9.6 45.15 0.21 21.91 23.14 Bamboo Wood Absolute [54]
286 9.92 45.44 0.19 20.95 23.5 Sugarcane Bagasse Absolute [54]
287 9.75 46.01 0.19 21.26 22.78 Hardwood (Averaged) Absolute [54]
288 10.31 49.26 0.15 18.64 21.65 Groudnut Shells Absolute [54]
289 9.7 44.92 0.21 21.91 23.26 Casurina Wood Absolute [54]
290 9.83 44.86 0.21 21.97 23.14 Neem Wood Absolute [54]
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291 9.88 47.34 0.18 20.33 22.28 Olive Husk Absolute [54]
292 10.02 43.64 0.21 21.87 24.26 Dry Subabul Wood Absolute [54]
293 9.83 45.44 0.19 21.12 23.42 Ply Wood Absolute [54]
294 10.39 52.37 0.15 18.54 18.56 Mixed Paper Absolute [54]
295 10.2 45.16 0.2 21.59 22.86 Jujuba Wood Absolute [54]
296 10.47 49.91 0.15 18.95 20.51 Almond Hulls Absolute [54]
297 10.2 49.49 0.16 19.38 20.76 Alfalfa Stems Absolute [54]
298 10.33 44.98 0.2 21.71 22.78 Block Wood Absolute [54]
299 11.16 52.53 0.13 17.33 18.85 Switchgrass Absolute [54]
300 11.88 56.22 0.09 14.77 17.04 Demo. Wood Absolute [54]
301 10.88 43.02 0.21 22.15 23.75 Fresh Subabul Wood Absolute [54]
302 10.82 45.62 0.19 21.34 22.03 Mango Tree Wood Absolute [54]
303 11.3 47.15 0.16 19.42 21.97 Unspecified Waste Material Absolute [54]
304 11.09 45.82 0.18 20.76 22.15 Eucalyptus Wood Absolute [54]
305 12.11 56.71 0.08 14.23 16.87 Wheat Straw Absolute [54]
306 11.27 45.53 0.19 21.17 21.84 Sugarcane Bagasse Absolute [54]
307 12 49.63 0.14 18.21 20.02 Wheat Straw Absolute [54]
308 12.25 47.41 0.17 20.03 20.15 Millet Straw Absolute [54]
309 12.73 47.18 0.15 18.66 21.28 Coconut Coir Pith Absolute [54]
310 13.05 48.67 0.14 18.47 19.67 Wheat Straw Absolute [54]
311 12.44 42.66 0.22 22.9 21.78 Cottongin Waste Absolute [54]
312 13.22 50.93 0.13 17.81 17.9 Jawar Straw Absolute [54]
313 14.09 61.49 0.05 11.37 12.99 Yard Waste Absolute [54]
314 14.18 49.77 0.13 17.77 18.16 Millet Grain Waste Absolute [54]
315 13.91 66.56 0.04 10.07 9.42 RDF Absolute [54]
316 14.74 59.74 0.07 12.67 12.5 Rice Husk Bran Absolute [54]
317 15.13 60.78 0.06 11.6 12.44 Rice Husk Absolute [54]
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318 14.09 60.59 0.07 135 11.75 Rice Straw Absolute [54]
319 14.79 61.98 0.06 11.67 11.51 Rice Husk Absolute [54]
320 16.59 60.03 0.05 11.64 11.7 Rice Straw Absolute [54]
321 125 50.23 1.82 17.33 15.81 Prosopis Juliflora Wood pieces Absolute [55]
322 12.88 51.21 1.85 16.84 17.3 Prosopis Juliflora Wood pieces Absolute [55]
323 12.14 50.88 1.92 15.56 16.85 Prosopis Juliflora Wood pieces Absolute [55]
324 12.71 42.49 521 16.24 23.34 Paper Mill Rejects+Wood Chips Absolute [56]
325 12 45 2.4 16.2 24.4 Paper Mill Rejects+Wood Chips Absolute [56]
326 11.94 45.04 2.42 16.16 24.43 Paper Mill Rejects+Wood Chips Absolute [56]
327 11.8 47.27 2.16 14.41 24.35 Paper Mill Rejects+Wood Chips Absolute [56]
328 11.87 47.46 0.94 15 24.73 Paper Mill Rejects+Wood Chips Absolute [56]
329 15.43 49.67 1.59 115 21.79 Paper Mill Rejects+Wood Chips Absolute [56]
330 16.11 51.49 2.31 11 19.09 Paper Mill Rejects+Wood Chips Absolute [56]
331 6.99 38.08 2.17 17.74 35.02 Paper Mill Rejects+Wood Chips Absolute [56]
332 6.88 50.44 1.51 16.64 24.53 Paper Mill Rejects+Wood Chips Absolute [56]
333 4.5 na 10.9 11.5 22 na Absolute [57]
334 9 50 5 18 18 Babul wood Absolute [58]
335 9.2 59.22 1.05 14 16.4 Pine+Spruce Wood Pellets Absolute [59]
336 8 40.1 1.7 13 22 Simulated Gas Absolute [60]
337 14.62 51.37 6.96 10.48 12.94 Sewage Sludge Absolute [61]
338 9.46 58.29 6.78 10.62 11.03 Sewage Sludge Absolute [61]
339 7.78 64.42 5.77 9.6 9.17 Sewage Sludge Absolute [61]
340 8.62 48.93 5.17 22.31 12.31 Sewage Sludge Absolute [61]
341 6.49 47.16 3.36 29.8 13.17 Sewage Sludge Absolute [61]
342 12.48 44.18 3.13 24.34 15.86 Sewage Sludge Absolute [61]
343 14.48 42.38 2.71 23.22 17.22 Sewage Sludge Absolute [61]
344 15.24 38.39 3.61 30.92 11.84 Sewage Sludge Absolute [61]
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345 11.78 41.28 3.65 34.1 9.18 Sewage Sludge Absolute [61]
346 11.39 41.83 3.56 27.73 15.48 Sewage Sludge Absolute [61]
347 8.38 41.85 8.11 20.42 15.8 Sewage Sludge Absolute [62]
348 9.59 43.43 6.03 20.48 16.94 Sewage Sludge Absolute [62]
349 10.1 41.83 6.29 21.29 16.79 Sewage Sludge Absolute [62]
350 8.98 41.52 5.73 22 18.56 Sewage Sludge Absolute [62]
351 8.84 39.37 5.35 21.11 22.64 Sewage Sludge Absolute [62]
352 7.53 40.07 5.72 27.37 18.77 Sewage Sludge Absolute [62]
353 9.77 36.24 5.68 29.4 18.56 Sewage Sludge Absolute [62]
354 11.57 34.77 6.17 31.23 15.62 Sewage Sludge Absolute [62]
355 12.41 34.49 6.2 32.11 14.19 Sewage Sludge Absolute [62]
356 10.89 35.89 6.33 29.21 17.02 Sewage Sludge Absolute [62]
357 9.1 32.38 10.47 18.36 27.09 Railroad Wood Ties Absolute [63]
358 8.91 35.58 4.83 22.77 26.23 Railroad Wood Ties Absolute [63]
359 2.65 52.83 7.28 28.86 7.46 Railroad Wood Ties Absolute [63]
360 8.42 38.67 5.38 28.54 18.69 Railroad Wood Ties Absolute [63]
361 7.25 33.03 3.56 28.85 27.25 Railroad Wood Ties Absolute [63]
362 7.6 38.66 3.08 25.37 25.2 Railroad Wood Ties Absolute [63]
363 7.21 44.31 2.18 20.94 25.34 Railroad Wood Ties Absolute [63]
364 8.88 53.12 1.22 155 21.27 Railroad Wood Ties Absolute [63]
365 8.13 35.84 3.87 25.33 26.14 Railroad Wood Ties Absolute [63]
366 7.04 34.88 3.99 25.07 28.13 Railroad Wood Ties Absolute [63]
367 9.1 37.3 8.8 17.6 24.8 Construction Woody Wastes Absolute [64]
368 94 49 6.9 13.4 19.6 Construction Woody Wastes Absolute [64]
369 9.2 50.4 6.4 13.2 19.2 Construction Woody Wastes Absolute [64]
370 8.2 38.3 8.3 18.3 24.9 Construction Woody Wastes Absolute [64]
371 7.6 46 7.5 12.7 23.1 Construction Woody Wastes Absolute [64]
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372 7.9 44.6 7.8 12.2 24.1 Construction Woody Wastes Absolute [64]
373 7.3 46.2 7.8 11.3 24 Construction Woody Wastes Absolute [64]
374 5.2 63 4.8 10 15.3 Construction Woody Wastes Absolute [64]
375 8.5 39.9 8 15.3 25.8 Construction Woody Wastes Absolute [64]
376 9.2 30.4 9.8 20.9 28.4 Construction Woody Wastes Absolute [64]
377 9 38.5 7 22.6 22.1 Construction Woody Wastes Absolute [64]
378 104 37.4 5.2 24.7 22.1 Construction Woody Wastes Absolute [64]
379 10.4 37.5 4.9 25.3 21.6 Construction Woody Wastes Absolute [64]
380 10.6 41.7 6.1 14.6 24.4 Construction Woody Wastes Absolute [64]
381 24.66 24.81 5.6 12.22 31.58 Unspecified Wood Waste Absolute [65]
382 22.58 28 5.9 11.88 30.46 Unspecified Wood Waste Absolute [65]
383 23.01 28.94 5 11.36 30.61 Unspecified Wood Waste Absolute [65]
384 23.16 28.08 6.2 9.73 31.11 Unspecified Wood Waste Absolute [65]
385 21.13 26.55 7.1 11.24 32.01 Unspecified Wood Waste Absolute [65]
386 18.97 18.43 8.11 13.23 38.53 Unspecified Wood Waste Absolute [65]
387 20.44 22.12 7.37 12.44 35.09 Unspecified Wood Waste Absolute [65]
388 28.91 31.68 4.09 9.81 25.02 Unspecified Wood Waste Absolute [65]
389 31.58 38.06 2.55 7.95 19.58 Unspecified Wood Waste Absolute [65]
390 22.15 28.08 6.35 6.35 33.93 Unspecified Wood Waste Absolute [65]
391 20.9 25.39 6.89 10.67 33.88 Unspecified Wood Waste Absolute [65]
392 9.53 52.6 0.98 12.3 18.9 Unspecified Wood Chips Absolute [66]
393 36.6 6 3.1 30.4 23.9 na Absolute [67]
394 23.2 24.2 2.7 22.3 27.6 na Absolute [67]
395 16.8 45.3 1.9 13.7 22.3 na Absolute [67]
396 16 21.1 28.9 14.6 19.4 na Absolute [67]
397 16.8 45.3 1.9 13.7 22.3 Simulated Gas Absolute [67]
398 16.8 39 1.9 20 22.3 Simulated Gas Absolute [67]
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399 19.1 30.9 5.7 35.4 8.9 German Brown Coal+Pine Wood Chips Absolute [68]
400 18.9 43.7 4.7 22.6 10.1 German Brown Coal+Pine Wood Chips Absolute [68]
401 17.1 34.3 4.4 32.5 11.7 German Brown Coal+Pine Wood Chips Absolute [68]
402 18.3 44.1 3.7 22.9 11 German Brown Coal+Pine Wood Chips Absolute [68]
403 18 43.8 34 23.3 115 German Brown Coal+Pine Wood Chips Absolute [68]
404 18.4 46.4 34 21.2 10.6 German Brown Coal+Pine Wood Chips Absolute [68]
405 17.6 50 3.1 18.6 10.7 German Brown Coal+Pine Wood Chips Absolute [68]
406 16.6 52.9 3.3 15.3 11.9 German Brown Coal+Pine Wood Chips Absolute [68]
407 145 61.8 2.4 9.2 12.1 German Brown Coal+Pine Wood Chips Absolute [68]
408 15.7 63.6 2.3 7.8 10.6 German Brown Coal+Pine Wood Chips Absolute [68]
409 16.5 42 3.1 25.2 13.2 German Brown Coal+Pine Wood Chips Absolute [68]
410 16.6 46.7 2.8 22.2 11.7 German Brown Coal+Pine Wood Chips Absolute [68]
411 15 63 2.1 9.1 10.8 German Brown Coal+Pine Wood Chips Absolute [68]
412 19.1 50.1 1.8 21.9 7.1 German Brown Coal+Pine Wood Chips Absolute [68]
413 18.8 28.3 5 33.7 14.2 German Brown Coal+Pine Wood Chips Absolute [68]
414 11.7 53.7 2.4 14.2 18 German Brown Coal+Pine Wood Chips Absolute [68]
415 17.8 42.4 3.1 25.7 11 German Brown Coal+Pine Wood Chips Absolute [68]
416 16.2 43.8 2.9 24.1 13 German Brown Coal+Pine Wood Chips Absolute [68]
417 14 50.2 2.7 18 15.1 German Brown Coal+Pine Wood Chips Absolute [68]
418 12.7 59.2 2.3 10.8 15 German Brown Coal+Pine Wood Chips Absolute [68]
419 20.4 42.2 2.2 27.9 7.3 German Brown Coal+Pine Wood Chips Absolute [68]
420 14.9 41.5 2.7 26.1 14.8 German Brown Coal+Pine Wood Chips Absolute [68]
421 13.9 51.5 2.2 18.4 14 German Brown Coal+Pine Wood Chips Absolute [68]
422 13.5 59.2 1.9 11.9 13.5 German Brown Coal+Pine Wood Chips Absolute [68]
423 12.8 58.6 2.2 114 15 German Brown Coal+Pine Wood Chips Absolute [68]
424 12.61 62.91 2.04 8.79 13.65 Maize Cobs Absolute [69]
425 21.8 6 10.34 94 49.8 Unspecified Sawdust Absolute [70]
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426 21.92 7.8 10.2 9.6 46.9 Unspecified Sawdust Absolute [70]
427 23.5 7.69 10.01 8.7 47.3 Unspecified Sawdust Absolute [70]
428 23.5 12.75 9.65 8.1 43.4 Unspecified Sawdust Absolute [70]
429 23.6 15.69 8.31 7.8 41.1 Unspecified Sawdust Absolute [70]
430 23.11 21.85 7.86 7.5 37.08 Unspecified Sawdust Absolute [70]
431 22.54 24.98 7.35 7.34 33.65 Unspecified Sawdust Absolute [70]
432 22.27 36.91 7.01 6.98 23.45 Unspecified Sawdust Absolute [70]
433 18.22 52.45 6.75 5.25 14.16 Unspecified Sawdust Absolute [70]
434 9.0844 39.3347 | 4.9614 16.1186 | 27.448 Unspecified Sawdust Digitized [70]
435 9.78 39.5042 | 4.8885 16.8586 | 26.194 Unspecified Sawdust Digitized [70]
436 10.3426 | 39.2965 | 4.7714 18.3965 | 24.7524 | Unspecified Sawdust Digitized [70]
437 10.7279 | 39.7722 | 4.669 18.8853 | 23.6157 | Unspecified Sawdust Digitized [70]
438 11.0393 | 39.6474 | 4.5961 19.6178 | 22.8895 | Unspecified Sawdust Digitized [70]
439 11.3654 | 39.694 4.4494 20.3551 | 22.0461 | Unspecified Sawdust Digitized [70]
440 11.7211 | 39.4968 | 4.4061 21.2034 | 21.2026 | Unspecified Sawdust Digitized [70]
441 11.9439 | 39.4362 | 4.3628 21.8468 | 20.4765 | Unspecified Sawdust Digitized [70]
442 22.0323 | 12.1415 | 7.929 20.5342 | 35.0303 | Unspecified Sawdust Digitized [70]
443 25.1225 | 8.926 8.0011 23.0398 | 32.3971 | Unspecified Sawdust Digitized [70]
444 21.9333 | 9.9403 8.3307 24.7343 | 31.6824 | Unspecified Sawdust Digitized [70]
445 22.3344 | 10.0853 | 8.3885 26.1586 | 29.7076 | Unspecified Sawdust Digitized [70]
446 23.6223 | 7.3841 8.4462 29.6553 | 27.7101 | Unspecified Sawdust Digitized [70]
447 25.8256 | 5.833 8.6185 30.0704 | 26.6322 | Unspecified Sawdust Digitized [70]
448 26.6701 | 3.7163 8.5618 32.3056 | 25.8154 | Unspecified Sawdust Digitized [70]
449 28.0295 | 2.553 8.8056 32.7928 | 24.9418 | Unspecified Sawdust Digitized [70]
450 11.4 52.9 11 15.5 19.1 na Absolute [71]
451 na na 2 7 26.5 Unspecified Wood Chips Absolute [72]
452 na na 2.9 13.4 22.1 Unspecified Wood Chips Absolute [72]
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453 na na 1.7 14.12 16.8 Hazelnut Shells Absolute [72]
454 na na 1.1 18.3 20.2 Rubber Wood Absolute [72]
455 na na 3.96 18.89 19.48 Unspecified Sawdust Absolute [72]
456 na na 6.82 28.93 25.53 Pine Wood Blocks Absolute [72]
457 na na 1.2 14.8 9.4 Unspecified Wood Chips Absolute [72]
458 na na 3.96 18.89 19.48 Unspecified Wood Chips Absolute [72]
459 na na 0.1 14 22 Unspecified Wood Waste Absolute [72]
460 12 46 2 19 19 Simulated Gas Absolute [72]
461 6.2 42.5 1.7 3.9 26.1 Softwood Pellets Absolute [73]
462 4.7 41.4 1.6 5 244 Softwood Pellets Absolute [73]
463 5 40.4 1.7 6.3 26.6 Softwood Pellets Absolute [73]
464 8.6 48.8 1.6 3.4 20 Softwood Pellets Absolute [73]
465 9.7 48.3 1.8 5.2 18.9 Softwood Pellets Absolute [73]
466 8.6 48.3 1.7 4.5 18.8 Softwood Pellets Absolute [73]
467 4.5 na 2 11 21 Olive+Mixed Biomass Absolute [74]
468 6 na 2 9 18 Olive+Mixed Biomass Absolute [74]
469 9 na 2 9 13 Olive+Mixed Biomass Absolute [74]
470 7.5 na 2.5 9 15 Olive+Mixed Biomass Absolute [74]
471 7.5 na 3 10 18 Olive+Mixed Biomass Absolute [74]
472 9 na 2 8 11 Olive+Mixed Biomass Absolute [74]
473 9 na 2.5 8 13 Olive+Mixed Biomass Absolute [74]
474 10.5 na 35 9.5 14.5 Olive+Mixed Biomass Absolute [74]
475 10 2 9 16 20 Simulated Gas Absolute [75]
476 na na 0.25 6.5 22.995 Corn Cobs Averaged [76]
477 11.78 76.2 0.03 0.97 5.72 Corn Cobs Absolute [76]
478 6.07 67.05 0.31 3.63 18.6 Corn Cobs Absolute [76]
479 6.95 60.48 0.33 9.37 22.35 Corn Cobs Absolute [76]
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480 3.61 60.81 0.17 6.39 27.79 Corn Cobs Absolute [76]
481 12.51 56.21 1.38 11.17 17.79 Unspecified Wood Chips+Charcoal Absolute [77]
482 13.17 55.15 1.34 12.01 17.9 Unspecified Wood Chips+Charcoal Absolute [77]
483 13.51 54.91 2.46 10.98 17.01 Unspecified Wood Chips+Charcoal Absolute [77]
484 13.46 53.75 2.68 11.45 18.28 Unspecified Wood Chips+Charcoal Absolute [77]
485 11.1 57.01 1.67 11.6 17.31 Unspecified Wood Chips+Charcoal Absolute [77]
486 13.72 55.87 1.71 11.1 17.28 Unspecified Wood Chips+Charcoal Absolute [77]
487 14 56.6 3.1 8.2 18.1 Unspecified Sawdust+Cotton Stalks Averaged [78]
488 11.2 59.7 4.4 10.6 11.2 Fresh Soyabean Qil Absolute [79]
489 12.7 62.1 3.2 9.6 10.6 Fresh Soyabean Oil Absolute [79]
490 13.3 65.5 2.9 7.8 8.9 Fresh Soyabean Oil Absolute [79]
491 7.8 51.7 4.2 155 19.1 Waste Soyabean Oil Absolute [79]
492 9.8 55.4 3.4 13.9 15.9 Waste Soyabean Oil Absolute [79]
493 10 58 2.8 12.7 15.1 Waste Soyabean Oil Absolute [79]
494 7 50.7 3.8 16.9 20.2 Waste Soyabean Oil Absolute [79]
495 6.2 51 4 16.8 20.9 Waste Soyabean Oil Absolute [79]
496 3.96 50.99 15.7 14.18 6.56 Mixed Plastic Waste Absolute [80]
497 5.02 56.91 12.63 13.34 5.61 Mixed Plastic Waste Absolute [80]
498 5.17 64.02 8.71 12.67 5.37 Mixed Plastic Waste Absolute [80]
499 6.74 71.54 3.64 12.56 5.01 Mixed Plastic Waste Absolute [80]
500 4.52 53.67 14.07 13.52 5.49 Mixed Plastic Waste Absolute [80]
501 3.69 49.8 15.03 18.15 7.18 Mixed Plastic Waste Absolute [80]
502 4.28 48.54 15.1 17.47 6.87 Mixed Plastic Waste Absolute [80]
503 4.22 46.75 15.49 21.33 5.97 Mixed Plastic Waste Absolute [80]
504 5.48 51.91 17.09 10.98 5.04 Mixed Plastic Waste Absolute [80]
505 7.03 46.14 16.61 13.21 7.72 Mixed Plastic Waste Absolute [80]
506 7.24 46.16 16.01 13.16 8.29 Mixed Plastic Waste Absolute [80]

TH-2780_166151104



Appendix-1: Data on the composition of producer gas obtained from the literature

507 4.46 50.68 14.76 15.26 6.67 Mixed Plastic Waste Absolute [80]
508 15.92 49.63 2.18 8.63 6.93 Grass Pellets Absolute [81]
509 16.42 48.66 2.9 9.18 7.56 Grass Pellets Absolute [81]
510 16.28 47.62 3.08 10.11 8.25 Grass Pellets Absolute [81]
511 13.22 49.72 2.85 12.39 11.22 Unspecified Wood Pellets Absolute [81]
512 13.59 47.14 3.32 12.58 11.88 Unspecified Wood Pellets Absolute [81]
513 13.96 42.26 4.17 13.21 12.74 Unspecified Wood Pellets Absolute [81]
514 na na 35.5 43.9 28.2 Eucalyptus Chips Absolute [82]
515 na na 2.9 111 14.3 Eucalyptus Chips Absolute [82]
516 na na 2.7 15.7 17.1 Eucalyptus Chips Absolute [82]
517 na na 2.8 20.9 20.2 Eucalyptus Chips Absolute [82]
518 11.78 49.54 2.35 9.44 22.15 Unspecified Wood Residue Averaged [83]
519 9 55 1.75 11 25 Mixed Biomass Averaged [84]
520 4.8 49.55 0.35 8.5 30.5 Charcoal Absolute [85]
521 22 0 12 34 26 Simulated Gas Absolute [86]
522 15 50 4 14 15 na Averaged [87]
523 195 15 14.5 40.5 33.5 na Averaged [87]
524 13.82 na 1.54 7.01 16.33 Oil Palm Fronds Absolute [88]
525 15.51 na 1.52 7.11 17.41 Oil Palm Fronds Absolute [88]
526 14.93 na 2.34 10.68 21.66 Oil Palm Fronds Absolute [88]
527 14.61 na 2.48 10.84 21.11 Oil Palm Fronds Absolute [88]
528 14.48 na 2.66 10.77 22.43 Oil Palm Fronds Absolute [88]
529 15.61 na 2.68 10.54 21.02 Oil Palm Fronds Absolute [88]
530 15.99 na 2.43 7.89 14.35 Oil Palm Fronds Absolute [88]
531 15.03 na 2.5 8.23 16.5 Oil Palm Fronds Absolute [88]
532 11.24 na 1.98 9.67 22.49 Oil Palm Fronds Absolute [88]
533 12.88 na 2.49 13.58 24.98 Oil Palm Fronds Absolute [88]
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534 14.22 na 1.44 5.45 12.01 Oil Palm Fronds Absolute [88]
535 15.65 na 2.45 8.87 17.02 Oil Palm Fronds Absolute [88]
536 13.22 na 2.3 10.69 22.23 Oil Palm Fronds Absolute [88]
537 12.01 na 2.22 11.49 22.85 Oil Palm Fronds Absolute [88]
538 12.74 na 2.41 10.99 21.99 Oil Palm Fronds Absolute [88]
539 12.63 na 2.12 11.22 21.56 Oil Palm Fronds Absolute [88]
540 13.47 na 2.01 11.7 211 Oil Palm Fronds Absolute [88]
541 12 49 1 18 20 na Absolute [89]
542 7.1 na 3.97 8.74 9.84 Coffee Husk Absolute [90]
543 7.2 na 3.88 7.68 9.49 Coffee Husk Absolute [90]
544 9.8 na 8.1 6.9 9.1 Unspecified Wood Sawdust Absolute [90]
545 8.9 na 5.4 5.9 7.6 Unspecified Wood Sawdust Absolute [90]
546 9.2 na 5.6 7.46 10.7 Coffee Husk+Sawdust Absolute [90]
547 9.05 na 4.6 6.6 9.84 Coffee Husk+Sawdust Absolute [90]
548 14.04 53.77 2.8 7.48 15.91 Cane Trash Absolute [91]
549 16.69 54.3 2.47 8.48 14.36 Cane Trash Absolute [91]
550 10.3 515 1.2 17.5 19.2 Neem Wood Absolute [92]
551 10.5 51.3 1.25 17.6 19 Neem Wood Absolute [92]
552 10.8 51 1.25 17.8 18.7 Neem Wood Absolute [92]
553 11 50.5 1.35 18.2 18.5 Neem Wood Absolute [92]
554 10.5 48.5 1.15 17.8 20.5 Bamboo Absolute [92]
555 10.8 48 1.15 18 20.2 Bamboo Absolute [92]
556 11 47.5 1.25 18.5 20 Bamboo Absolute [92]
557 11.2 46 1.25 18.8 19.5 Bamboo Absolute [92]
558 11 49.1 1.2 18 20.2 Shisham Absolute [92]
559 10.9 48.8 1.2 18.5 20 Shisham Absolute [92]
560 115 48.6 1.25 18.5 19.5 Shisham Absolute [92]
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561 114 48.9 1.3 19 19 Shisham Absolute [92]
562 10.7 52.4 1.2 17 18.5 Gulmohar Absolute [92]
563 10.8 52.3 1.25 17 18.5 Gulmohar Absolute [92]
564 11 51.8 1.25 175 18.2 Gulmohar Absolute [92]
565 11.5 515 1.35 17.5 18 Gulmohar Absolute [92]
566 11.5 53 0.85 16.5 17.5 Dimaru Absolute [92]
567 11.5 52.3 0.88 16.5 17.5 Dimaru Absolute [92]
568 12 52.5 0.88 17 17 Dimaru Absolute [92]
569 12 52.5 0.95 17 17 Dimaru Absolute [92]
570 10.2 43.1 2.1 21.6 23 Rice Husk Averaged [93]
571 9.08 na 8.6 10.74 20.24 Eucalyptus Chips Absolute [94]
572 12.14 na 14.77 6.64 13.81 Coffee Husk Absolute [94]
573 10.39 na 6.51 12.42 14.03 Coffee Wood Absolute [94]
574 11 47.6 1.65 155 20.5 na Averaged [95]
575 14.45 51.76 6.46 13.42 10.06 Dried Sewage Sludge Absolute [96]
576 11.28 47.81 491 25.02 10.92 Dried Sewage Sludge Absolute [96]
577 115 46.86 4.87 25.21 11.21 Dried Sewage Sludge Absolute [96]
578 9.36 44.12 4.93 28.13 13.38 Dried Sewage Sludge Absolute [96]
579 10.72 47.85 4.23 26.33 10.78 Dried Sewage Sludge Absolute [96]
580 11.43 48.13 441 23.65 12.16 Dried Sewage Sludge Absolute [96]
581 11.9 50.37 4.01 20.94 12.39 Dried Sewage Sludge Absolute [96]
582 145 51.6 6.4 14.1 10.3 Dried Sewage Sludge Absolute [97]
583 10.4 43.4 511 28.4 12.8 Dried Sewage Sludge Absolute [97]
584 12.3 50.4 6.3 21.3 9.2 Dried Sewage Sludge Absolute [97]
585 12.4 48.2 4.7 24.4 10.3 Dried Sewage Sludge Absolute [97]
586 10.5 48.8 4 26.3 10.3 Dried Sewage Sludge Absolute [97]
587 9.1 46.3 3.8 28.5 12.3 Dried Sewage Sludge Absolute [97]
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588 9.1 45.8 3.8 29 12.2 Dried Sewage Sludge Absolute [97]
589 10.7 48.5 2.6 27.3 11 Dried Sewage Sludge Absolute [97]
590 11.3 46.6 3.3 24.9 13.8 Dried Sewage Sludge Absolute [97]
591 14.71 54.41 5.8 11.78 9.1 Dried Sewage Sludge Absolute [98]
592 7.92 51.56 3.48 26.09 10.94 Dried Sewage Sludge Absolute [98]
593 11.19 46.69 4.07 26.69 13.86 Dried Sewage Sludge Absolute [98]
594 11.21 46.35 3.77 26.14 12.53 Dried Sewage Sludge Absolute [98]
595 8.98 42.97 3.18 29.15 15.9 Dried Sewage Sludge Absolute [98]
596 7.95 39.49 3.43 31.3 17.8 Dried Sewage Sludge Absolute [98]
597 9.64 45.79 4.86 28.17 11.54 Dried Sewage Sludge Absolute [98]
598 7.62 40.87 3.67 30.36 18.41 Dried Sewage Sludge Absolute [98]
599 13.66 54.4 6.18 12.23 10.37 Dried Sewage Sludge Absolute [99]
600 11.39 53.81 4.96 19.94 9.2 Dried Sewage Sludge Absolute [99]
601 14.46 52.35 6.42 13.66 10.09 Dried Sewage Sludge Absolute [99]
602 9.36 44.62 577 28.63 11.43 Dried Sewage Sludge Absolute [99]
603 10.47 46.1 4.95 28.85 9.49 Dried Sewage Sludge Absolute [99]
604 7.5 46.39 5.68 28.77 11.61 Dried Sewage Sludge Absolute [99]
605 11.99 51.14 6.34 21.19 8.79 Dried Sewage Sludge Absolute [99]
606 13.06 55.02 5.9 16.62 8.44 Dried Sewage Sludge Absolute [99]
607 10.17 52.62 5.49 22.42 8.91 Dried Sewage Sludge Absolute [99]
608 11.39 55.91 5.34 19.63 7.36 Dried Sewage Sludge Absolute [99]
609 9.3 58.9 11.3 11.2 3.1 Plastic Pellets Absolute [100]
610 7.1 53.6 11.4 13.4 8.5 Plastic Pellets Absolute [100]
611 7.4 55.3 10.5 11.6 8.6 Plastic Pellets Absolute [100]
612 6.2 54.2 9.1 14.2 11.7 Plastic Pellets Absolute [100]
613 6.3 50.5 7.3 29.8 6 Plastic Pellets Absolute [100]
614 3.7 48 6.8 29.7 11.7 Plastic Pellets Absolute [100]
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615 0.7 46 7.7 29.8 155 Plastic Pellets Absolute [100]
616 7 53.2 10.7 17.9 6.3 Plastic Pellets Absolute [100]
617 3.18 54.08 8.77 17.03 13.59 Plastic Pellets Absolute [101]
618 2.5 52.38 8.72 23.43 12.04 Plastic Pellets Absolute [101]
619 5.56 48.24 7.7 25.14 13.32 Plastic Pellets Absolute [101]
620 8.82 50.75 7.11 26.88 6.39 Plastic Pellets Absolute [101]
621 8.72 50.9 6.39 26.69 7.27 Plastic Pellets Absolute [101]
622 8.44 51.24 7.33 27.02 5.73 Plastic Pellets Absolute [101]
623 8.08 50.82 6.58 27.25 7.15 Plastic Pellets Absolute [101]
624 1.89 52.03 7.4 26.93 11.71 Plastic Pellets Absolute [101]
625 8.56 51.14 6.39 27.09 6.7 Plastic Pellets Absolute [101]
626 4.24 63.35 12.57 10.49 2.84 Plastic Pellets Absolute [102]
627 0.99 57.58 11.1 14.89 9.35 Plastic Pellets Absolute [102]
628 3.06 45.34 12.68 17.73 13.65 Plastic Pellets Absolute [102]
629 4.53 49.81 10.56 17.7 12.4 Plastic Pellets Absolute [102]
630 8.05 59.59 7.66 12.92 7.88 Plastic Pellets Absolute [102]
631 7.96 51.33 8.76 18.13 11.38 Plastic Pellets Absolute [102]
632 5.18 45.61 10.26 24.79 13.82 Plastic Pellets Absolute [102]
633 4.23 45.3 7.5 26.11 16.82 Plastic Pellets Absolute [102]
634 2.7 47.1 3.8 27.96 18.42 Plastic Pellets Absolute [102]
635 1.93 53.4 11.1 27.63 5.82 Plastic Pellets Absolute [102]
636 13.04 60.23 9.1 9.34 3.19 Plastic Pellets Absolute [103]
637 8.56 51.14 6.39 27.09 6.7 Plastic Pellets Absolute [103]
638 7.76 48.47 5.88 30.25 7.62 Plastic Pellets Absolute [103]
639 8.46 46.31 5.57 31.05 8.6 Plastic Pellets Absolute [103]
640 4.61 52.51 4.59 30.63 7.66 Plastic Pellets Absolute [103]
641 9.88 58.17 2.24 19.61 10.11 Plastic Pellets Absolute [103]
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642 8.65 45.2 6.35 31.78 8.01 Plastic Pellets Absolute [103]
643 9.58 50.17 4.78 25.48 9.99 Plastic Pellets Absolute [103]
644 13.92 50.83 5.12 22.16 7.48 Plastic Pellets Absolute [103]
645 5.15 53.09 13.74 14.65 6.32 Mixed Plastic Waste Absolute [104]
646 18.1 54 2.7 10.7 16.2 Corn Straw Absolute [104]
647 19.42 na 3.75 23.98 14.26 Olive Kernels Absolute [104]
648 8.65 53.95 3.55 14.75 17.58 Waste Cooking Oil Absolute [104]
649 12.38 56.87 1.95 13.51 14.62 Hazelnut Shells Absolute [104]
650 23.24 4.72 7.85 35.52 26.82 Oil Palm Trunk Absolute [104]
651 18.36 43.3 35 19.53 13.99 Oil Palm Trunk Absolute [104]
652 21 2.3 2.8 36 38 Cotton Stalk Pellets Absolute [104]
653 11.7 na 115 43.6 33.2 Crushed Almond Shells Absolute [104]
654 27 5 11 33 32 Almond Shells Absolute [104]
655 32.35 6.66 8.5 28.02 19.3 Sewage Sludge Absolute [104]
656 4.02 na 1.52 10.19 21.61 Refuse-Derived Fuel Pellets Averaged [105]
657 4.25 na 0.97 10.46 17.69 Refuse-Derived Fuel Pellets Averaged [105]
658 3.09 na 1.14 9.44 19.35 Refuse-Derived Fuel Pellets Averaged [105]
659 8.48 na 2.97 7.04 15.85 leucaena Wood Chips Absolute [106]
660 13.53 na 3.2 6.75 16.33 leucaena Wood Chips Absolute [106]
661 573 na 3.64 8.47 13.86 leucaena Wood Chips Absolute [106]
662 7.6 na 3.25 6.76 14.05 leucaena Wood Chips Absolute [106]
663 8.44 na 2.42 5.39 12.94 Eucalyptus Wood Chips Absolute [106]
664 10.02 na 2.95 4.67 13.85 Eucalyptus Wood Chips Absolute [106]
665 12.04 na 18.58 6.85 19.05 Eucalyptus Wood Chips Absolute [106]
666 13.34 na 3.58 5.05 16.29 Eucalyptus Wood Chips Absolute [106]
667 11.62 58.87 2.11 15.23 16.15 Prosopis Juliflora Wood pieces Absolute [107]
668 12.58 50.12 1.87 16.82 17.31 Prosopis Juliflora Wood pieces Absolute [107]
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669 12.28 49.79 1.94 17.25 15.86 Prosopis Juliflora Wood pieces Absolute [107]
670 12.29 50.8 1.87 17.34 15.8 Prosopis Juliflora Wood pieces Absolute [107]
671 10 50 3 18 19 na Absolute [108]
672 23 3 10 40 24 na Absolute [109]
673 154 33.3 1.6 30.5 19.6 na Absolute [109]
674 12 48.5 1.5 19 19 na Absolute [109]
675 11.9 40.7 5.3 19.3 22.8 na Absolute [109]
676 1.4 56.7 2.2 18.8 21 na Absolute [109]
677 12.89 52.55 1.77 12.96 16.67 Rubber Wood Absolute [110]
678 14 52 4 10.5 16 na Absolute [111]
679 15 0 9.5 47 24.5 na Absolute [111]
680 25 0 7 23 47.5 na Absolute [111]
681 9.2 na 8.1 25.7 28.5 Unspecified Wood Pellets Absolute [112]
682 14.45 56.57 2.9 4 19.9 Rice Husk Absolute [112]
683 27.62 na 7.02 38.38 24.89 Pine Sawdust Absolute [112]
684 29.23 na 5.72 55.97 7.71 Larch Wood Absolute [112]
685 19.43 28.2 2.54 20.71 29.13 Coal+Pine Sawdust+Rice Straw Absolute [112]
686 19.42 na 3.75 23.98 14.26 Olive Kernel Absolute [112]
687 155 na 5 6.5 18.5 Rice Husk Averaged [112]
688 18.5 na 6 11 15 Pine Sawdust+Coal+Plastic Waste Averaged [112]
689 29.9 na 4.5 38.74 35.72 Coconut Shells Absolute [112]
690 15.9 50.8 4.3 10.8 16 Unspecified Bagasse Absolute [112]
691 13.28 62.47 4.21 9.27 9.25 Unspecified Wood Sawdust Absolute [112]
692 16.9 na 7.9 52.2 23 Almond Shells Absolute [112]
693 8 na na 14 8.2 Coffee Ground+Coal Absolute [112]
694 16.9 na 7.9 52.2 23 Almond Shells Absolute [112]
695 14.1 na 6.4 55.5 24 Almond Shells Absolute [112]
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696 11.7 na 11.5 43.6 33.2 Almond Shells Absolute [112]
697 17.5 na 114 39.1 29.1 Unspecified Wood Pellets Absolute [112]
698 6 na 114 73.9 6.1 Unspecified Wood Pellets Absolute [112]
699 16.3 55.4 3.2 7.3 17.9 Unspecified Wood Sawdust Absolute [112]
700 15.6 43.25 6.9 16.32 16.7 Unspecified Wood Powder Absolute [112]
701 19.2 44.3 3.46 10.88 20.46 na Absolute [113]
702 15.5 56 4.5 5 16.5 Switchgrass Absolute [114]
703 8.9 na 0.2 31.1 59.8 na Absolute [115]
704 9 na 4.3 31 59.8 na Absolute [115]
705 7.3 na 0 30.4 62.4 na Absolute [115]
706 7.3 na 5.9 30.3 62.4 na Absolute [115]
707 6.2 na 0 29.6 64.2 na Absolute [115]
708 6.3 na 7.1 29.4 64.3 na Absolute [115]
709 9.8 na 0 30.7 60 na Absolute [116]
710 9.01 na 4.3 30.98 59.78 na Absolute [116]
711 8.1 na 0 29 62.5 na Absolute [116]
712 7.33 na 5.87 30.25 62.41 na Absolute [116]
713 6.7 na 0 29 65 na Absolute [116]
714 6.28 na 7.1 29.43 64.29 na Absolute [116]
715 13.8 46.2 3 11.2 17.7 Macadamia Shells Absolute [117]
716 13.8 39.7 2.9 14.9 22.5 Coffee Bean Pulp Absolute [117]
717 29.8 na 111 22.7 28.1 Corn Stover Absolute [118]
718 23.9 na 12 22.4 36.8 Rice Husk Absolute [118]
719 22.3 na 12.8 25 35.2 Pine Wood Absolute [118]
720 26.3 na 10.1 25.9 28.9 Corn Stover Absolute [118]
721 18.3 na 11.3 28.1 37.1 Rice Husk Absolute [118]
722 16.2 na 12.1 30.7 36.3 Pine Wood Absolute [118]
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723 12.4 54.9 0.8 13.2 17.4 Olive Wood Absolute [119]
724 135 51.7 1.2 15 17.7 Peach Wood Absolute [119]
725 114 59.4 0.2 12.1 16 Pine Wood Absolute [119]
726 11 44.8 1.2 20.9 22 Simulated Gas Absolute [120]
727 111 44.4 1.2 21 22.1 Simulated Gas Absolute [120]
728 11 44.1 1.2 20.8 21.9 Simulated Gas Absolute [120]
729 10.9 43.6 1.2 20.6 21.7 Simulated Gas Absolute [120]
730 12 na 16 39 33 Simulated Gas Absolute [121]
731 20 na 15 45 20 Simulated Gas Absolute [121]
732 10.05 na 3 14.45 20.75 Olive Leaves Averaged [122]
733 13 na 1.35 2.3 17 Mesquite Averaged [122]
734 10 na 1.6 2.95 23 Juniper Averaged [122]
735 9.9 na 4.5 12 32 Black Pellets Absolute [122]
736 145 na 2.5 16 19 Grey Pellets Absolute [122]
737 13.4 na 4.9 8.8 19 Pine Wood Sawdust Averaged [122]
738 9.1 na 1.9 6 29 Unspecified Wood Pellets Absolute [122]
739 14.3 na 1.49 30.3 17.6 Spruce Wood Pellets Absolute [112]
740 8.39 59.13 1.63 13.05 16.81 Pine Wood Chips+Coal Absolute [112]
741 17.3 na 13.6 31.2 28.2 Coffee Ground Absolute [112]
742 9.5 na 175 19.3 38.2 Coffee Ground Absolute [112]
743 9.1 38.1 3.1 17.6 23.6 Aspen Chips Absolute [123]
744 9.7 38.2 2.9 18.3 23 Aspen Chips Absolute [123]
745 9.2 38.8 2.8 18.3 23.8 Aspen Chips Absolute [123]
746 9.7 39.8 2.6 17.5 23.1 Aspen Chips Absolute [123]
747 10.8 40.7 2.8 16.2 19.8 Aspen Chips Absolute [123]
748 10.8 41.5 2.6 16.8 20 Aspen Chips Absolute [123]
749 10.7 41.7 2.5 16.3 19.9 Aspen Chips Absolute [123]
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750 12.2 44.8 2.1 14.6 16.2 Aspen Chips Absolute [123]
751 16.5 52.7 3 10.9 16.7 Corn Straw Absolute [123]
752 13.1 53.5 4 12.8 19 Corn Straw Absolute [123]
753 11.6 55.7 3.7 135 19.8 Corn Straw Absolute [123]
754 13.8 56.9 3.7 12.3 18 Corn Straw Absolute [123]
755 18.4 59.7 1.6 10.6 15.2 Corn Straw Absolute [123]
756 10.65 na 2.31 13.45 23.06 Unspecified Wood Chips Absolute [123]
757 10.89 na 2.43 13.51 23.55 Unspecified Wood Chips Absolute [123]
758 10.89 na 2.62 13.69 24.03 Unspecified Wood Chips Absolute [123]
759 11.5 na 2.68 13.39 22.64 Unspecified Wood Chips Absolute [123]
760 11.58 45.2 2.41 19.19 21.62 Hardwood Chips Absolute [123]
761 10.6 52.7 1.3 17 18.4 Unspecified Wood Chips Absolute [123]
762 8.7 na 4.95 15.57 16.71 Red Wood Pellets Absolute [123]
763 9.86 na 3.77 14.85 17.23 Red Wood Pellets Absolute [123]
764 9.93 na 2.43 14.13 18.44 Red Wood Pellets Absolute [123]
765 10.29 na 2.22 12.83 19.54 Red Wood Pellets Absolute [123]
766 na na 1.2 13 19.1 Rubber Wood Absolute [123]
767 na na 1.3 12.7 22.1 Rubber Wood Absolute [123]
768 na na 1.2 125 18.9 Rubber Wood Absolute [123]
769 na na 1.1 17.2 19.4 Rubber Wood Absolute [123]
770 na na 1.3 13.2 19.4 Rubber Wood Absolute [123]
771 na na 1.1 18.3 19.7 Rubber Wood Absolute [123]
772 na na 1.4 17.2 9.6 Rubber Wood Absolute [123]
773 13.87 na 3.69 15.84 18.98 Unspecified Biomass Absolute [123]
774 13.01 na 3.29 16.75 19.69 Unspecified Biomass Pellets Absolute [123]
775 na na 1.61 12.78 15.78 Corn Cobs Absolute [123]
776 na na 1.53 13.05 17 Corn Cobs Absolute [123]
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777 na na 1.07 12.2 15.28 Corn Cobs Absolute [123]
778 na na 1.03 10.93 15.08 Corn Cobs Absolute [123]
779 11.05 44.9 4.8 16.4 22.6 Mixed Wood Chips Absolute [123]
780 11.8 47.07 4.12 14.04 24.27 Softwood Pellets Absolute [123]
781 8.7 na 4.95 15.57 16.71 Oil Palm Fronds Absolute [123]
782 9.86 na 3.77 14.85 17.23 Oil Palm Fronds Absolute [123]
783 9.93 na 2.43 14.13 18.44 Oil Palm Fronds Absolute [123]
784 10.29 na 2.22 12.83 19.54 Oil Palm Fronds Absolute [123]
785 12.33 46.46 2.25 15.83 22.46 Corn Cobs Absolute [123]
786 12.12 46.13 4.3 15.3 22.11 Corn Cobs Absolute [123]
787 11.78 46.59 191 16.6 22.55 Corn Cobs Absolute [123]
788 12.39 46.59 2.28 16.35 21.29 Unspecified Wood Pellets Absolute [123]
789 10.58 60.5 0.69 7.97 20.04 Rice Husk Absolute [123]
790 13.02 45.07 2.55 17.06 21.74 Vine Pruning Absolute [123]
791 13.73 47.64 1.92 17.19 19.52 Eucalyptus Absolute [123]
792 13.35 48.18 1.89 16.56 20.02 Eucalyptus Absolute [123]
793 15.3 50.2 2.3 16.5 15.9 Unspecified Wood Chips Absolute [123]
794 12.06 50.79 2.31 14 20.14 Unspecified Wood Sawdust Absolute [123]
795 16.42 42.31 1.58 15.23 23.04 Unspecified Wood Absolute [123]
796 13.3 44.2 3.1 17.5 21.3 Unspecified Wood Sawdust Pellets Absolute [123]
797 11.76 na 2.05 16.75 21.3 Corn Cobs Absolute [123]
798 11.92 na 2.36 16.02 22.43 Unspecified Wood Chips Absolute [123]
799 12.18 na 2.78 15.86 22.27 Pinus Elliotis Sawdust Absolute [123]
800 12.03 na 2.31 16.86 22.58 Unspecified Wood Absolute [123]
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Appendix-2: Design development and commissioning

of the test facility

Associated symbols, Acronyms, and Abbreviations

Core Chamber:

tee Minimum shell thickness required (mm)
P.. Internal pressure (MPa)

Rice Inner radius (mm)

Sce Allowable stress (MPa)

Ecc Joint efficiency

FS Factor of Safety

Yec Yield strength

Glass window:

tow Thickness (mm)

Rgw Unsupported radius (mm)

Kgw Empirical constant; 0.75 if mounted with clamped edge(s)
Pew Pressure differential (MPa)

FS Factor of safety

MOR Modulus of rupture (MPa)
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Fastener:

Ly Minimum thread engagement length
Aw Tensile stress area

Dy, Diameter of the bolt

Pb Threads per inch

P, Pressure Load

Ny No. of fasteners required

Flange:

ta flange thickness (mm)

Mos total moment on the flange

Yq shape factor value

St, allowable stress on the flange

B flange Inner Diameter

Mp moment due to Hp

Mt moment due to Hy

Mg moment due to Hg

Hp hydrostatic end force on the inside of the flange
H; pressure force on the flange

Hg gasket load

B flange inner diameter
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Py design pressure

H hydrostatic end force

Gp diameter at gasket load reaction (mean dia)
C bolt circle diameter

The test facility design development was carried out in three stages per the regular
engineering practice. The requirements, essential features, and different designs of core
parts were discussed in the conceptual design phase. A particular design concept was
selected based on the practical feasibility and extent of desired requirements. The major
design parameters were defined, and other subsystems were identified with essential
information during the preliminary design phase. The entire design parameters were
calculated in detail and updated to achieve an optimized setup during the Detail design
phase. After concluding this phase, the execution, redesign, and refinement were carried

out.
Conceptual Design

The design parameters of the existing setups were collected and analyzed. The main
complexities associated with double chamber setups from installation, operational, and

maintenance points of view were found to be:

e Gas release mechanism connecting inner and outer chambers: The connection
between the inner and outer chamber must be established immediately or just
before the ignition. The gas release should be uniform; else, it will lead to flame
front distortion. The gas diffusion between chambers should be considered to
avoid mixture contamination. The gas release should be coupled with the
successful ignition event.

¢ Inner and outer chambers: The inner chamber has to be placed at the center of the
outer chamber. Gas release system installation, heating system, gas filling,
instrument accommodation, and optical window alignment brings in several

constraints on geometry and size.
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e Gas filling and evacuation: Fresh gases must be fed into the inner chamber and
outer chamber simultaneously while maintaining a specific differential pressure
between them throughout the filling process. The burned gases should be purged
and evacuated to achieve zero vacuum before refilling. Other complexities are gas
mixing in the inner chamber and inert gas reutilization in the outer chamber.

e Heating system: Achieving a stable and uniform elevated temperature profile is
necessary to obtain initial thermodynamic conditions and vaporize the liquid
fuels. Isolating the instruments from heat and minimizing the heat loss and warm-
up time are other challenges to be addressed.

e Other minor issues: Leak arresting techniques need to be implemented as high-
pressure chambers are severely prone to leakages. It is almost impossible to
achieve perfect flat surfaces in fabrication; misalignment and improper fittings
must be dealt with as they lead to gas leaks. The more complex setup becomes
with more number of parts, frequent and extended maintenance cycles will creep

in.

A chamber with the following characteristics can address most of the above issues:

e Spherical inner chamber with optical access to monitor flame front evolution

e Flat surface for accommodating the instrumentation and pressure release systems

e Gas pressure release mechanism with the minimum number of moving parts, less
complex, replaceable, reliable, and provision for synchronous operation.

e Non-exclusive, detachable, and spherical chambers with minimum required
volume

e Simple heating mechanism with less warm-up time and with better active control

e Small maintenance cycle, provision for sample collection, and reuse of inert gases
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Based on the above design requirements few design variants were developed:

Variant-1:

Figure A2-1 Sectional and projected view of variant-1

Two concentric cylindrical vessels were used as inner and outer chambers. The inner
chamber was of unity aspect ratio. Two glass windows were used for optical access. Ports
were made to accommodate instruments. The outer chamber was designed to be twice the
inner chamber volume to cut downtime for heating and space occupancy. A small
reservoir tank was necessary to compensate for the pressure rise. A smaller volume was
chosen to achieve better control over the environment. Flanges were used to position the

inner chamber, outer chamber, and glass windows.

Variant-2:

Figure A2-2 Sectional and projected view of variant-2
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In this variant, the inner chamber was considered spherical in shape and ten times smaller
in volume. A mounting tube was used to position the inner chamber. Four glass windows
were used for optical access. This chamber offered the least flow distortion and
symmetrical confinement due to the spherical inner chamber. Instruments were
accommodated in spacious annular volume on the inner chamber surface. Unlike other

designs, this integral chamber setup did not require an auxiliary tank.

Variant-3:

Figure A2-3 Sectional and projected view of variant-3

The inner chamber was mechanically separated from the outer chamber in this design.
The primary combustion chamber was spherical from the inside and cubical on the
outside. An additional reservoir was used to reduce the post-combustion pressure in the
inner chamber. Two glass windows were used for optical access. Instruments were

directly installed on the surface of the main chamber.

Preliminary Design

Iterative and incremental development with a concurrent design approach was adopted to
develop the high-pressure combustion test facility. The core chamber was designed first,
and other subsystems were developed incrementally due to the mechanical interactions,

which depend on the parent structure dimensions.

TH-2756% 66151104



Appendix-2: Design development and commissioning of the test facility

Core Chamber

The three variants developed in the conceptual design phase have specific advantages and
associated disadvantages. Small volume, fabrication, commercially available off-the-
shelf parts, and ease of maintenance were the main advantages of variant-1. Flow
distortion and instruments installation were the main drawbacks. The spherical inner
chamber was the main advantage of variant-2. The main disadvantages were the
fabrication, alignment issues, instruments placement, warm-up time, and maintenance.
Moreover, the chambers were exclusive and could not be replaced by a chamber with
different specifications. Variant-3 had the advantage of spherical geometry and plain
surface for instrumentation installation. The main chamber and reservoir can be replaced
with chambers of different specifications. Heating the main chamber was sufficient,
unlike heating the entire setup in other variants. Provision for testing different gas release
mechanisms was also possible in this variant. Due to all these reasons, variant-3 was

considered for the present study.

The following were set as the constraints:

Table A2-1 Design constraints

SI.No Design parameter Constraint
1 Volume of the sphere >20 cm diameter
2 Optical window visibility >10 cm diameter
3 Heating cartridges Vertically aligned
4 Working Pressure 100 bar
5 Material Non-Magnetic SS
6 Temperature 500 K
7 Ports Standard 1/2” BSP
8 Sealing Step and O-ring

The chamber has been modified iteratively by considering the above necessary

constraints.
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Figure A2-4 Designs at the end of 4th and 5th iterations

Subsystems with processes

Table A2-2 Subsystems with associated processes of the test facility

SI.No y Functionality
processes
To purge the chamber with air after the combustion to
1 | Purging replace the burned gases and bring down the chamber
temperature.
To evacuate the leftover gases from the chamber after
2 | Evacuating combustion & purging before creating a vacuum to refill
with fresh gases.
To channel the high purity fresh gases from cylinders to the
3 Filling chamber to fill it with the desired combustible mixture.
To collect the gases from the core chamber with active
4 | 2" chamber control during/at the end of the spherical flame
propagation.
To achieve a stable and uniform set temperature in the core
S Heating chamber with minimum warm-up time.
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To generate a spark of specific energy and duration at the

6 Ignition center of the chamber upon triggering.

To capture the propagating flame with an excellent
! Imaging resolution to facilitate edge and cracks detection.

To send the trigger signals to the various devices/systems
8 | Triggering depending on the response times in synchronization with

ignition.

To acquire, monitor, and store the data of important
9 Data Acquisition

parameters.

Core Chamber Detail Design

The development details of the core chamber have been reported concisely in the

following sections.
Core Chamber

Table A2-3 Design specifications of core chamber design parameters

SI.No | Design Parameter Specification
SS321: High-temperature application

1 Material
SS304: Standard grade
2 Chamber Diameter | 200 mm
3 | Working Pressure 100 bar

Development:

The thickness of the Spherical chamber was calculated from the formula based on the

Inner Diameter
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Figure A2-5 Schematic diagram of sphere assembly

l:’ccRicc

tee = 2SccEcc-0.2P¢c 1
YCC
Scc = E 2
Table A2-4 Shell thickness calculation for multiple combinations
SI.No. Case Thlckness
(in mm)
1 FS=4 Y. =205 12.5
2 Y.. =240 10.6383
E..=0.8
3 FS=2 Y. = 205 6.17284
4 Y.. =240 5.263158
P.. =10
5 FS=4 Yoo =205 16.80672
6 Y.. =240 14.28571
E..=0.6
7 FS=2 Y.. =205 8.264463
8 Y. =240 7.042254

The original formula was for a spherical chamber formed by joining two parts. In the
present case, three parts were considered with a trade-off in joint efficiency. It was evident
from the above calculations that the thickness value varied from 5.26 mm to 16.8 mm

depending on the various combinations of the mechanical and design properties.

Considered value: 25mm
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Reverse calculation: Assuming the best combination Y..= 240 MPa, FS = 2, R;.. = 100

mm and E.. =0.8
Resulting withstand Pressure: 45.71 MPa

From the reverse calculation, the setup can easily go up to 450 bars with a safety factor
of 2.

Figure A2-6 CAD models of the Spherical Shell

Instead of a spherical shell, a spherical inner and cubical outer was chosen for fabrication

and facilitating the mounting of other parts and instruments on the outer surface.

Glass Window

Table A2-5 Design specifications of glass window

SI.No Design Parameter Specification

GE-124; Very pure fused quartz and made from
crystalline silica. It has excellent thermal properties

1 Material and high chemical resistance (stain-resistant).
BK-7; Regular glass and typically used in visible
light applications

2 Shape Circular

3 Clear Aperture 100 mm

Diameter
4 Working Pressure 25 & 40 bar
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Development:

The thickness of the glass was calculated depending on the unsupported portion, pressure
differential expected, and rupture modulus of the glass. Modulus of rupture was a measure

of the specimen’s strength before rupture since glass was more prone to break than bend.

L 3

Figure A2-7 Failure of the glass at an unsupported portion on load application

PowKowFS
g = Ry |2 3
MOR

Desired clear aperture has been 100 mm; to avoid the optical distortion effect at the

boundary 106 mm diameter has been considered.

Table A2-6 Glass thickness calculation for multiple combinations

SI. No. Case Thickness(in
mm)
1 2% W MOR = 80 MPa 16.84024
2 gw =% P,y =25 MPa | MOR = 16,55 MPa | 37.02494
3 MOR = 63.5 MPa 18.90194
2 Rgw =53 MOR = 80 MPa 21.30141
5 . Pyw=4MPa |MOR=1655MPa | 4683325
6 MOR = 63.5 MPa 23.00928

Considered value: 35mm

Reverse calculation: Assuming the best combination Kg,, = 0.75, Rg,, = 53 mm, MOR

=80 MPa and SF = 4.

Resultant withstand Pressure: 10.8 MPa
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Figure A2-8 CAD model of the glass window

110 mm diameter potion would be unsupported and up to 154 mm diameter supported by

flanges on 22 mm wide strip.

Optical Window Sealing

The glass was placed between rubber materials to avoid direct contact with metal for two
reasons. The first was to prevent the leakage of the gases due to imperfect contact between
surfaces. The second was to provide a facility for glass expansion and contraction due to

temperature fluctuations.

Figure A2-9 O-ring placements in the optical window slot
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O-ring:

O-rings offer better leak arrest when compared to gaskets. Hence these were chosen with
the prime goal to arrest the leakage. Two O-rings were placed between the cubical
chamber and glass. The force exerted by the flange on the glass led to compression of O-
rings. Two rings were used to distribute the load on the glass and for better leak
protection. 4mm diameter O-rings were placed in 5 mm wide and 2 mm deep grooves,
and glass was directly placed over them. 64.5 mm and 74.5 mm were the mean diameters
of the grooves. Commercially available O-ring cords were cut and customized as per the
requirement. The gasket was placed between the glass window and flange inner surface.
These gaskets act as cushion layers for glass windows to counter the load of the internal
pressure developed inside the chamber due to combustion and default exerted force by

the fasteners.
Flanges and Fasteners

Table A2-7 Design specifications of Flanges and Fasteners

SI.LNo | Design Parameter Specification
SS321: High-temperature application
1 Material
SS304: Standard grade

2 Inner Diameter 110 mm
3 Contact strip width 20 mm
4 Working Pressure 40 bar
5 Bolts M12-16

Development:

The flange design was approximated to the ring flange design and developed for the given

requirement.
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|
1
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Figure A2-10 Ring flange approximation

Bolts:
Table A2-8 Details of the fastener properties
Bolt Coarse Stress Fine Stress
diameter(mm) |  Pitch(mm) Area(mm?) pitch(mm) Area(mm?)
M12 1.75 84.27 15 88.13
M14 2.00 115.45 15 124.45
M16 2.00 156.68 1.5 167.26

Table A2-9 Details of the fastener classification

Class Proof load
8.8 580 MPa
10.9 830 MPa

Development:

Force experienced by bolts = Force experienced by the glass window

In high-pressure conditions, the force exerted by the compressed gasket was neglected.

Force = Design Pressure x Area Exposed

Force balance equation:

No. of bolts x Stress Area of each bolt < Allowed proof load = Total force experienced
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Allowed proof load = Proof load / Safety factor

Table A2-10 Minimum number of fasteners calculation for multiple combinations

Sl Min No. of
No. Case No Bolts
1 SF=6 |7.795153 8
2 M12 | SF=4 |5.196769 6
3 SF=2 | 2598384 3
4 P.= 10 Class 10.9 SF=6 |5.520184 6
5 R/Tpa M14 | SF=4 |3.680122 4
6 (830 MPa) SF=2 | 1.840061 2
7 SF=6 |4.107299 5
8 M16 | SF=4 |2.738199 3
9 SF=2 |1.3691 2
Minimum thread length engagement:
A
Lb - 284 4
0.51t(Dp-0.64952py,)
Table A2-11 Minimum thread engagement length for different bolts
Sl No. Bolt Pitch(mm) Min. Thread engagement Length
(mm)
1 1.75 9.735312
M12
2 1.50 10.0523
3 2.00 11.42594
4 M2 1.50 12.05992
5 2.00 13.43508
6 M16 1.50 14.0716

The general rule of thumb: The length of thread engagement should be equal to or greater

than one full diameter of the bolt and be of comparable strength.

Table A2-12 Minimum thread engagement length based on rule of thumb for bolts

Bolt Min. Thread engagement Length (mm)
M12 12
M14 14
M16 16
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Considered values: Upon comparing the bolt diameter, number, and thread engagement

length, the following combination looks more suitable for the setup.

Table A2-13 Considered bolt specification values

Bolt M12
Class 10.9
Pitch 15
Threading Fine
Number of bolts 8
Minimum thread engagement length 20mm

Reverse calculation:

Table A2-14 Combined withstand pressure of all fasteners from the reverse calculation

SF Withstand pressure
6 10.263 MPa
4 15.394 MPa
2 30.788 MPa

Hence the above-considered bolts can withstand up to 300 bars safely.

Ring Flange:

Figure A2-11 Ring flange
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Development:

,M(,ﬂY}Zl
tq = [— 5
fl St, B

MO = MD + MT + MG 6

MD - HDhD 7

MT = HThT 8

MG = HGhG 9
B2P

HD == T[—ﬂ 10

4
HT = H‘HD ll
GZ‘I'[Pﬂ

H=-2"£f 12
4

hp =2 (C-B). 13

hr == (hp + hg) 14

hg = = (C-G) 15

2

Determination of bolt circle diameter:

C=B+2Rq 16
R =20 mm
B =110 mm
C =150 mm

Determination of flange Outer diameter:
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A=C+2E

E =155 mm

A =181 mm

17

Since the value obtained from the above calculation cannot be directly used as this was

for a different flange and the geometrical parts in contact were quite different. The

following dimensions were considered after considering the bolt diameter and fabrication

ease.
Table A2-15 Intermediate design parameter calculation
C (Bolt .
SI. No. A (O.D) B(1.D.) cirdh G (Pq loading)

1 190 106 172 130

R 190 108 172 131

3 190 110 172 132

4 200 106 177 130

5 200 108 177 131

6 200 110 177 132
Table A2-16 Flange thickness for various combinations
Case )

SI.No Thickness (mm)
P FS Y A B C G

1 190 | 106 | 172 | 130 51.48155

2 190 | 108 | 172 | 131 51.50384

3 Lt 190 | 110 | 172 | 132 51.51065

4 200 | 106 | 177 | 130 51.39175

5 200 | 108 | 177 | 131 51.4189

10MPa | 4

6 200 | 110 | 177 | 132 51.36207

7 190 | 106 | 172 | 130 47.57984

8 240 190 | 108 | 172 | 131 47.60043

9 190 | 110 | 172 | 132 47.60673

10 200 | 106 | 177 | 130 47.49684
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11 200 | 108 | 177 | 131 47.52194
12 200 | 110 | 177 | 132 47.46941
13 190 | 106 | 172 | 130 50.27005
14 190 | 108 | 172 | 131 50.29181
15 190 | 110 | 172 | 132 50.29847
16 2o 200 | 106 | 177 | 130 50.18236
17 200 | 108 | 177 | 131 50.20888
18 200 | 110 | 177 | 132 50.15338
19 190 | 106 | 172 | 130 36.40296
20 190 | 108 | 172 | 131 36.41871
21 190 | 110 | 172 | 132 36.42353
22 P 200 | 106 | 177 | 130 36.33945
23 200 | 108 | 177 | 131 36.35866
24 200 | 110 | 177 | 132 36.31847
25 190 | 106 | 172 | 130 33.64403
26 190 | 108 | 172 | 131 33.65859
27 190 | 110 | 172 | 132 33.66304
28 ? 240 200 | 106 | 177 | 130 33.58533
29 200 | 108 | 177 | 131 33.60308
30 200 | 110 | 177 | 132 33.56594
31 190 | 106 | 172 | 130 35.5463

32 190 | 108 | 172 | 131 35.56168
33 190 | 110 | 172 | 132 35.56639
34 21 200 | 106 | 177 | 130 35.48429
35 200 | 108 | 177 | 131 35.50304
36 200 | 110 | 177 | 132 35.46379

From the above calculations, the following trends were observed: 1. Thickness reduced
with increasing outer diameter. 2. Thickness reduced with reducing bolt circle

TH-2750 166151104



Appendix-2: Design development and commissioning of the test facility

Table A2-17 Flange design parameters

Design Parameter Length (mm)
Flange Inner diameter 110
Glass Outer diameter 154
Mean Force loading diameter 132
Bolt circle diameter 178
Flange Outer diameter 200
Flange Thickness (excluding glass 35

accommaodation)
Complete flange thickness 45(+1)

Reverse calculation:

Considering the above specifications, the least yield strength case and safety factor 2 the
withstand pressure had come around 8.8109 MPa. But the yield strength was expected to
be more than the considered value, and the outer thickness was around 45 mm. From

these considerations, the flange can withstand 10 MPa safely.

Figure A2-12 CAD model of the flange
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Ports
Table A2-18 Instrument port details
SL.No. | Purpose Diameter | No.s | Location
1 Gas release 05inch |8 2 on each face excluding front
and back
5 Ignition port 05inch | 2 One on top and the other on the
bottom face
3 Gas |.nject|on and 0.5inch |2 On side face
evacuation
4 Safety valves 0.5inch |2 Bottom face
ic P .
5 Static Pressure sensor 05inch |1 Top face
port
6 Unsteady Hg=re 14 mm 1 On the left side face
sensor port
7 Temperatly”  senggy 0.5inch |1 On Side face
port
8 Emission analyser port | 0.5inch |1 On side face
Total 18

All the ports were half-inch diameter with BSP threading except the unsteady pressure
transducer port (instrument-specific). Extension and reducers will be used to

accommaodate all the other instruments.

With all the above considerations, the setup was designed to easily withstand up to 100

bar pressure.
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Detail Design of Subsystems/Subprocesses

Filling System

Functionality: Tap the high purity fresh gases from sources and fill the chamber with the

required amount.

Crucial components: Gas cylinders with regulators, ball valves, needle valves, steel pipes,

connectors, adapters, and steel braided hoses.

Layout/Connection: The Gas cylinders were connected to the main flow control panel
with braided hoses and ball valves. All the gas inlets were further connected to a single
outlet that went down to the chamber. A needle valve was placed between the inlet and

chamber.

Operation: The partial pressures of the gases in the mixture to be burnt will be calculated
prior. The inlet line from the control panel will be vacuumed and flushed with new gas
after filling up with previous gas. The gases will be filled with the lowest partial pressure
first, and so on. The needle valve operated manually to control the flow and a static

pressure transducer reading as feedback.

MCP

XXXXXX

V2 V3 XV4 SV5

Ci|| C2|| C3 ]| C4

Figure A2-13 Schematic of the gas line system. Black, Blue, and Red connection lines
correspond to filling, Purge, and Exhaust systems respectively.
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Purging System

Functionality: To purge the chamber with air after the combustion to replace the burnt

gases and bring down the chamber temperature.

Crucial Components: Compressed air, braided plastic hose, ball valves, and necessary

connectors.

Layout/Connection: The ambient air was compressed and stored in a tank. A braided
plastic hose was used to connect with the main control panel. The single inlet line used
in the filling system was common. An outlet line with a ball valve was fitted to the

chamber in a different port.

Operation: The compressed air will be supplied to the chamber, circulating inside the
chamber and leaving through the outlet line. This operation continues for a few minutes

until the temperature comes down to a stable set value.
Evacuation System

Functionality: To evacuate the burned gases from the chamber after combustion and

create a vacuum before refilling with fresh gases.

Crucial Components: Vacuum pump, braided plastic hose, ball valves, and necessary

connectors.

Layout/Connection: The vacuum pump was connected to the T-junction of the single inlet
line with a braided plastic hose. An outlet line with a ball valve was fitted to the chamber

in a different port.
Operation:

a) The outlet line will be opened after the combustion, and the burned gases will be vented

out because of the pressure differential.

b) The vacuum pump will draw the trapped gases in the inlet line and chamber during the

filling stage. The outlet line will remain closed while creating a vacuum in the chamber.
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Reservoir System

Functionality: To draw the gases from the core chamber and feed them to the auxiliary

chamber with active control over the flow.

Crucial Components: Auxiliary tank, manifold, steel braided hoses, solenoid valves, and

necessary connectors.

Layout/Connection: The gas outlets from the chamber were connected to the manifold,
and solenoid values were placed in between. The manifold was further connected to an

auxiliary tank nearly ten times the combustion chamber volume.

Operation: The manifold and auxiliary tank will be filled with inert gases at the
combustion chamber pressure. A trigger signal synchronized with the ignition will be sent
to a relay system connected to the solenoid valves. The normally closed solenoid valves
will open and allow the gases to rush into the manifold. The solenoid values de-energize

after the specific set time duration, and valves will be closed.

OUTLET

Figure A2-14 Schematic of the reservoir system
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Ignition System

—l El
SW IR
3 O
ce

PS

Figure A2-15 Schematic of the Ignition system

Functionality: Generate a spark of specific energy and duration at the center of the

chamber after the trigger.

Crucial Components: DC power source, relay system, step-up voltage coil, electrodes,

and insulation material.

Layout/Connection: The DC power source was connected to the step-up coil, which
amplified the voltage to multiple folds. A relay switch was placed in between to avoid
continuous supply. The output terminals of the coil were connected to the electrodes

mounted on the chamber.

Operation: The relay allows the current to flow to the coil after receiving the trigger
signal. The voltage will multiply, and the air between the electrodes breaks down to
conduct the current. As a result, a spark will be generated at the breakdown location

leading to ignition.
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Heating System

Figure A2-16 Schematic of heating system

Functionality: Achieve a stable and uniform set temperature in the core chamber with

minimum warm-up time.

Crucial Components: AC power source, a temperature control box with multiple

controllers, indicators, heating cartridges, and thermocouples.

Layout/Connection: The AC power source was connected to the temperature control box.
The heating cartridges inserted into the chamber were connected to the control box.
Thermocouples were inserted at various locations in the chamber to measure the local

temperature.

Operation: The desired temperature will be set in the control box. The current supply to
the cartridges will be regulated by the temperature controller from the thermocouple
feedback. The desired temperature will be achieved and maintained by the PID controller

throughout the run.
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Imaging System

Figure A2-17 Schematic of the imaging system

Functionality: To capture the propagating flame with great detail, especially the cracks
and edges of the flame. Both shadowgraph and Schlieren techniques captured the required

edge details because of their density gradient dependence.

Crucial Components: Light source, High reflectivity concave mirrors, a double convex

lens, and high-speed camera.

Arrangement: The light source was kept close to the central axis of the concave mirrors
at a distance of focal length. Nearly double the focal length distance was maintained
between concave mirrors. A double convex lens was placed on the reflected path of the
beam from the secondary mirror after the focal point. A high-speed camera was placed

after the lens to capture the light.

Operation: The diverging light rays become parallel rays after getting reflected by the
concave mirror. The parallel rays then pass through the optical windows and fall on the
second concave mirror on the other end. The mirror reflects the beam into converging and
diverging rays. The rays converge at the focal point and then diverge. A double convex
lens will be placed to make the diverging rays parallel. The camera will be positioned
such that these parallel rays fall on the camera sensor. The recording will start after getting

the trigger signal synchronized with the ignition event.
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Triggering System
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Figure A2-18 Schematic of triggering system

Functionality: To send the signals to the various devices/systems depending on their

reaction time in synchronization with the ignition event.

Crucial Components: DC power source, resistors, Zener diode, variable resistor, relay,

and necessary connectors.

Operation: The electrical and electronic components are arranged and connected as
depicted in the above figure. The input signal from the user will generate four trigger
signals to different systems. Three systems such as ignition, imaging, and data acquisition
require a 5V gate signal and solenoid valves of the reservoir system require a continuous

step signal.
Data Acquisition System

Functionality: To monitor the live parameters, record and store the measured data of the

experiment.

Crucial Components: Static pressure transducers, unsteady pressure transducers,

thermocouples, computer system, charge amplifier, indicators, and oscilloscope.
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Arrangement & Operation:

e The temperature of the core chamber was measured continuously by using a
thermocouple. The temperature will be monitored most of the time and recorded
for specific instances.

e The absolute pressure of the chamber was monitored by using a static pressure
transducer for leaks and internal pressure. The output will be recorded during the
filling stage and monitored for the rest of the time.

e Unsteady pressure transducer transmits the change in the pressure. The current
signal from the transducer will be converted and amplified by the charge amplifier
into a voltage signal. These signals are then recorded using an oscilloscope.

e The flame propagation images captured by the high-speed camera will be stored

in a computer system.

Mounting:

Functionality: To accommodate the core chamber, manifold, gas release valves, etc.,

systems/instruments in their respective position within a small space.

Crucial Components: Aluminium profiles, connectors, MS base plates, SS studs, nuts,

and heavy-duty wheels.

Arrangement: The lightweight and high-strength aluminum profiles were fixed as per the
above figure. The core chamber was placed over the base plat with access to the bottom
part. The height of the chamber was adjusted with the help of studs. The heavy-duty
wheels with a lock facility give mobility to the system.
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Figure A2-19 Schematic of mounting system
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Execution and Refinement

Due to the adoption of the concurrent development approach, design, fabrication, and
refinement were carried out simultaneously. The design modification in any system could
be because of a constraint/challenge from the same or another system. The components
and subsystems were developed to achieve an optimized assembly performance rather

than individual optimized performance.
Core Chamber

Stainless steel 321 grade was forged into billets. SS321 has high corrosion resistance,
enhanced creep resistance, and stress rupture than standard grades of stainless steel, even
at high temperatures ranging up to 800°C. Regular applications include piston engine
manifolds, chemical processing equipment, etc. It exhibits good toughness even in the
lower temperature range. Because of these properties, the machining was challenging
with the regular tools. The feed rate was kept at a very low value, and High-speed steel
(HSS) tool bits were used. A customized T-shaped tool bit whose functionality was
similar to the lollypop tool bit was fabricated and used to achieve a curved shape in the

central part.

Figure A2-20 Chamber parts during fabrication

Due to the fabrication difficulty, the dual O-ring groves for leak arrest at optical window
slots were reduced to a single O-ring groove of a bigger size. In the case of heating

cartridge failure, removing the damaged part will become challenging in the case of side
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entry cylindrical slots. Hence, the side entry slots were replaced by the front entry thru

slots for ease of removal, further reducing the machining time.

Sub systems

Filling, purging, and evacuation system

Figure A2-21 Filling system

The systems have not gone under any significant modifications. A dedicated cylinder

cage and complete steel tubes connections were considered for upgradation.

- #-ﬁ i“""’;:

Figure A2-22 Purge and Evacuation systems
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Reservoir system

Figure A2-23 Reservoir system

A 50 L steel tank was used for the auxiliary tank. All the steel braided hoses have a
pressure withstand capacity of 150 bar. Simultaneous operation of solenoid valves leads
to maximum flow rate and highest pressure drop in the combustion chamber. Dedicated
electromagnetic relays for each solenoid valve were tested. The reaction time was found
to be long and varying among the relays. These were replaced with a solid-state relay
which offered significantly lower reaction time. A single channel parallel connection
addressed the variable delay. The relays were normally in OFF state, and they conduct
upon supply of 5V DC.

Figure A2-24 8-channel electromagnetic relay and 4-channel solid state relay
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Ignition system
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Figure A2-25 12V Acid Battery and Adjustable Digital DC power supply

A 12V acid battery was used initially for power supply to the ignition coil, but it was
found to be supplying excess ignition energy and absence of active control over the
supply. It was replaced by an Adjustable DC power source in which both current and

voltage were varied.

Figure A2-26 Standard voltage step-up coil and an ignition stick coil with a built-in
trigger circuit
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A standard voltage step-up coil required a separate triggering circuit for generating a high
voltage signal; it occupied more space. It cannot be directly attached to the electrodes.
Due to high potential difference, the terminal wires connecting the coil and electrodes
were isolated to avoid current jump to other conducting parts. A compact ignition stick
coil later replaced the unit with an inbuilt triggering circuit. The coil can be directly fixed
to the electrodes, eliminating the current jump to the nearby instruments/parts. A 5V DC

pulse signal was required to generate a spark.

Figure A2-27 Teflon insulated electrode, modified electrode, and customized ceramic
electrode. Thick electrodes at the center of the chamber and tapered electrode comparison
with a standard electrode.

The electrodes were custom made with a Teflon holder as insulation material. The
insulation was insufficient to avoid the spark jump with the metal body and multiple
sparks at different locations. 2 to 3 mm diameter stainless steel rods were used as
electrodes. Commercially available automotive sparkplugs were modified, and the tip was
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extended to serve as spark electrodes. The insulation was found to be not sufficient. The
electrodes were misaligned due to the brazing at the extension spot. A high-temperature
custom-made ceramic cylinder was later fabricated with a straight rod passing through
that offered the best insulation. The spark jumps were eliminated from the system. The
spherical flame generated by the spark discharge was affected by early-stage wrinkles.
The distortion in the flame front was due to heat loss to the electrodes and drag in the
vertical direction. This was resolved by introducing a thin, non-linearly tapered electrode

of a diameter ranging from 0.75 mm to 2 mm.

Heating system

Figure A2-28 Heating cartridges, thermocouples, and cartridges in the chamber

D-type/split type high-density heating cartridges were inserted into the chamber. The heat
transfer was solely due to the surface contact between the cartridge and chamber. D-type
cartridges expand, resulting in good surface contact and heat transfer. They contract to
their original size under normal temperatures leading to high ease of removal. The K-type
thermocouples were inserted at the center of the cartridge to read the cartridge core
temperature. The temperature output was used as the feedback for controlling the heating

and health monitoring of the cartridges.
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Figure A2-29 Temperature Control box

9 PID controllers, 9 Ammeters, MCBs, glass fuse, Isolation transformer, etc., were used
in a custom-made temperature control box. All nine power supplies can be used

independently.

Imaging system

Figure A2-30 Schematic and Actual arrangement of shadowgraph system
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A high-speed shadowgraph system consisted of a light source, circular concave mirrors,
a biconvex lens, and a high-speed camera. An LED torch was used as a light source. Two
6-inch diameter and 60-inch focal length concave mirrors were used for reflecting. A 30
mm diameter and 250 mm focal length biconvex lens was used for converting divergent
beams to parallel. A phantom v220 8-bit monochrome camera was used to capture the
propagating flame. The camera was set to external trigger mode to start capturing the
video only upon receiving the trigger signal. Due to the space constraint, the reflected
parallel beam was reflected by a plain mirror away from the chamber, where the camera

was isolated from heat and kept well away from the chamber.

Figure A2-31 High-speed camera and light source of the imaging system

Triggering system

Figure A2-32 Customized triggering circuits made up of ICs
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The triggering circuit generated four single-shot 5V DC pulse signals with predefined
duration length. In the initial stage, custom-made printed circuit boards with ICs and other
electronic components were used for the triggering. The consistency of the generated
signals was found to be poor. A microcontroller-based commercially available Arduino
board was used for generating pulse signals and found to be consistent. A dedicated 8-
channel pulse generator further replaced these with complete control over the pulse width,

amplitude, frequency, etc., of the generated pulses.

Figure A2-33 Arduino board and Pulse generator

Mounting:

The aluminum profiles were cut and assembled to make a stand. It was modified by
removing unnecessary profiles, adjusting the height, and fitting with extra profiles for
holding other instruments. The entire load of the system was transferred evenly to 4
heavy-duty wheels with a locking mechanism. The wheels did not completely arrest the
movement despite the locking feature, and the rubber started peeling off. An angled frame
was added to arrest the movement and to take over the load from the wheels. The custom-

made height-adjustable metal bushes were found to be efficient.
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Figure A2-35 Upgraded base of the system for better locking

Data Acquisition system

Figure A2-36 Data Acquisition systems
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Testing and leak arrest

Before commissioning, the chamber was tested for leaks in both directions, such as
vacuum and high-pressure conditions. The testing was carried out in three stages, and the

identified leaks were arrested in the corresponding stage.
General Leak Test

In this stage, the chamber was sealed completely and pressurized with air. The pressure
drop in the chamber pressure was monitored. Soap solution was used to identify the
locations of the leak and were fixed. This was repeated until other locations could not be
identified despite the pressure drop. Teflon and gasket maker high-temperature red silicon

paste was used to arrest the leak from joints.

Figure A2-37 General leak test

Water Immersion Test

Minute leaks might not be a significant problem under ambient conditions but will lead
to a substantial pressure drop at high pressures. Due to the minute leak and short lifetime
of soap film, certain leak locations were not identified in the previous stage. The chamber
was pressurized and immersed in a water tank. Then the origin location of the bubbles

was determined and fixed.
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Figure A2-38 Water immersion leak test

Figure A2-39 Reinforcing O-ring with gasket maker to arrest the minute leak

A minute leak at the optical window base was identified. A combination of gasket and O-
ring was replaced by an O-ring and gasket maker paste to arrest the leak.
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Hydraulic Pressure Test

After the complete leak arrest, the chamber was tested for the design pressure.

Figure A2-40 Hydraulic pressure test

The chamber was filled with deionized water, and pressure was supplied as per the
requirement. The current setup was tested up to 75 bar with the optical windows for a
duration of 15mins and found zero drop in the chamber pressure. Hence the chamber can

be operated for up to 75bar with glass windows.
Subsystems

The subsystems were tested with appropriate tests before commissioning to avoid the

failure and malfunction of the system.

Figure A2-41 General leak and water immersion test for the pressure manifold
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Figure A2-43 Synchronous operation test of solenoid valves
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Figure A2-44 Triggering system test with an oscilloscope

Final Setup

Figure A2-45 Elevated pressure combustion test facility under operation
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Appendix-3: Uncertainty Analysis - freely expanding

spherical flame method

This section reports the methodology followed to quantify uncertainties in all parameters
estimated from freely expanding spherical flame method experiments. The present
procedure was primarily adapted from literature [1]-[4]. The estimation of uncertainty in
the result is calculated based on the uncertainties in the primary measurements. As shown

below, the result R is a given function of the independent variables x1, X2, X3...xn.
R = f(x4, X3, --. - Xp)

Let or be the uncertainty in the result and oxi, dx2, dx3s be the uncertainties in the
independent variables. If the uncertainties in the independent variables are all given with

the same odds, then the uncertainty in the result having these odds is given as

2 2 2

5 = (aRs ) +(6R5 >+ +(6R5 )
R 0%, X1 04 X2 Xy, *n

Uncertainty in equivalence ratio

The equivalence ratio is the ratio of stoichiometric air-fuel ratio (AFRstwicn) to actual air-
fuel ratio (AFRactuar). AFRstich is estimated from chemical balance, and hence, it does not
involve any uncertainty. AFRactal IS achieved through the partial pressure method. In the
present work, six species are involved. An absolute pressure transducer having a range of
0-4 bar with an accuracy of 0.1%FSL was used. Absolute error in pressure, dp is 0.004

bar.

Where pm represents partial pressure of each species. This is estimated for all producer
gas compositions, and uncertainty in equivalence ratio (3¢) was in the range of +8.1% to

+13.8%.
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Uncertainty in radius:

In the present case, an image processing code written in MATLAB was employed to post-
process the flame images to obtain flame radius. It utilizes a standard edge detection
technique. In-house code estimates the diameter of the flame front as per the defined
constraints in terms of pixels. Possible errors in the estimation of flame radius are
identifying the correct edge and its dimension in pixels and converting pixels into the

physical distance.

Figure A3-1 A shadowgraph image with a calibration plate

Figure A3-1 shows the image of the calibration plate kept on the window access. The
calibration plate was square. The length of its sides was 40 mm. It had a circular hole with
aradius of 10 mm at its center. It has precisely machined sides. The hole was drilled with
atolerance of H6. The pixel-to-physical length was calculated from the sides of the square
and compared with the identified pixels corresponding to the radius of the hole and

window access.
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Table A3-1: Error in the estimation of radius from flame image

Estimated
ltem Actual Radius | radius from Absolute Relative
(mm) MATLAB Error Error
code
Hole in the
calibration 10 10. 147 0.147 1.47%
plate
Window
55 55.347 0.347 0.63%
access

Table 1 shows that the error became small with an increase in radius. Hence it is important
to consider the error corresponding to the lower radius range considered for the
calculations. In the present case, the lower range of the radius was in the range of 0.75-1
cm. Hence the above-estimated error corresponds to the maximum possible error in

studied conditions. Therefore, the uncertainty in radius is £1.47%.
Uncertainty in time:

The time stamp on the recorded frames is from a high-precision internal clock in the
camera. Further, in the present case, the relative time difference (time interval) is used to
calculate the required parameters rather than the absolute time. On the other side, the error
originating from the camera is insignificant and fixed-systematic in nature. This type of
error gets nullified while subtracting each other. Hence, the uncertainty corresponding to

time is not considered.
Uncertainty in time = 0.00%
Uncertainty in flame speed:

As the uncertainty in time is zero, uncertainty in flame speed was estimated as shown

below
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_ ﬂ _ TepTe
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Uncertainty in flame speed is £2.93%

Uncertainty in flame stretch rate:

Flame stretch rate is defined as K = (3)

It

dI‘f _

2S . . .
m r—b From the information of errors in
f

flame radius and flame speed, uncertainty in flame stretch rate is estimated as

dy _ (&)2&2
[T Sp

Uncertainty in flame stretch rate is +3.28%

Uncertainty in unstretched flame speed and burned gas Markstein length:

Unstretched flame speed and burned gas Markstein length are estimated using S, =
Sp-Li, K, which are functions of both stretched flame speed and stretch rate. The following
approach is used when a parameter is a function of multiple variables with non-linear
dependency. The sensitivity of the parameter (S—Z) to each variable is calculated and
multiplied with the perturbed value of the variable to obtain the corresponding

contribution, as shown below.

OR  f(xq + A%, Xy, ... Xp)-f(X1, X7, .. Xp)
0x, 0x4

After estimating all sensitivities, following corelations were used to estimate the error in

unstretched flame speed and burned gas Markstein length.
Linear form:
Sp = SP-LpK

Calculation of absolute deviation in estimated parameters: follows ALy |X = |Ly|X-Ly|,

ALp|SP = |Lp|SP-Ly,|, ASDI¥ =|SPIX-S,| and ASP|SP = |SJ|SP-S,|. Perturbation in
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stretch rate was done to estimate Ly|¥ and Sp|¥. Maximum value of perturbation
corresponds to absolute error in stretch rate, i.e., £3.28%. Only stretch rate term was
perturbed. Then, flame speed was perturbed to find Ly, |S? and S2|SP. Then absolute error

in Sp and Ly was estimated as follows:

550 = |(14 kil AK 2(AS )2 + ASy kALl Ly 2(AK)2
b~ AS, = PAS, b AK AK b

2 2
oy = |[S(A2L ., 2K 85y + (= AS,IE ) AS (AK)?
b K\ as, Pas, b K\ AK " AK

The above-listed expressions were applied to different flame speed-stretch rate data
ranges for all studied operating conditions. The maximum error estimated from the

studied conditions was reported as follows:
Uncertainty in unstretched flame speed = +4.50%
Uncertainty in burned gas Markstein length = +46.16%
Non-Linear form:

Unstretched flame speed was estimated using the non-linear form as shown below

S 2L, 412 16L3 L
Mt — + —>+ b+o4<—b) =1
Sy, r r2 3r3 r

Following, the identical procedure used in linear form, absolute errors in SP and Ly, are as

follows:

ALy|S
AS,

ALb|r)2

A (Ar)? + <[CT2] + [Sp,(HT)]

8SP = ZJ([CTl] + [S,(HT)] ) (ASp)?
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ASQ|" ? ASp|®
2 Zbrl -[CT1] a2 75, -[CT2] (15,
SLp= |[ A — ) apz+| =2 | (as
b [Sp(HT)] [Sp(HT)] b
B ASp, Lp _ Lp Lp\% | 16 (Lp)3 _
Where, CT1 = (FT) 2.5, (T) (HT), FT = 1+2(T)+4(T) +?(T) HT =

() +8(%) +16(%2), cT2 = (FT)-5, (22) (HT) 2

Above listed expressions were applied to different ranges of flame speed-stretch rate data
for all studied operating conditions. The maximum error estimated from the studied

conditions was reported as follows:

Uncertainty in unstretched flame speed = +4.11%

Uncertainty in burned Markstein length = +55.46%
Uncertainty in unstretched flame speed from Xiouris Model

In this work, Xiouris model was also used.

le-Sﬁl _ ISb-SSl
K Sim K Exp

As the left-hand side was obtained from simulations using GRI-Mech 3.0, there are no

uncertainties associated with it. Local linear fit (five neighboring points) between
simulated flame speed and stretch rate was used to obtain simulated stretched flame speed
identical to that experimental stretch rate data. Error in the fitting was not considered.
Then, using the information of errors in flame speed and stretch rate, error in stretched

flame speed was estimated.

dsg _ ﬁ2+(d_x)2
SO Sh K

Uncertainty in unstretched flame speed = +4.39%
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Uncertainty in Laminar burning velocity:

Then, unstretched laminar burning velocity was estimated as SO = Sp (%) As the

density ratio was estimated from thermodynamic data and the ideal gas equation, no error
Is involved. Hence, uncertainty estimated for unstretched flame speed is identical for

unstretched laminar burning velocity also.

ASy  ASp
8% S8

Uncertainty in unstretched LBV from linear stretch extrapolation model= +4.5%
Uncertainty in unstretched LBV from non-linear stretch extrapolation model = +4.11%
Uncertainty in unstretched LBV from Xiouris model = +4.4%
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