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Abstract

Combustion can be used to thermally process biomass fuels and yield both heat and
power in a sustainable manner. At present, direct combustion of solid biomass is
the primary approach for generating electricity and heat when these fuels are used

at a commercial scale.

Deflectors have been used in the freeboard section of industrial combustors to
reduce radiant heat loss through flue gases and for particle emissions abatement.
Freeboard deflectors can also influence emissions and freeboard temperature
distributions by changing the flow dynamics. Despite much research into laboratory
scale biomass combustion and packed beds, there have been no systematic studies
into the impact of deflectors (heat shields) on the axial and radial temperature
profiles, test methodologies used or the emissions in laboratory scale fixed bed

biomass combustors operated on pelletised fuels.

Through a combination of experiments and numerical simulations, this research has
investigated such issues in both high temperature fixed bed biomass combustors as
well as relatively lower temperature (non-combusting) packed beds subject to

different heating modes.

Experiments have been carried out on a laboratory scale (continuous feed) fixed
bed combustor featuring both primary air (supplied through the fuel bed) as well as
secondary air (in the freeboard). A freeboard deflector was located at different axial
locations during this testing. The aim was to characterize deflector effects on
burning rate, temperature distribution (near-wall and near-centreline) and gaseous
emissions (NO, CO, CO2) over a range of primary and secondary air flow rates. A
systematic method has been developed to establish the steady state time period
during the combustion process. In this regard, detailed analyses on the time series
of thermocouples, emissions and fuel mass conversion data have been performed.
The proposed method is based on calculating the percentile mean deviation of
temperature and NO/CO emissions data which can provide a more effective means
of resolving the stand of the steady state operating, compared to only using the time
evolution of these variables. In addition, the significance of the thermocouple
radiative corrections (losses) and its effect on the accuracy of measured
temperatures has been investigated.



The results concluded that NO, CO and CO. emissions are affected by the presence
of a deflector in the mid-range of combustion stoichiometry (A=0.439-0.509).
However, deflector effects were found to be most prominent for NO and CO
emissions by reducing and rising their levels, respectively. Deflectors affect
upstream near-wall temperatures, but their impact depends on relative (axial)
position (H). Furthermore, results reveal that deflectors do not have significant

effects on the burning rate and flow availability of the exhaust gases.

A CFD model of a porous media has been implanted to study the effects of
freeboard deflectors on the heat transfer inside packed bed columns for the
temperature range of 100°C to 400°C (which is typical for drying and volatile
release in biomass combustion). Results show that the deflector do affect
temperature profiles along the freeboard as well as wall temperatures but this is
dependent on the mode of heating and emissivity of the deflector.

Keywords: Experimental data, biomass combustion, freeboard deflector, CFD,

temperature, emissions.
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Chapter ﬂ

General Introduction?!

1.1 Biomass energy

Energy conversion is the capacity to change or transform energy from naturally
occurring forms to forms that can be practically applied by humans. Bioenergy is a
type of renewable energy that is produced from biomass. Biomass includes all
materials that are directly or indirectly derived from photosynthesis reactions, for
example wood-derived fuels, fuel crops, agricultural and agro-industrial by-
products, and animal manure. Biofuels can be considered as a renewable source of

energy if they are based on sustainable harvesting or production [1, 2].

The use of solid, liquid and gaseous biofuels has generated increased in interest in

many parts of the world. There are various reasons for this, such as:

e Environmental benefits: such as reduction of greenhouse gas emissions, soil
advancement and reduced acid rains;

e Improvement in energy security and trade balance: small changes in fossil
fuels can have an enormous impact on the economy. One way to build
economic security is to diversify energy suppliers by using renewable energy
sources, such as biomass fuels;

¢ Reducing waste disposal problems: using by-products such as municipal waste
and making better use of resources; and

e Job creation.

At present, forestry as well as agricultural and municipal residues are the main raw
materials that are used for the generation of heat and electricity in biomass power
plants. Figure 1.1 shows the contribution of bioenergy in the total world energy

consumption.

! This thesis is presented and organised as “Thesis with publication” format.



Worldwide, there is a growth in the use of biofuels due to the increasing price of

fossil fuels, environmental concerns and growing energy demand. It is estimated
that by 2050 the world energy demand will increase to 600-1000 EJ* (from the 2008

value of about 500 EJ). Also, the amount of energy obtained via renewable energy

will increase dramatically, and the future demand for bioenergy could be up to 250

EJ/yr [3].
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Figure 1.1 The contribution of bioenergy to world total energy consumption.
Source: based on IEA?, 2006; and IPCC?, 2007 [3].

1.2 Biomass conversion technologies

There are three main methods to convert biomass into energy:

e Thermal: the most common way is to burn biomass to produce heat. This

method can be used directly for heating and industrial processes, or indirectly

to produce electricity. In industrial boilers, biomass is burned to produce high-

pressure steam which can be used to generate electricity via turbines;

e Thermochemical: this method uses heat to break down biomass and process it

into gas and liquid fuels such as methane and alcohol. Biomass reactors

produce fuel gases (methane) by heating biomass in a low-oxygen

11 EJ =10 Joules (J)
Z International Energy Agency
3 Intergovernmental Panel on Climate Change




environment. Methane can fuel steam generators, fuel cells, turbines and

combined cycle technologies; and

e Biochemical: this process uses bacteria, enzymes and yeast to ferment and

convert biomass into alcohol (ethanol), which can be used directly (or mixed

with standard gasoline) in vehicles. This process can also produce methane.

At present, the direct combustion of biomass is the primary approach for generating

electricity and heat because it is cost competitive with fossil fuel alternatives. This

method is often used in Combined Heat and Power (CHP) systems to improve

efficiency. There are two main choices for the direct combustion of biomass; to

burn the biomass on a grate (fixed or moving) or to fluidize the biomass with air or

some other medium to provide.

hiofuels routes.

Figure 1.2 shows an overview of considered
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Figure 1.2 Schematic view of the wide variety of bioenergy routes [4].

1.3 Biomass combustion process

The process of biomass combustion is very complex and consists of many physical

and chemical aspects. Fuel properties and the combustion application are important
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factors that affect the nature of the combustion process. The combustion process
can be divided into a number of sub-processes: drying, pyrolysis, gasification and
combustion. The time required for each process depends on the fuel size, fuel
properties, temperature and combustion conditions. The combustion process can be
continuous feed or batch, with air currents introduced being either forced or natural
[6]. Figure 1.3 outlines the main stages and the temperature ranges associated with

each stage.

The first steps in solid fuel combustion are drying and pyrolysis/gasification. The
relative significance of these steps varies, depending on the combustion technology
employed, the combustion process conditions, and fuel properties. In an industrial
combustor with continuous feeding, such as moving grates, these processes will

happen in different sections of the grate.

N
/q?l
s! Warming
o agdlg(r)y:gg Pyrolysis Gasification
E o o
,_: 150-500 °C 500-800 °C of gases
: 800-1600 °C
A\

Figure 1.3 The four-stage combustion process (height of the pentagons show the
relative time for each stage) [5].

Figure 1.4 shows the stages of burning for a small biomass particle. A brief

overview of each stage is given in the literature [6].
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Figure 1.4 Stages of the burning process for a small biomass particle.



1.3.1 Drying

This stage involves evaporation of contained water. At low temperature (<100°C)
moisture starts to evaporate and vaporization lowers the temperature in the
combustion chamber because it absorbs energy from the combustion process.
Drying actively slows down the combustion process if the feed moisture content
exceeds a certain amount, and the combustion process cannot continue (e. g., for
wood) if the moisture content exceeds 60% on a wet basis [7]. Consequently, fuel
moisture content is a very important variable whichever affect combustion

performance.

1.3.2 Pyrolysis

Biomass is a fuel which consists of a high percentage of volatile matters as shown
in Table 1.1 [8]. Pyrolysis is the thermal degradation (devolatilization) which takes
place in the absence of an oxidizing agent, which decomposes fuel into volatile
gases and solid char. Tar, charcoal, and low molecular weight gases are the primary
products of pyrolysis. Since biomass is an oxygen-rich fuel, appreciable amounts
of CO and COz can be formed in this stage. The important process variables which
affect the quantities and properties of the pyrolysis products are fuel type, pressure,

reaction time and temperature.

Charcoal, and low molecular weight gases are the primary products of pyrolysis.
Since biomass is an oxygen-rich fuel, appreciable amounts of CO and CO- can be
formed in this stage. The important process variables which affect the quantities
and properties of the pyrolysis products are fuel type, pressure, reaction time and

temperature.

Table 1.1 Compositions for selected biomass fuels [8].

Alfalfa Wheat Rice Rice Switch- Sugar cane Willow Hybrid
stems straw hulls straw grass bagasse wood poplar
Fixed 1581 1771 1622 1586 1434 1195 1607  12.49
carbon
volatile 759, 7557 6352 6547 7660 8561 8222 848l
matter

Ash 5.27 7.02 20.26 18.67 8.97 2.44 1.71 2.7
Proximate analysis (% dry fuel)




1.3.3 Gasification

Gasification is the thermal degradation (devolatilization) which takes place in the
presence of an oxidizing agent. However, the term gasification is also used for char
oxidation reactions. Gasification can be carried out with air, oxygen, steam or CO>
as oxidizing agents. The main products of gasification are CO, CO2, H20, Hz, CH4

and other hydrocarbons.

1.3.4 Combustion

Complete oxidation of the fuel is defined as combustion. The hot flue gases that are
produced through this stage can be used directly in boilers to generate steam for
turbines. Biomass combustion processes take place in a homogenous-stage (volatile
burning) and a heterogeneous-stage (coke combustion). According to the conditions
of air supply and its mixture with the fuel, the velocity of the initial stage of
combustion is generally higher than the velocity of the last stage when the fuel is
burning in a solid state. In fixed bed grate combustion, the volatile matters are
vaporized and burnt on the bed. The oxidizing air flows of the combustion can be
categorised as either, the primary air which is used for the coke combustion, or the
secondary air used for the volatile combustion [9].

Briefly, the combustion reaction of a fuel with air can be represented as follows:

Biomass + Air = CO2 + SO, + H,O + N2 + O2 + CO + H» + CH4 + soot + ash
= ~ S 7 —
i i iii iv

i) Complete oxidation products: CO2 , SOz and H>O. Sulfur content of biomass

fuels is usually low so the percentage of SO> is almost insignificant.
i) Excess air (N2 + O2) and, eventually, fuel and air moisture.

1ii) Gaseous products (CO, Hz and CH4) and solid products from incomplete

combustion (soot).
iv) Biomass non-combustible mineral fraction (ash).

Figure 1.5 shows the mass fraction of consumed fuel and the corresponding

temperature of each stage for burning a single wood pellet [10].
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Figure 1.5 Wood pellet combustion stages.

1.4 Biomass fuels

Based on the types of pre-treatment undertaken of the raw fuel and fuel itself,
biomass fuels can exist in a wide range of forms. The moisture content of those
fuels may vary from 25 to 60 wt% (bark, sawmill side-products) or drop below 10
wit% (pellets, dry wood-processing residues). Pre-treatment technologies also affect
the quality of the biomass fuels, so there is a trade-off between processed fuel cost
($/kg) and pre-treatment technology. Depending on the fuel preparation process,
biomass fuels are available as bulk material (e.g. woodchips, sawdust) or unit
material (e.g. straw bales, firewood) and the particle size distribution can be
homogeneous (e.g. pellets) or inhomogeneous (e.g. untreated bark). Particle
dimensions, bulk and energy density, gross and net calorific value and moisture

content are important physical parameters [11].

The Gross Calorific Value (GCV), also known as the Higher Heating Value (HHV),
is defined as the heat released during combustion per unit mass of fuel under the
constraints that water formed during combustion is in a liquid phase and water and

flue gas are returned to their initial temperature. The GCV of biomass fuels usually



varies between 18 and 22 MJ/kg and can be predicted from the ultimate analysis*

according to the following empirical formula [12]:

GCV = 0.3491X, + 1.1783X,, +

0.1005X5 — 0.0151X, — 0.1034X, — 0.0211X ¢, (1.1)
where X; is the content of carbon (C), hydrogen (H), sulphur (S), nitrogen (N),
oxygen (O) and ash in wt%.

The Net Calorific Value (NCV) also known as the Lower Heating Value (LHV), is
defined as the heat released during combustion per unit mass of fuel under the
constraints that the water formed during combustion is in a gaseous phase and that
the water and the flue gas have the same temperature as the fuel prior to combustion.
The NCV (MJ/kg) can be approximated as [12]:

NCV = GCV (1 - Xm—) — 2.444mois _ 9 444 x 21 5 8.936(1 — Lmeisy  (1.2)
100 100 100 100

where 2.444 is enthalpy difference between gaseous and liquid water at 25°C, 8.936
is the ratio of the molecular weight of water to molecular weight of hydrogen
(Mh20/MHz2), Xmois IS moisture content of the fuel in wt%, and Xn is the concentration
of hydrogen in wt% . Table 1.2 shows GCV and NCV for selected biomass fuels
and Figure 1.6 illustrates the heating values and change in the atomic ratios H/C
and O/C from biomass composed of peat, lignite, coal and anthracite. The large H
and O fractions result in large fractions of volatile species and a low char fraction
compared to coal.

1 Ultimate analysis is defined in ASTM D 3176 as the determination of the carbon and hydrogen in
the material, as found in the gaseous products of its complete combustion, the determination of
sulphur, nitrogen, and ash in the material as a whole, and the estimation of oxygen by difference.
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Table 1.2 Moisture content, GCV, NCV, bulk density and energy density of
biomass fuels [11].

omont oSS0 MOV gendity  enoray

(W% w.b.) (MIkgdb) — (MIkgdb) " ) (MJ/m?)
Wood pellets 10.0 19.8 16.4 600 9840
Woodchips-hardwood (pre-dried) 30.0 19.8 12.2 320 3900
Woodchips-hardwood 50.0 19.8 8.0 450 3600
Woodchips-softwood (pre-dried) 30.0 19.8 12.2 250 3050
Woodchips-softwood 50.0 19.8 8.0 350 2800
Grass (high-pressure bales) 18.0 18.4 13.7 200 2740
Bark 50.0 20.2 8.2 320 2620
Sawdust 50.0 19.8 8.0 240 1920
Straw (winter wheat) 15 18.7 14.5 120 1740

Abbreviations: GCV = gross calorific value; NCV = net calorific value; d.b. = dry basis; w.b. = wet basis.
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Figure 1.6 Atomic ratios H/C and O/C for solid fuels [13].
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Table 1.3 shows some of the physical and chemical parameters of biomass fuels
and their effects [11]. Table 1.4 shows some standards of the American Society for
Testing and Materials (ASTM) for biomass fuels and Australian/New Zealand
Standard standards for biomass fuels.

1.5 Biomass combustion technologies

Combustion is the most common way of converting biomass into heat which can
be used to generate power if suitably integrated with boilers and prime movers like

steam turbines. Over 90% of the energy generated from biomass worldwide is



provided by direct combustion, the simplest and most developed method compared
to the other thermochemical technologies, such as wood-fired heating plants use for
district heating and wood pellet burners [14]. Industrial combustion systems can be
categorized as fixed bed combustion (FXBC), Fluidized Bed Combustion (FBC)
and Dust Combustion (DC).

Table 1.3 The impact of various physical properties and chemical constituents on

the behaviour of biomass fuels [11].

Physical properties

Effect

Moisture content

NCV, GCV
Volatiles
Ash content

Ash-melting behaviour

Fungi

Bulk density

Particle density

Physical dimension, form,
size distribution

Fine parts (wood pressings)
Abrasion resistance

Chemical properties
Carbon (C)
Hydrogen (H)
Oxygen (O)

Chlorine (Cl)

Nitrogen (N)
Sulphur (S)
Fluorine (F)
Potassium (K)
Sodium (Na)
Magnesium (Mg)
Calcium (Ca)

Phosphorus (P)
Heavy metals

Storage durability and dry-matter losses, NCV, self-ignition,
plant design

Fuel utilization, plant design

Thermal decomposition behaviour

Dust emissions, ash manipulation, ash utilization/disposal,
combustion technology

Operational safety, combustion technology, process control
system, hard deposit formation

Health risks

Fuel logistics (storage, transport, handling)

Thermal conductance, thermal decomposition

Hoisting and conveying, combustion technology, bridging,
operational safety, drying, dust formation

Storage volume, transport losses, dust formation

Quality changes, segregation, fine parts

GCV

GCV, NCV

GCV

HCI, PCDD/PCDF emissions, corrosion, lowering ash-melting
temperature

NOx, N2O emissions

SOx emissions, corrosion

HF emissions, corrosion

Corrosion (heat exchangers, superheaters), lowering ash-melting
temperature, aerosol formation, ash utilization (plant nutrient)
Corrosion (heat exchangers, superheaters), lowering ash-melting
temperature, aerosol formation

Increase of ash-melting temperature, ash utilization (plant
nutrient)

Increase of ash-melting temperature, ash utilization (plant
nutrient)

Ash utilization (plant nutrient)

Emissions, ash utilization, aerosol formation

10



Table 1.4 ASTM and Australian/New Zealand standards for biomass fuels.

ASTM No.

Description

ASTM E1690-08 [15]

ASTM E1756 - 08 [16]
ASTM E1721 - 01(2009)
[17]

ASTM E1758 - 01(2007)
[18]

ASTM E1755 - 01(2007)
[19]

ASTM E1757 - 01(2007)

[20]
ASTM E873 - 82 (2006)
[21]
ASTM E870 - 82 (2006)
[22]

ASTM E1534 - 93 (2006)
[23]

Standard test method for determination of ethanol extractives in
biomass

Standard test method for determination of total solids in biomass
Standard test method for determination of acid-insoluble residue
in biomass

Standard test method for determination of carbohydrates in
biomass by high performance liquid chromatography

Standard test method for ash in biomass

Standard practice for preparation of biomass for compositional
analysis

Standard test method for bulk density of densified particulate
biomass fuels

Standard test methods for analysis of wood fuels

Standard test method for determination of ash content of
particulate wood fuels

AS/NZS No.

4014.6 (2007) [24]

5077 (2007)

5078 (2007)

4886 (2007)

Domestic solid fuel burning appliances-Test fuels-Wood Pellets

Domestic solid fuel burning appliances-Pellet heaters-
Determination of installation requirements and construction
components

Domestic  solid fuel burning appliances-Pellet heaters-

Determination of power output and efficiency
Domestic solid fuel burning appliances-Pellet heaters-Determination of
flue gas emission

1.5.1 Fixed bed combustion

Fixed bed combustion systems include grate furnaces and Underfeed Stokers.

Figure 1.7 shows the different technologies for fixed bed combustion.

[ Fixed bed combustion ]

-

—> Fixed grate systems
—»|  Moving grate systems
Grate furnaces } >| Travelling grate systems
—>|  Rotating grate systems
Underfeed stokers ] \
> Vibrating grate systems

Figure 1.7 Fixed bed combustion technologies.
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1.5.2 Fluidised bed combustion

Biomass fuel is burned in a self-mixing suspension of gas and solid-bed material
while the air enters from beneath the reactor. To help fluidise the bed silica, sand
and dolomite are common bed materials. A fluidised bed combustor is a cylindrical
vessel with a perforated bottom plate filled with a suspension of inert materials.
Because of the drastic heat transfer and mixing the complete combustion occurs
with low excess air. Combustion temperature should be kept low (800-900°C) to
prevent ash sintering in the bed. Fluidised bed combustors are flexible and can be
fed with various fuels (e.g. mixture of straw and wood) due to good mixing in the
bed. However fuel particle size and impurities are the main limitations of fluidised
bed combustors [25]. Depending on the fluidisation velocity, fluidised beds can be
divided into two categories; Bubbling Fluidised Beds (BFB) and Circulating
Fluidised Beds (CFB).

In BFB furnaces, a bed material (such as silica sand of about 1.0 mm diameter) is
located in the bottom part of the furnace with primary air is supplied over a nozzle
distributor plate and fluidises the bed. The fluidisation velocity of the air varies
between 1 and 3 m/s. To reduce NOx emissions, secondary air is applied through
several horizontally arranged nozzles at the beginning of the upper part of the
furnace (called the freeboard) for enhancing staged-air supply. The advantage of
BFB furnaces is their flexibility regarding particle size and moisture content of the
biomass fuels. BFB are often proffered with fuels having low heat value and high
moisture content. The big disadvantage of BFB furnaces is the operational

difficulty at partial loads.

A circulating fluidised bed (CFB) operates at velocities between 3 and 10m/s and
uses smaller sand particles (0.2 to 0.4mm in diameter) which are carried out with
flue gases, but collected by cyclones, and fed back into the combustion chamber.
The high turbulence in the combustion chamber makes for good mixing, very
homogeneous temperature distribution in the bed and long residence time for fuel
particles, providing good combustion and emission control. These combustors can
utilize high heat value fuels with high moisture content. The disadvantages of CFB
furnaces are their larger size, higher loss of bed material in the ash, and the small

fuel particle sizes required. CFB furnaces are suitable for plants of more than

12



30MWth?, due to their higher combustion efficiency and the lower flue gas flow
produced [11].

1.5.3 Dust combustion (Pulverized combustion)

In dust combustors, fuels are injected and carried using air which also acts as an
oxidiser. This type of combustor is suitable for small particles (average diameter
less than 2mm). Fuel feeding should be carefully controlled because gasification of
fine biomass particles produces an explosion-like environment. Fuel gasification
and charcoal combustion occur at the same time because of the small particle size.
Rotational flow is created by tangential injection of the fuel/air mixture. Fuel burns
while it is in suspension, and gas burnout is achieved after secondary air addition.
Dust combustors need low excess air amounts and emit low NOx. However,

complex feeding systems is the main downside [26].

Table 1.5 shows the combustion type and features of biomass fuels and Table 1.6

summarises advantages and disadvantages of the biomass combustion technologies.

Table 1.5 Combustion type and features of biomass [27].

Combustion .
method Combustion type Features
Grate is level or sloping. Ignites and burns as
. Horizontal/Inclined grate surface combustion of biomass supplied to
Fixed bed .
combustion Water(_:oollng grate grate. _
Dumping grate Used in small scale batch furnace for biomass
containing little ash.
Grate moves gradually and is divided into
Forward moving grate combustion zone and after combustion zone.
Moving bed Reverse moving grate Due to continuous ash discharge, grate load is
combustion Step grate large. The combustion obstruction caused by
Louver grate ash can be avoided. Can be applied to wide
range of fuels from chip type to block type.
Uses sand for bed material, keeps fuel and sand
Bubbling fluidized bed in furnace in boiling state with high-pressure
Fluidized bed  combustion combustion air, and burns through thermal
combustion ] ) o storage and heat transmission effect of sand.
Circulation fluidized bed Suitable for high moisture fuel or low grade
fuel.
Used for combustion of high moisture fuel such
Rotary hearth . . : .
) Kiln furnace as liquid organic sludge and food residue, or
combustion : ) A
large pieces etc. Restricted to fuel size.
Burner burns wood powder and fine powder
Burner .
. Burner such as bagasse pith by burners, same as that
combustion

for liquid fuel.

! Thermal power, MWth = approx 1000 kg steam/hour
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1.6 Commercial scale systems

Underfeed Stoker: In Underfeed Stokers a screw conveyor is used to feed fuel into
the combustion chamber from below. It is a cheap and operationally safe technology
for small to medium scale systems up to a boiler capacity of 6MWth. Primary air is
supplied through the grate, secondary air usually at the entrance to the secondary
combustion chamber. Underfeed Stokers are appropriate for biomass fuels with low
ash content (woodchips, sawdust, pellets) and particle sizes up to 50 mm. Biomass
with high ash content (bark, straw and cereals) cause problems in underfeed stokers,
as they clog the upper surface of the fuel bed due to sintered or melted ash. A simple
loading systems is the main advantage of Underfeed Stokers because load changes

can be achieved more easily and quickly than in grate combustion plants [11].

Moving Grate: The solid fuel is transported on a moving grate by alternating
horizontal forward and backward motion. Primary air is supplied from below, and
unburned and burned fuel particle are mixed. According to the different stages of
combustion, the grate is divided into several parts, which can each be moved at

various speeds [28].
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Table 1.6 Advantages and disadvantages biomass combustion technologies.

Technology

Advantages

Disadvantages

Grate furnaces o

Underfeed
stokers

o

BFB furnaces o

CFB furnaces

Pulverized fuel o
combustion

low investment costs for plants <
20MWth

low operating costs

low dust emission

less sensitive to slagging

low investment costs for plants <
6MWth

o simple load control
e low emissions at partial load

operation
high flexibility in regard to
particle size

no moving parts in the reactor
NOX reduction by air staging
high flexibility in moisture
content and kind of biomass fuel
low excess air

no moving parts in the reactor
NOX reduction by air staging
high flexibility in moisture
content and kind of biomass fuel
very low excess air
homogeneous combustion

high specific heat transfer
capacity due to high turbulence

low excess air

high NOx reduction by efficient
air staging

very good load control

no mixing of fuels is possible
efficient NOx reduction requires
special technologies
combustion conditions are not
homogeneous

suitable only for biomass fuels
with low ash

high investment costs,
interesting only for plants >
20MWth

high operating costs

low flexibility with regard to
particle size

no utilization of high alkali
biomass fuels

o high dust load in the flue gas

high investment costs,
interesting only for plants >
30MWith

high operating costs

high sensitivity concerning ash
slagging

no utilization of high alkali
biomass fuels

high dust load in the flue gas
particle size of biomass fuel is
limited (< 10-20mm)

an extra start-up burner is
necessary

Travelling Grate:

The travelling grate is comprised of a chain that carries the

pellets like a conveyor. The fuel bed itself does not move, but is transported through

the combustion chamber by the grate. The primary air is used to cool the grate bar

to prevent overheating. To achieve complete charcoal burnout, the speed of the

travelling grate should continuously be controlled. A travelling grate system can

provid uniform combustion conditions and low dust emissions. Also, the

maintenance or replacement of a grate chain is relatively easy to handle. However

the flow rate of the primary air is typically very high.

Rotating Grate: In a rotating grate combustor, conical grate sections rotate in

opposite directions and are supplied with primary air from below. As a result, wet
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and burning fuels are well mixed, which makes the system suitable for burning very
wet fuels such as bark, sawdust and woodchips. Secondary air is applied in separate

horizontal or vertical combustion chambers to help oxidise the combustion gases.

Vibrating Grate: The vibrating movement of the grate evenly distributes the fuel
across the grate and primary air is applied from beneath. It is suitable for high ash
fuels (e.g. straw, waste wood) which show sintering and slagging tendencies?.
Disadvantages of vibrating grates are higher CO emissions, higher fly-ash

emissions and controlling the fuel and ash transport [11, 29].

1.7 Small scale fixed bed systems

Fixed grate systems are only used in small scale applications. Such units are
operated in houses or used for research purposes. According to the direction of the
flame front propagation, there are two different types of bed configuration; counter-
current and co-current. In the counter-current configuration, ignition starts at the
top of bed and primary air is fed from beneath, while in a co-current configuration
flame and primary air move upwards in the same direction. Fuel ignition and feed
of primary air take place on the bottom bed. Figure 1.8 shows two different types
of stationary bed systems, whilst Figure 1.9 shows the general bed structure and
temperature profile in a fixed bed combustor [30]. This study will use a lab-scale

fixed bed combustor in a counter-current configuration.

! Deposit formation on heat transfer surfaces of energy conversion equipment from the adhesion of
sticky particles especially in zones closer to flame where the heat is mostly transferred by
radiation.
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Figure 1.9 General bed structure and temperature profile in fixed bed combustor

The results of a fixed bed model can be applied to an industrial moving bed. Yang
et al. [31] reported that a fixed bed reactor can be used to simulate the moving grate

because the heat and mass transfer in the vertical direction is considered as the

l—> Ignation front

—> Conversion front



dominating factor in a grate boiler. The results of the fixed bed model can be
applied to an industrial moving bed. Figure 1.10 shows a schematic of a moving
bed. The fuel migrates from left to right, and if the operating conditions do not
change a pseudo-steady state will develop. Assuming that gradients in the x-
direction are negligible, a transient 1-D model (in the z direction) can be used to
simulate the whole fuel bed. If the migration velocity of the bed is known then it is
possible to transfer time into the x direction of grate. This method has been widely

used by different researchers to model moving beds [32].

P Bed element

Bed migration e
e —

Bed height

o) X
Primary air Grate Primary air
(moving)

Figure 1.10 Simulation of moving bed furnace by fixed bed model.

1.8 Influential parameters in fixed bed combustion

Many parameters are known to affect the combustion process in the fixed bed
reactors. According to their sources, these parameters can be categorized into three
different groups which are shown in Table 1.7 [33]. Several experiments have been
performed to investigate the parameters that influence the combustion of biomass
in a laboratory scale fixed bed combustor. Air flow rate can be used to classify the
combustion into three stages: oxygen limited, reaction limited and cooling by
convection. In the oxygen limited regime, reactions are limited to surface reactions
and velocity is controlled by the air supplied to the bed. In the reaction limited zone,
the amount of oxygen is sufficient for oxidation and the overall reaction rate is
controlled by the primary air velocity. By increasing the air flow rate the amount of
excess air controls the reaction rate due to convective effects [34]. Figure 1.11

shows the behaviour of the fuel versus the air mass flow rate.
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Table 1.7 The various influencing parameters on fixed bed combustion [33].

Fuel composition

Fuel morphology

Operating conditions

Ignited fuel mass flux (kg m2s?)

limited -

limited

e Volatiles Content e Thermal Effects
e Moisture Content i
e Ash Composition e Mean Particle Size : ;;O;arliné;rr;uAﬁfly
e Heating Value ¢ Mean Particle Shape 0 ;
e Stoichiometric Air o Particle Density : F{(;;an?inndgarymr
e Kinetic Constants o Bed Density o Insulation
* Specific Capacity * Porosity ¢ Combustion Air Feeding Zone
o ;Z«_argﬂil_ CEIJ_ndUCt. o Turbulence Generation
. iabatic Temp.
A Oxygen Reaction Cooling by

+ convection

Air mass flux (kg m2s?)

A 4

Figure 1.11 Three stages of the combustion according to the air flow rate [33].

Fuel moisture content also influences the performance, whereby decreasing the fuel

moisture content increase both ignition® and the burning rate?. Fuel size is another

parameter that affects the combustion process. Investigation of pellet fuels shows

that the burning rate for small particles is higher compared to large particles [35].

However, particle size has no significant effect on the ignition speed [36]. The

significance of thermal effects on these combustors is evident as using higher

conductive materials will increase both the ignition and burning rates. Also,

preheating the primary air accelerates the ignition and burning rates [35]. Insulation

minimizes heat loss to the environment and increases the effect of drying and hence

more heat is available inside the bed. Therefore, insulation boosts the ignition rate

and burning rate [35].

L 1gnition rate is defined as the speed of flame front propagation in the length of combustor (m/s).
2 Burning rate is defined as kg ignited per cross section area and time (kg/m?s).
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1.9 Literature review
1.9.1 Thermal effects

Primary air: Preheating primary air has significant effects on the performance of
biomass combustion by increasing the combustion chamber temperature
significantly. The primary air temperature also has drying effects and has been
studied by several authors [37-39]. More specifically, during a combustion reaction
fuel particles undergo several processes. First, radiative heat from combustion at
the top layer of a fuel bed can be absorbed by fuel particles as they are dried first.
This heat absorbtion means less energy is available for fuel pyrolysis, which result
in a lower ignition rate in the streamwise direction and a longer combustion time.
Temporally, drying of fuel particles is then followed by a combination of pyrolysis
and gasification. In these steps which follow an endothermic reaction, the fuel is
decomposed and volatiles are rapidly emitted followed by partial oxidation. The
final step, which again occurs at the bed surface, is complete oxidation, with char

and carbon dioxide being the major products of this step [30].

The main effect of preheating is convective drying of the unignited bed [40]. Kessel
et al. [37] reported the ignition rate also increases with primary air preheating. A
similar result has been found by Gort [39] who concluded that when air preheating
is used, the average ignition rate of the bed is higher than without preheating.
Saastamoinen et al. [41] investigated the ignition front propagation in beds of wood
particles both experimentally and theoretically and showed that air preheating
increases the rate of flame propogation and combustion power. Moreover, air
preheating also affects the emissions of biomass combustion. Doherty et al. [42]
studied the effect of air preheating in a biomass gasifier and found that air
preheating increases the gas heating value as well as H> and CO production.
Research has also shown that preheating has little effect after a critical air
temperature is exceeded. With this in mind, increased combustion air temperature
results in elevated the adiabatic flame temperature [43]. Salzmann [44] investigated
fuel staging for NOx reduction in biomass combustion and report similar results.
Wiinikka and Gebart [45] also showed that it is possible to control NOx formation

by air staging throughout the reaction zone.
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Radiative effects and bed temperature: Radiation has a significant effect on heat
transfer within a packed fuel bed and also combustion process in fixed bed
combustors. Radiative heat transfer from the reaction zone and walls (above the
bed) affect drying, pyrolysis, gasification and combustion of solid fuel particles in
the fuel bed [46]. Radiative heat loss from the reaction zone can also diminish the
reaction zone temperature, and as a result combustion performance will be
decreased. Alternatively, if the temperature inside the bed increases, the ignition
front propagates faster and causes solid fuel conversion rates to increase [35]. In

industrial scale furnaces radiative effects are significant

The Radiation Transfer Equation (RTE) describes the radiative transfer process for
an absorbing, emitting, and scattering medium [47]. The small fly-ash, soot and
char particles have considerable effects on radiation heat transfer. Numerical
calculations of their effects is complicated and time consuming, in particular when
radiative properties and three-dimensional geometries are also considered [46].
Nilsson and Sunden [48] studied numerically radiation heat transfer in a simulated
biomass combustor. They developed a new model for radiation heat transfer by
using steady state, 2D and P! approximations to solve the RTE equation. In this
regard the fixed bed was treated as a porous medium although bed radiation was
taken into account, but their analysis did not consider radiation effects for other
mediums inside the reactor nor were the prediction validated experimentally.
Klason et al. [46] also investigated the radiative heat transfer process in two fixed
bed biomass furnaces; a small scale (10kW) wood pellet furnace and a large scale
(50MW) cross-current furnace and compared the simple Optically Thin (OT)?
model, the spherical harmonic Pj-approximation model, and Spectral Line
Weighted-sum-of-grey-gases model (SLW)3. They also observed that radiative heat
transfer rates (to the fuel bed) are not very sensitive to the radiative properties of
surfaces, but predictions are sensitive to the different radiative heat transfer models.

They concluded that more computationally demanding models such as the SLW

Y In an absorbing, emitting and scattering medium the radiative intensity can be expressed by a
series spherical harmonics. The first term of the spherical harmonics series is the so-called P-
approximation.

2 In this model it is assumed that the medium is optically thin.

3 It is a comprehensive approach to calculate the radiative transfer in non-grey and non
homogeneous medium. In the SLW model the wave-length dependence of radiative transfer is
taken into account.
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model are more precise for the prediction of the radiative heat transfer rate to the

fuel bed or to the walls.

Internal heat deflectors: Primary pollutants formed in biomass combustion are
particulate matter species and gaseous emissions such as CO, HC, NOx, SOx, as
well as volatile organic compounds (VOC). Polycyclic aromatic hydrocarbons
(PAH) are also emitted during incomplete combustion [49, 50]. Most of the emitted
particulate matter have an aerodynamic diameter smaller than 10um [51], with
particles smaller than 1 um being called fine particles or combustion aerosols [52].
Particles are produced by two main process; incomplete combustion of fuel which
produces organic carbon (OC); or the nucleation of inorganic species coupled with
their failure to burn out later, producing black carbon (BC) or soot [53]. In
commercial systems particle removal devices are applied before the flue gases are
emitted through the stack into the atmosphere [54] and include [55]:

e Electrostatic precipitators (ESPS)

e Fabric filter systems

e Cyclones

e Afterburners

e Absorption & wet scrubbing equipment
e Deflectors

Lack of systematic understanding of the mechanisms by which deflectors affect
both non-reacting packed beds and combusting packed beds, but it is speculated
they have two effects. Firstly, it reduces particle emissions by decreasing the draft
force of the flue gases which potentially increases residence time. Secondly, it
enhances combustion performance by preventing flame radiation heat losses into
the exhaust stack. Deflectors are widely used in industrial furnaces and boilers but
little work has been done on them. Buczynski [56] investigated the use of deflectors
in a counter-current fixed bed combustor, using both measurements and
mathematical modelling, but the research was limited to coal fuel. A 3D model for
time-dependent combustion was also developed to consider deflector effects and
showed that deflectors can improve boiler operation based on repositioning the
deflector, resulting in reduced emission of pollutants (CO, unburned hydrocarbons
and fly ash). Most studies in the field of radiation modelling have not focussed on

the simulation of a combustor with a heat shield.
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Combustor wall and insulation: Heat is transferred by radiation, convection and
conduction from the fuel bed to the combustor walls, as well as by conduction
through the walls of the combustion chamber to the lower layers of fuel. The
quantity of heat loss from the exterior shell of the combustor is the sum from
convection and thermal radiation [57]. By improving combustion chamber
insulation, these heat losses are minimised and a higher combustion chamber
temperature can be achieved. An estimation of the amount of heat loss to the
environment can be made by establishing an energy balance between the heat
generated by combustion, heat taken up by flue gases and the heat transfered to the
bed. Wiinikka and Gebart [58] reported that increasing the combustor wall
temperature in a fixed bed wood pellet combustor yields a decrease in the emissions
of coarse fly ash and soot particles; however, the emissions of submicrometer-sized
fly ash particles simultaneously increase. However no attempt was undertaken to
investigate the effects of the uniformity of temperature distribution across the bed

on the accuracy of their numerical models.

Katunzi [59] investigated the effects of insulation in a fixed bed metal tube reactor
and observed that heat lost from the reactor body decreases wall temperature and
the speed of the reaction front. The ignition front propagation speed in an insulated
combustor is also higher than in an un-insulated one because insulation prevents
the heat loss to the environment and more heat is available for combustion and the
bed temperature becomes higher which also affects fuel devolatilisation and drying.
But there has been little work to describe the exact relationship between wall
temperature and combustion performance. Buczynski [56] also described how
different values of independent variables such as the amount of convective air, wall
temperature or wall emissivity impact the mathematical modelling of combustion
and defined a Logarithmic Sensitivity Factor (LSF)®. Sensitivity analysis revealed
that model predictions were most sensitive to variations in excess air ratio?, wall
temperature and wall emissivity. Again no attempt was undertaken to establish the
effects of heat loss from the combustor wall on the accuracy of the numerical model.

Rogaume et al. [60] investigated the effects of different airflows (primary and

1 A technique used to determine how different values of an independent variable will impact a
particular dependent variable under a given set of assumptions.
2 Excess air ratio= (Mass of air (kg) to combust one kg of fuel)/(Mass of stochiometric air)
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secondary air) on the formation of pollutants during waste incineration and reported
that by insulating the combustor wall radial heat losses are minimized and heat
transfer along the reactor axis can be considered one dimensional. Yin et al. [61]
also studied biomass combustion in an industrial 2108MW grate-fired boiler both
theoretically and experimentally, and found that deposits on the wall combustor act
as insulation thereby affecting the combustion process. Katunzi [35] compared the
burning rate of wood pellet fuel in glass, metal tube and insulated metal tube
reactors and reported that with insulation on the reactor, the ignition speed and the
burning rate are higher as compared to un-insulated and glass tube combustor. This
phenomenon occurs because an insulated reactor wall transfers heat generated in
the reaction zone to the fuel particles along the fuel bed, resulting in preheating of
particles and easier ignition. Table 1.8 shows some important characteristics of
combustors used in the literature [62]. In summary, although wall temperature is an
important parameter which influences the combustion process, very little
systematic work has been done into the effects of wall temperature and there is also
ambiguity on the significance of boundary conditions (at the wall) on the accuracy

and precision of numerical simulations in relation to fixed bed combustion.

1.9.2 Laboratory scale fixed bed combustor

Table 1.9 summarises the design parameters, thermocouples type and maximum

reported temperatures of lab-scale test rigs addressed in the literature.

1.9.3 Mathematical modelling

To develop efficient biomass combustion technology it is necessary to understand
the thermophysical mechanisms and process parameters which affect combustion.
Various models have been developed during the last 50 years to simulate the
combustion of biomass in packed beds. Although those research activities have
ranged from simple models (with simplifying assumptions) to more complex
methods (with a detailed description of the combustion reaction [63]), the level of
assumptions employed generally affects the accuracy of outcomes. In this regard,
packed bed models applicable to fixed bed combustion can be sorted either
according to their level of approximation into homogenous, heterogenous, and
pseudo-homogenous models (further described in [38]) or according to the solution

method (analytical/numerical).
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Table 1.8 Wall material and insulations of reactors used in the literature.

_— Cross-  Diameter  Height Liner .
Principal Author Section (mm) (mm) Material Insulation
Nicholls [64] circular 510 1120 RelfiLai(;tgry No insulation
2 mm ceramic
Gort [39] circular 300 800 Stainless steel fibre (inside),
100 mm glass
wool (outside)
2 mm ceramic
Gort [39] circular 200 800 Stainless steel fibre (inside),
100 mm glass
wool (outside)
Katunzi [35] circular 56 500 Stainless steel 40 mm glass wool
40 mm refractory
Rogaume [60] circular 200 2000 -1 layer, 40 mm rock
fiber (outside)
The initial 600 mm of
the cylindrical walls
Wiinikka [58] circular 200 1700 Stainless steel  from the bottom of the
reactor have been
insulated
Van der Lans [65] circular 150 1370 Stainless steel -
Saastamoinen [41]  circular 224 300 - -
Saastamoinen [41] square 150 x 150 900 - -
Samuelsson [66] square 300 x 300 700 - Well insulated
. . . Loose external, casing
2 L
Weissinger [67] circular 120 300 SiC of firebrick
Yang [68] circular 200 1500 Inconel® Thick layer insulating
material in tight casing
Ryu [69] circular 100 1500 Inconel 80 mm insulation

! No data available
2 Silicon carbide (SiC), also known as carborundum.
3 A nickel-base alloy with chromium and iron.
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Table 1.9 Main design parameters used for small scale fixed bed combustors.

Ref Cé)_mbutstor Combustor Fuel feed Type of Thermocouple No. of T Maxt Thermocouples
et '?nT;)er height (mm) system thermocouples diameter (mm) thermocouples em?fé? ure location

[69] 200 1500 Batch K-type, S~ - 11 1200 -
[70] 200 1500 Batch K-type, S~ - 11 800 -
[71] 154 1200 Batch - - 18 900 -
[72] 130 1050 Batch K-type, S” - 12 1000 -
[73] 230 - Batch B-type, BB® - 3 1500 -
[34] 150 1000 Batch - - 8 1200 -
[74] 180 1800 Batch - - 11 1000 -
[60] 200 2000 Batch K-type, BB” 0.5 28 1200 -
[35] 56 500 Batch K-type, S” - 7 1000 -
[37] 150 1500 Batch - - 6 900 -
[75] 200 600 Batch K-type, S” 1,2 and 3mm 2 1100 -

[7461] 150x150 900 Batch - - 3 1100 i
[77] 76x76 ~440 Batch B-type, S* - 10 650 -
[78] 50 ~1000 Batch K-type, S” - 8 1100 -
[79] 120%x120 1500 Continuous K-type, S” - 1 1000 Freeboard
[8810]' 20 1700 Continuous Sgsg agdBu'\" 0.002 3 1400 Freeboard
[82] 100 2000  Continuous  K-type, S” - 4 1000 COTVZLI‘IStor
[83] 85 500-2500  Continuous K-type - 950 Freeboard
[84] 190 ~3000 Continuous R-type, S” - 4 1350 Freeboard

“Sheathed thermocouple
“Bare bead thermocouple

Models can also be classified according to the scale of modelling, whereby
macroscale modelling indicates analysis which treats the bed as a whole, whilst
microscale models will focous on a single porous fuel particle [62]. Sami et al. [85]
presented a three mixture fractions/probability density function approach to
simulate combustion for a blend of coal and manure in a swirl burnerl. The
development of CFD modelling for biomass combustion grew rapidly after this

work.

Scharler et al. [86] used multi-step finite rate chemistry/eddy dissipation
combustion model in the commercial software Fluent to simulate a grate boiler fired
with waste wood and pellets. However, this model was not able to couple the
heterogeneous biomass combustion on the grate and the turbulent reacting flow in
the combustion chamber. Later, they developed their model by combining it with

a finite cell based convective heat exchanger model [87].

1 Swirl burner is one variation of Dust Combustion (DC) technologies. In the swirl system coal is
injected through the centre of the burner with an annular swirling sawdust stream.
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Yang et al. [68, 88] studied numerical models of biomass combustion as well as the
effects of primary air in a packed bed boiler, and used a mathematical model to
describe the phenomenon in the bed. Unlike Scharler, Yang avoided some complex
factors such as a 3D temperature profile inside the particle and the mixing rate
between the under-grate air and in this model. Later, they developed a numerical
model for a full scale power plant furnace, assumed the bed cells were one of the
three types (void cells, boundary cells and inner cells). They found that
experimental results agree well with the predicted results [31, 89-91]. Ryu et al.
[92] considered the k-g turbulent model and expanded the application of this model
to study the ignition and burning rates of segregated waste combustion. Yin et al.
[61, 93-96] conducted modelling of an industrial boiler combustor and developed a
CFD model for the biomass fired grate boiler, proposed two fuel bed models to
couple with the CFD model, and evaluate the factors that may be important in
modelling of biomass-fired grate boilers. Neither the Ryu nor the Yin did not
consider the radiation effect of internal mediums in their models. Kaer et al. [97,
98] modelled the heat transfer inside the solid fuel bed by using a 1D bed model
and showed that two combustion models existed in the bed; one characterized by a
devolatilization front moving downwards, being followed by an upward moving
char oxidization front; and another is that these two reactions both moves upwards.
The first model was used to simulate the fuel bed and then the results were used as
the inlet boundary conditions to calculate the turbulent combustion, which was
modelled by the commercial CFD code CFX. However, they focused on predicting
deposits (on the combustor walls) during the full scale boiler combustion and did
not investigate the effect of deposits on the heat loss from the combustor walls.

Van der Lans et al. [65] developed a homogeneous 2D mathematical model for the
combustion of straw in a grate furnace. Although, this model only considered the
reactions of char with Oz, however the results still showed good agreement with the
experimental data. Wei and Blasiak [99] performed modeling of an ecotube system?
in coal and waste grate combustion, and assumed complex processes on the grate

bed as homogeneous combustion of the gas phase in several well defined zones,

1 The Ecotube-system is a new method for optimising the combustion process in boilers and furnaces
by using retractable, water cooled nozzles. Various agents can be introduced through the nozzles at
high pressure and velocity into the furnace media, resulting in destruction of laminar gas columns
and the formation of completely mixed turbulent flow patterns.

27



and results show improvement in terms of boiler efficiency. Nevertheless, they did
not simulate emissions of the CO» and corrosive chemicals such as SOz and H2S in
the flue gases. Zhou et al. [71] developed a 1D transient heterogeneous model for
straw combustion in a fixed bed. Their simulation included evaporation, pyrolysis,
heterogeneous reaction of char, and homogeneous reaction of volatiles and tar.
They concluded that the effective heat conductivity, heat capacity of straw, and
straw packing condition were the dominating factors influencing the combustion.
They assumed fuel is composed of C, H as well as O and also did not consider the
fragmentation, attrition or agglomeration of solids. Yu et al. [100] developed a
model for the combustion of rice straw in a grate fired boiler under an air and
oxygen rich operating condition and used FLIC (A Fluid Dynamic Incinerator
Code) for the in-bed incineration and the commercial software FLUENT for the
over-bed combustion. They showed that the combustion under the oxygen-enriched
atmosphere accelerated combustion over conventional air. However, this model
does not include the effect of internal heat deflector on the performance of
combustion in the grate fired boiler. A summary of fix-bed combustion models and

general governing equations are presented in Appendix C.

1.9.4 Performance of combustion

Four processes are often used to quantify the performance of combustion in fixed

beds; the ignition front speed, burning rate, peak temperature and emissions.

Ignition speed: Ignition speed which is also referred as flame front speed or
reaction front velocity is based on the temperature change along the bed [101]. It
shows the distance travelled by the reaction front per unit time [35]. There are two

procedures to calculate ignition rate:

e Local ignition speed, to calculate the ignition speed, time lag between two
sequential thermocouples is divided by the distance between them.

o Global ignition speed, in this method the lag time between the first and last
thermocouples is measured and divided by the distance between them
(Figure 1.12) [35].
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Figure 1.12 Determination of ignition speed.

Global ignition speed:

_ X -X
Ve = TC(1) TC(N) (1,3)
trevy—trc(r)

Local ignition speed:

Xrein—XTe
Uf — TC(i) ™ ATC(i+1) (14)
tTC(i+1)|Tm—tTC(i)|Tm

where of is the speed of the reaction front, x and t are position and time at the

respective thermocouple.

Burning rate: The burning rate (ignition rate) is defined as the mass of fuel
converted normalized to the combustor cross sectional and time (kg/m?s) and

expressed as:

my =250 (1.5)
In this regard, A is the cross section area of the fuel bed and dM/dt is the change in
fuel mass per change in time [35] and includes raw (moist) fuel conversion into
both char or gas. To calculate the fuel mass conversion, combustor mass can be
monitored by a scale or weight mechanism. Figure 1.13 shows the procedure for
determining the burning rate [35]. The fuel mass reduces as steps because of

resolution of the weighting scales, so curve fitting can be performed.
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Figure 1.13 Burning rate calculation.

In the estimation of 1, only the fuel that is converted into gases is taken into
consideration. If char formation occur, this is smaller than the amount of fuel ignited
[62].

Peak temperature: The localised temperature has many effects on combustion
processes such as drying pyrolysis and gasification [35]. The increase of the bed
temperature results in an increase of fuel density, because chemical compounds
with relatively low evaporation points, such as water and volatiles, are released to
gas phase (vaporisation, devolatilization), leaving behind a solid phase which
contains char and ash. Figure 1.14 shows a typical relationship between the wood
pellet density and temperature. As such, the moisture content and solid fuel
composition will vary continuously during combustion process as a function of bed

temperature which also influences adiabatic combustion temperature.
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Figure 1.14 Variation of density with temperature.
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Adiabatic combustion temperature increases as a function of degree of burnout? at
a constant excess air ratio? [56]. Also the peak temperature is required for estimation
of activation energy. In practice, the recorded temperature is fluctuated, because of
particle movement in the bed. In this case the sum of the peak temperatures recorded
at each thermocouple is taken and average value is calculated by dividing the sum

of the peak temperatures to the number of thermocouples.

Emissions: Biomass is the most difficult to burn of the commonly used heating
fuels. The amount of pollutants emitted to the atmosphere from different types of
biomass combustion are highly dependent on the combustion technology
implemented, the fuel properties and the combustion process conditions [102]. The
amount of emissions released is one of the most important performance indicators
in the biomass combustion. In this research project, the main focus on emissions is
on CO, CO2, NOyx. Many variables directly or indirectly influence emission levels
such as bed temperature [35], fuel properties [68, 69], air distribution rate and
secondary air [45]. Primary pollutants from biomass combustion can be classified
into two groups: from incomplete combustion or from inorganic components in
biofuels [95]. In counter-current combustion, three different regimes are identified
oxygen-limited, reaction-limited and quenching by convection [103]. The
emissions in these three zones is different, for example in char gasification zone in
a reactor (0.2m in inner diameter and 2.0m in total height) under certain operating
condition CO concentration increase from 15 (vol%) to 25 (vol%) and then decrease
to 0 (vol%) [104].

1.10 Project motivation

Deflectors, which form the research focus of this project, are common in industrial
combustors and have been extensively employed to improve combustion
performance and decrease particle emission [105]. However, far less attention has
been paid to investigate the effects of deflectors on biomass combustion in fixed
beds reactors or the thermal effects in (non-reacting) packed beds. Even so, whilst
few systematic researches into the effects of freeboard deflectors have been made,
published studies [56, 106, 107] indicate that deflectors influence combustion

! The degree of oxidation in a combustion reaction
2 Excess air ratio= (Mass of air (kg) to combust one kg of fuel)/(Stochiometric air)
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performance by affecting the heat transfer and flow dynamics in the freeboard
section. Since there are many similarities between fixed bed configurations and
industrial systems where heat and mass transfer in the vertical direction is the
dominating factor, small scale combustors have been used to study fundamental
behaviour and performance in industrial moving grate combustors factor [31, 35,
63, 108]. As a result, there is a need to investigate the effects of deflectors on the
temperature profiles, emissions and flue gas availability in laboratory scale fixed
bed biomass combustor.

The key benefit of packed beds is the high surface area to volume ratio which
suitable them for a wide range of engineering applications from chemical reactors
[109-113] and fixed bed combustors [33, 114-116] to heat storage systems [117-
119] and heat exchangers [120, 121]. Since (non-reacting) packed beds can also be
used as a first step in studying the thermal performance in fixed bed combustors,
the need to study these is also warranted. In counter-current fixed bed combustion
biomass fuels are first heated up by initial ignition started from top of the bed and
propagates downwards. Biomass usually contains moisture (which is stored in
material structure) and volatile matter (typically from 10% to 70% of the original
fuel mass) [88, 103]. In combusting packed beds heat transfer rates inside packed
beds limit evaporation rates and other sub-processes such as volatile release rates
[122]. Numerous numerical studies described the heat transfer and flow
characterisation in non-combusting packed beds [109, 123-128]. Meanwhile,
several unresolved problems persist. Such problems include the effects of porosity,
wall temperature and fluid velocity on the effective thermal conductivity and
temperature distributions in packed beds. Heat transfer relationships have been
thoroughly studied both experimentally and theoretically but the derived equations
are limited to low Reynolds numbers [129-131], non-drying particles [109] and
deficient defined boundary condition [124, 132]. In Addition, the effect of
freeboard deflectors on the axial pressure drop and temperature distribution have
not been reported in the literature. This research have been investigated the effects
of a deflector above a packed bed by using a of a three-dimensional Computational
Fluid Dynamics (CFD) model of a porous media. The impact of freeboard

deflectors on the pressure drop, axial and radial temperature profiles have been
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studied for the temperature range of 100°C to 400°C which is typical for drying and

volatile release in biomass combustion.

Thermal conversion processes are very sensitive to various parameters such as fuel
characterizations, uniformity of fuel bed and fluctuation of primary and secondary
air flowrates. Hence, extracting the steady state time period can be problematic by
the time progression and variability of different test variables. Despite most
researchers have been reported results derived from steady state operating
behaviour, little detail has been published on systematic approaches to define the
steady state testing regime [33, 35, 37, 102, 133-135]. In the absence of systematic
method to discerning the steady state time period, there is an ambiguity in relation
to how emissions, temperature and burning rate have been derived and presented.
This research has addresses the above knowledge gaps by detailed analyses on the
time series of thermocouples, emissions and fuel mass conversion data and
developing a methodology to establish the onset of the steady state condition in

fixed bed combustion.

Sheathed thermocouples are widely used for measuring temperatures inside the
combustors. Temperature readings using such a device may significantly affected
by radiative exchange errors [136]. Ignoring the radiative cooling effects of
combustor walls may lead to remarkable errors in measured temperatures [137].
The significance of radiation losses depends on several parameters such as
thermocouple sheath/bead emissivity, the flue gas properties (temperature, soot
loading), thermocouple size, the surroundings temperature (combustor walls) and
convective heat transfer in the vicinity of the thermocouple sheath/bead [138, 139].
Sheathed thermocouples offer higher reliability and reduce radiation errors [139,
140]. However, despite wide use of such thermocouples, there is a paucity of
literature investigating the use or impact of any radiation corrections. Bridging this

gap is one of the outcomes of this research.

1.11 Research questions

The overview above identifies existing challenges and unresolved issues in relation
to freeboard deflectors and their effects on the performance of both non-reacting
packed beds and fixed bed combustors. The research questions addressed in this

doctoral thesis are briefly described below.
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RQL1 In fixed bed combustors, what is the most effective method of ascertaining
the steady state time period, both with and without freeboard deflectors? This

research question will be addressed in Chapter 2.

RQ2 In fixed bed combustors, does the use of freebaord deflectors introduce any
thermal effects which affect the method used to process thermocouple data, and if
so, what is the order of these effects? This research question will be addressed in
Chapter 2.

RQ3 For biomass combustion in fixed bed combustors, how does the axial location
of an internal heat deflector affect the emissions, temperatures and fuel burning

rate? This research question will be addressed in Chapter 3.

RQ4 In fixed bed combustors, what impact do freeboard deflectors have on the flue
gases availability (exergy analyses)? This research question will be addressed in
Chapter 4.

RQ5 In non-reactive packed beds, what effects do freeboard deflectors have on the
temperatures and pressure drops inside the bed and above it (in the freebaord) and
how does this vary with the mode of heating? This research question will be

addressed in Chapter 5.

1.12 Research methodologies

The above research questions are addressed in this thesis by applying both
experimental and numerical methodologies. The experimental methods include
temperature, continuous emissions measurements and weight loss monitoring in a
continuous feed fixed bed combustor. Commercial software package, ANSYS
FLUENT (version 14.5), and MATLAB (version 2012b) are used for the numerical

analyses.

Experiments are conducted on a laboratory scale fixed bed combustor. The biomass
fuel used in this study is in the form of cylindrical wood pellets. The combustor
includes a continuous feeding system. To facilitate temperature measurements
fifteen thermocouples are placed axially along the combustor side wall and used to
determine the temperature profiles. The thermocouples can be positioned at any

desired radial position. A specially designed deflector is positioned at two different
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locations in freeboard for the test conditions reported in this study. A continuous
sampling gas analyser is used to monitor emissions (O2, CO, CO2, NO) and NOx in
the flue gas. A LabView interface (Ver. 2014) has been used to generate a time

series of temperatures and emissions data.

In this study, ANSYS Fluent (version 14.5) has been employed to study heat
transfer and fluid flow characteristics inside a packed bed and freeboard by
implementation of a three-dimensional model of a porous media. Two CFD models
have been developed. First model is used for validation against the experimental
data and second model is then employed to study the effects of a freeboard
deflector. The analyses have been carried out up to 400°C, which covers the
temperature range for both particle drying and partially volatile release in biomass

combustion.

To facilitate data analysis a MATLAB (Ver. R2012b) script has been developed to
post-process the combustion variables including thermocouple, gas analyser and
weighting system data. This MATLAB program has been used to derive the
percentile mean deviation for each parameter and extract the steady state time
period for each test. Another MATLAB script has been developed to investigate the
radiative effects on thermocouples. This program compare two numerical model
(aspirated and bare bead) to establish the radiation corrected temperature for any
thermocouple. More details about the methodologies for the experimental and

numerical studies are presented in Chapter 2 and Appendix D.

1.13 Thesis structure

This thesis is presented and organised as “Thesis with publication” format?; and

is structured in chapters as follows:

Chapter 1 presents the general overview of the project topic and practical
applications of biomass combustion and deflectors, followed by project
motivations, objectives of the thesis and methodology used in this research.

! “Thesis with Publication” is an acceptable format of thesis for postgraduate research at ECU
policy. The current thesis has been written based on the guideline provided at
http://www.ecu.edu.au/GPPS/policies_db/policies_view.php?rec_id=0000000434. In this format,
the submitted thesis can consist of publications that have already been published, are in the process
of being published, or a combination of these.
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Chapter 2 provides a detailed methodology for processing experimental fixed bed
combustor data and defining the steady state time period and effects of a freeboard
deflector on the stabilization of the combustion process. The significance of the
radiation heat losses (from the surfaces of thermocouple) and its effect on the
accuracy of measured temperatures are discussed. Furthermore, the thermal effect

of deflectors on the method used to process thermocouple data discussed.

Chapter 3 discusses the effect of deflectors on thermal conversion (burning rate),
centreline and near-wall temperature profiles and gaseous emissions (NO, CO,
CO»).

Chapter 4 discusses the effect of deflectors on the flue gases availability and

exergy analyses in the fixed bed combustor.

Chapter 5 discusses results from numerical simulation to better understand the
effect of freeboard deflectors on pressure drop and heat transfer inside non-reacting

packed bed columns.

Chapter 6 provides a general discussion of the results presented in each chapter

and addresses the research questions for the overall project.

Chapter 7 integrates the findings of all chapters and also outlines directions for

future research.
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Chapter @

General discussion

Although deflectors have been used in the freeboard section of the industrial
furnaces to reduce particle matters and flame radiation into the exhaust stack, their
impact on emissions and temperature distributions, remains one of the outstanding
challenges in the biomass combustors. Whilst no systematic studies into the effects
of freeboard deflectors has been made, published work indicates that wall
temperatures and flow dynamics in the freeboard section affect the emissions,
particulate matters and residence time [1-3].

The main aim of this chapter is to integrate the research outcomes to help build a
better overall picture in this area. In this way, this chapter will not only establish
connections among the chapters, but will also address the research questions

presented in Chapter 1.

6.1 Defining the one set of steady state

Although most published research reported results are based on the steady state
operating behaviour, there are challenges associated with defining this stage. The
temporal stabilization of the thermocouple and emissions data was investigated for
the tests with and without deflector in Chapter 2 and a new method for extracting
the steady state time period has been proposed. The results showed by driving the
percentile mean deviation (Figures 2.6 and 2.8) for the temperature and species
data, and selecting various time spans, the steady state operating period can be more
accurately specified in comparison to simply using the raw time series data of
temperatures and emissions (Figure 2.3). The presence of a freeboard deflector
appears to delay stabilization of the percentile deviation of temperatures,
particularly in the downstream. It also appears the burning rate is not a sensitive

indicator to establish the steady state time window (Figure 2.2).



6.2 Radiative heat transfer from the thermocouple surface

The measured gas temperature can be affected by radiation heat loss from the
surface of the thermocouple to the surrounding reactor walls and which
subsequently affects the accuracy of measured temperature. Numerical simulations
[4] and experimental results [5, 6] have revealed that thermocouples are more likely
to be affected by radiation (loss) to the walls than radiative (gain) with the fuel bed.
Bare bead thermocouples show the maximum temperature measurement error
compared to the sheathed and single shielded aspirated thermocouples [7, 8],
therefore these two extreme corrections (bare bead and single shielded aspirated
models) have been chosen to estimate radiation compensations for the experimental
configuration used (Figure 2.10). It appears that radiative effects have greater
impact on the thermocouples in the vicinity of the secondary air zone (Figure 2.11).
This may be due to the cooling effect resulting from the secondary air flows. It also
appears the presence of the deflector reduces the radiation errors for the
thermocouples which located in the downstream. Because of the deflector effects
on the wall temperatures and radial temperature profiles in the downstream. Results
conclude the significance of the radiation heat losses are negligible for the tests

conducted on this laboratory scale combustor.

6.3 Effects of deflectors on combustion performance
6.3.1 Emissions

The data have been banded into three ranges of stoichiometry (Aprimary=0.317-0.423,
0.439-0.509, and 0.537-0.607). The range of Aprimary=0.439-0.509 is focussed upon
because of an agglomeration of data points (Table 3.2 and Figure 3.3). These data
cover tests with deflector at two axial distances (H=240 and 425mm) as well as
baseline tests with no deflector. Results showed using a deflector generally increase
the level of CO emissions (Figure3.6b) but leads to a decrease in the average NO
and CO2 emissions (Figures 3.6a and 3.3). It should be noted that the deflector
effects are also sensitive to its location as shown by data at H=240mm and 245mm.
Parameters such as fuel quality [9], excess air (staging) [2, 9-12], fuel staging [13],
temperature and fluid dynamics [14] affect NO and CO formation. Since the
experimental results confirm the reduction in the average downstream temperatures

(Figures 3.5a and 3.5b) and temperature ranges are too low for thermal NO
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formation (T>1300°C), therefore fuel-N conversion is the dominant mechanism for
NO generation [1, 2, 12, 15]. Bear in mind that the deflectors affect the fluid flow
upstream of the deflectors through longer residence time, it seems the effect of the
deflector on NO and CO emissions is due to flue gas mixing and turbulence

behaviour in the downstream section.

6.3.2 Temperatures

The presence of a deflector at H=240mm (upstream of the secondary air) decreases
the near-wall temperature profiles upstream of the secondary air (TC13 to TC7,
Figure 3.5a) on the contrary, the temperatures increase in the downstream of the
secondary air (TC6 to TCO). Positioning the deflector at H=425mm (downstream
of the secondary air) decrease its influence on the downstream near-wall
temperatures (TC6-TCO0). Results showed the magnitude of change in upstream
wall temperatures (TC13-TC7) is sensitive to deflector distance (H). It can be
concluded that the presence of a deflector whether upstream or downstream of the
secondary air reduces downstream near-wall temperatures (TC6-TCO0). The reasons
for this behaviour could be due to the varied flow conditions and residence time (in
the upstream) [16]. The deflector appears to affects the centreline temperature
profiles in the upstream (TC13-TC7) but no clear effects have been seen in the

downstream (TC6-TCO) as presented in the Figure 3.5c.

6.3.3 Burning rate

Despite the deflector effects on emissions and temperatures, they don’t have a
significant impact on the burning rate. Figure 3.4a shows very similar fuel
consumption rate (kgs™) over time for a range of test cases, both with and without
a deflector over Aprimary=0.439-0.509. The burning rate is established across all the
data which which are acquired (at 600sec intervals) over a lengthy period of testing.
Its steadiness also means it is invalid to use as an indicator for the start of the steady

state performance.

6.3.4 Flue gases availability

Results show that deflectors do not have significant impacts on the total exergy and
CO chemical exergy of the flue gases at the exhaust section (Figure 4.6). However,

the mechanical exergy profiles inside the combustor are affected by the use of
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freeboard deflectors (Figure 4.5). Presence of a deflector appears to decrease the
mechanical exergy profiles downstream of the secondary air. Impacts of deflector
on the mechanical exergy are sensitive to deflector location (H). Deflectors located
downstream of the secondary air at H=425mm have more impact on upstream

mechanical exergy.

6.4 Effects of deflectors on the heat transfer inside non-reactive packed bed

columns
6.4.1 Effects of deflectors on the axial temperature profiles

Several equations have been derived for the effective thermal conductivity based
on their respective experimental conditions [17-21]. To obtain representative values
of the steady-state effective thermal conductivity for each of the eleven zones,
preliminary simulations are carried out against the original data [22]. Simulations
were carried out for a temperature range of 100-400°C which is typical for drying
and volatile release in biomass combustion. Numerical results showed with constant
wall temperature boundary condition (wall heated), deflectors have no significant
impact on the centreline axial temperature profile inside the bed and freeboard
(Figure 5.6). To understand the effects of deflector on temperature distribution
inside the packed bed with heated inlet air the simulations with the new boundary
condition have been performed. The inlet air temperature was set at 400°C and the
wall of packed bed and freeboard are assumed to be uninsulated and heat transfer
IS due to convection and radiation from the walls other boundary conditions are
same as previous models. It is seen that in this case deflector is not only affects
axial temperature within the freeboard, but also changes axial temperature profile
inside the packed bed (Figure 5.7). Results revealed that the deflector position (H)
does not appear to influence the intra-bed temperatures, which is expected.
However, for both deflector positions (H=10mm or H=185mm), the freeboard
deflector leads to a ~5% increase in temperature within the freeboard. This
temperature change inside the freeboard is likely to be attributed to the convective

and radiative effect from the deflector (Figure 5.6).

6.4.2 Effects of deflectors on the radial temperature distributions

The results depend on the mode of heating. Simulations were carried out for two

boundary conditions: (i) heated walls by assuming constant temperature at the
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exterior walls and (ii) heated inlet air. CFD results predicted that in wall-heated
packed beds, deflectors have minimal impact on the radial temperature distributions
inside the bed (Figures 5.8a and 5.8d). However, they change radial temperature
profiles and increase the near-wall temperatures (Figures 5.8b, 5.8c, 5.8e and 5.8f).
At stream temperatures of 100°C, the presence of a deflector leads to an increase of
~5% (Figure 5.8c¢) but this increase to ~7% at 400°C (Figure 5.8f).

For the temperature range investigated (100°C to 400°C), the results reveal that
deflectors have significant effects on the temperature distributions in the freeboard
by increasing the wall temperature. However, the impacts of deflectors on the
temperature profiles inside the packed bed are negligible. By changing the
boundary conditions and heating the packed bed by increasing the inlet air
temperature (instead of constant wall temperature), deflector effects become more
pronounced. In this case deflector affects both the temperature distributions inside
packed bed and freeboard.
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Chapter 7

Conclusion and Future Work Recommendations

This chapter integrates the findings of all chapters and offers suggestions for

possible future works.

7.1 Conclusions

This thesis largely focused on the impact of freeboard deflectors in fixed bed
biomass combustors and non-combusting packed beds. Fixed bed counter-current
thermal conversion is investigated due to its similarity with large industrial moving
and fixed grate burners. Both experimental and numerical techniques were utilised

to address the research questions stated in Chapter 1.

7.1.1 Onset of steady state in combusting packed beds

A new method for defining the onset of steady state in fixed bed combustors has
been developed and effects of radiation losses on thermocouples data investigated.
In addition, the sensitivity of these outcomes to the presence of downstream

deflector is also presented. From the study the following conclusions can be drawn:

e Using the time series of (raw) operating parameters such as the temperature
and emissions data or observing visible flame behavior is not a reliable method
to identify steady state conditions during the testing of fixed bed biomass
combustors.

e Results reveal that using only the burning rate is not a sensitive indicator to
determining the start of the steady state period in the continuous feeding fixed
bed combustor.

e The use of the percentile mean deviation of temperatures (at multiple axial
stations) and NO/CO emissions data can provide a clearer methodology to
defining the start of the steady state period.

e Defining the start of the steady state time period is based on the stabilization
time of NO/CO or temperatures (whichever takes longer time to stabilize). In

the results presented, emissions appearing to stabilize earlier than temperatures.



This is however dependent on the combustion stoichiometry as it affects both
temperatures and emissions.

The stabilization of the percentile deviation of temperatures (particularly in the
downstream) is affected by the use of freeboard deflectors. Deflectors cause
higher level of fluctuation (Ri) and delay the stabilization of the percentile
deviation of temperatures. This maybe attributable to turbulence and/or
radiative heat transfer effects associated with freeboard deflector.

To characterize the significance of correcting thermocouple data for radiative
(wall) losses, two numerical models (aspirated and bare bead) were compared.
The results show that except for thermocouples which located at axial stations
in the vicinity of secondary air, there is little deviation between the measured
and radiation corrected temperatures. This may be due to the fact that for a
given gas temperature, the errors are very sensitive to the wall temperature.

In general this study indicates that radiative corrections to thermocouple data
(in this laboratory scale combustor) can be negligible.

It also appears the presence of the deflector dampens the difference from
applying both methods of radiative correction (bare bead versus single shielded
aspirated) over the combustor. This may be due to the deflector causing more
uniformity in the temperatures between the centreline and wall particularly in

the downstream.

7.1.2 Deflector effects in combusting packed beds

A laboratory scale combustor with continuous feeding system used to characterize

the influence of deflectors on combustion performance. A specially designed

deflector with an adjustable rod allowed regulating the deflector at different axial

position. Fifteen thermocouples were used to ascertain the axial and radial

temperature distributions and gaseous emissions (02, CO, CO2 and NO) were

monitored by a continuous sampling gas analyser, the following conclusions have

been drawn:

Using a deflector generally reduces the level of NO emissions but leads to a
rise in the average CO emissions. Varying the location of deflector in the

freeboard appears to influence CO, whilst NO emissions are not sensitive to
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the location of the deflectors. In addition, results show that deflectors don’t
have appreciable impact on the burning rate.

e The presence of a deflector appears to increase the near-wall temperature
profiles upstream of the secondary air, but decrease near-wall temperatures in
the downstream.

e Itis believed the effects of the deflectors appear to be due to change the fluid
flow upstream of the deflectors through longer residence time.

7.1.3 Effect of freeboard deflectors on the exergy in combusting packed beds

The influence of deflectors on the exergy analysis in a fixed bed biomass combustor
has been studied. This study includes experiments conducted on continues feed
pellet combustor, with a freeboard deflector located at different axial locations, the

following conclusions can be drawn:

e CO chemical exergy and total exergy decrease when the air-fuel equivalence
ratio (A) increases.

e Mechanical exergy is sensitive to the axial position of the deflector (H). By
raising the deflector position, it more significantly affects the mechanical
exergy in the downstream.

e In general this study indicates that the deflectors do not have significant impact
on the total exergy and CO chemical exergy of the flue gases at the exhaust
section.

e An uncertainty analysis has been applied to a sample number of text cases,
whereby the likely £3% variation on temperature, CO emissions as well as

exergies has been estimated

7.1.4 Deflector effects in non-combusting packed beds

A commercial CFD software package ANSYS Fluent (version 14.5) was used to
simulate heat transfer and fluid flow inside a packed bed and freeboard by
implementation of a three-dimensional CFD model of a porous media. Furthermore,
MATLAB (ver. 2012b) codes have been developed to post-process the combustion
variables, extracting steady state time period and establish the radiation corrected

temperature for thermocouples. An overall summary of the results is given below.
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e For the temperature range investigated (100°C to 400°C), the numerical results
reveal that deflectors influence the temperature distributions in the freeboard
by increasing the wall temperature but this depends on the mode of heating
(wall heated versus heated primary air).

e The impact of deflectors on the temperature profiles inside the non-reactive
packed bed (below the freeboard) has been found to be negligible. By changing
the boundary conditions and increasing inlet air temperature (instead of
constant wall temperature), the deflector more significantly affects both the

temperature distributions inside the packed bed column.

7.2 Future work recommendations

e Investigating the effect of freeboard deflectors on particulate emissions over
the range Atota=1-3 (experimental work).

¢ Investigating the effect of freeboard deflectors in different air staging strategies
(ratio of secondary/primary air) on the emissions and temperatures
(experimental work).

e Whereas the present study has used a square shaped deflector, a future research
project using different deflector with different shapes (and dimensions) may
investigate the effects of deflector shape on the combustor performance
(experimental work).

e Further works are required to optimize the secondary air flow rate and
minimize emissions in the presence of a deflector (experimental work).

e More work is warranted to further identify the role of freeboard deflectors at
higher inlet air temperature or where the heat source occurs at the top of the
non-reactive packed beds (numerical work).

e Develop a complete combustion model (including emissions) for simulation of
freeboard deflectors in fixed bed combustors (numerical work).

e Simulation of non-reactive packed bed by implementation of the radiative heat
transfer between two phases in the porous media, as it is of key importance at
higher temperatures (T>800°C) (numerical work).

e Computational based studies to develop a model for simulation of deflector
effects in an industrial combustors to optimise combustion process (numerical

work).
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e A wider experimental testing campaign, featuring multiple repetitions of
similarly operated combustor test conditions as well as broader stoichiometry
and error analyses, is warranted so as to more generally analyse the effects of
freeboard deflectors.
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Appendices
Appendix A Permission of copyrighted material

Please refer to the attached CD (CD-1) for the permissions of published article to
use in the thesis.
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Appendix B Statement of co-authors contribution
Please refer to the attached CD (CD-2) for detailed documents of statement of co-

authors contribution for each publication listed.
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Appendix C Mathematical modelling

C-1 Classification of the packed bed combustion models

To date various models have been developed and introduced to simulate
combustion in packed beds. The selection of suitable governing equations is an
important step which affects the solution [1] and it is also use useful to categorize
the solutions according to the scale of modelling the bed. In this regard, a packed
bed can be treated as a continues porous medium if intra-particle effects are fairly
negligible. However, if the bed consists of rather large fuel particles, then assuming
a continuous bed will produce inaccurate results because of considerable intra-
particle gradients. When the Biot number Bi>>1, temperature gradients will exist
inside fuel particles and the size of pellets fuel cannot be neglected [2-4]. A
summary of fix-bed combustion models according to the scale of modelling can be

classified as following:

Microscale models: This model has been developed for in depth studies of heat
and mass transfer as well as simulations of the reactions inside single particle [4].
Moreover, by using this scale of modelling, effects of free water inside a particle

(moisture) can also be studied as shown in Figure C-1.

Macroscale models: These models assume the bed to be an integrated porous
medium consisting of gas and solid phases and combustion is simulated through the
whole fuel bed. This approach is acceptable for thermally thin solid particles! [5]

as shown in Figure C-2.

Combustor
wall

Fuel bed

Figure C-1 Microscale model which consider simulation of the single solid
particle.

! Temperature difference across the particle is negligible.
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Combustor
wall

Fuel bed e

ﬁ ﬁ ﬁ T~ onte

Primary air

Figure C-2 Macroscale model consider the entire bed as an integrated porous
medium.

Particle-resolved macroscale models: This modelling approach is a combination
of the two previous models. The solid phase is assumed as a finite number of fuel
particles, which one individually described by microscale models. Additionally, the
packed bed is simulated by a macroscale model and boundary conditions are used
to connect the particle model with the macroscale model. Figure C-3 shows a typical
mesh of particle-resolved macroscale model [6].

Combustor
wall

Fuel bed -

ﬁ ﬁ ﬂ T~ Gt

Primary air

Figure C-3 A particle-resolved macroscale model.

C-2 General governing equation

Combustion reaction process consists of various types of physical and chemical

phenomena. Conservation laws of mass, momentum and energy govern combustion
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processes. A system of transient partial differential equations is employed to
represent these phenomena. In a general form, the following equation describes a
bed model in the unsteady situation [7]:

22D 4 7. (epv) = V.(I'Vp) + S, (C.1)

9(ep9)
ot

V. (epv): Convection term
V. (I'V¢): Diffusion term

Sq,,: Source term

: Unsteady term

where ¢ is porosity, p(kg/m®) is density, v (m/s) is a vector of interstitial velocity?,
¢ is transported (scalar) quantity, 7" is diffusion coefficient and S¢ includes all
source terms. The product p is called bulk density. By substitution ¢, /" and S4 with
certain physical quantities, equation (C.1) becomes a governing equation for heat,
mass or momentum transfer. Source term of equation (C.1) consists of whatever
which cannot be fitted into the unsteady, convection or diffusion terms. For the
energy equation, heat transfer rates always include convective heat transfer and heat
release or consumption of chemical reactions. For calculation the radiation heat
transfer usually a separate system of ordinary differential equations are employed
and the radiation heat flux enters the energy transport equation through the source
term [8, 9]. Also the radiation effects can be lumped into the effective thermal

conductivity [10].

Table C-1 shows some of the physical quantities which are commonly met in the
fuel bed models. In heterogeneous model mass and heat transfer are described by
distinguished equation for each phase. Conversely in homogenous model,
temperature and mass concentration gradients at the fuel particle are insignificant
(usually in fine particles) and the model can be further simplified to a one-phase
model [11]. In addition to the description of the coefficients, various modelling can
be used to develop different form of the governing equation. For example, Yang et

al. [12] developed 1D model which use the momentum equation to solve gas flow,

L Interstitial velocity is a measurement of how fast fluid flows through a medium in a particular
direction.
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while other 1D models calculated the gas flow direct from the continuity equation

[10, 13]. These models assume a plug flow in the combustor with constant pressure.

Table C-1 Coefficients of the general governing equation with related physical
units for transport equations in fuel bed models [6].

Equation P r Sp

o Sum of heterogeneous
Continuity 1 0 ]
reaction rates r

Mass fractions Product of bulk density

. ; and effective mass Rate of production or
Species Product of i-th . - . ! .
. dispersion coefficient consumption of species r;
species Y epD;
I

Product of bulk density
Energy Specific enthalpy h and effective mass Heat transfer rate ¢
dispersion coefficient A/Cy,

Pressure gradient VP,
Momentum Velocities v; Dynamic viscosity eu gravity force, interphase
momentum transfer f

C-3 Pressure drop

The Ergun equation expresses pressure drop due to resistance of the bed. This
equation shows how friction factor in a packed column and the Reynolds number
are related [14]:

f,=1o+175 (C.2)

Rey,

where fp and Rep, are defined as:

_Mp D &
fo=Tm () (C.3)
DpVsp
Rep = (11)_—8)/1 (C4)

Where Ap is the pressure drop across the bed, L is the bed height, Dp is the
equivalent spherical diameter of the packing, p is the flowing gas density, u is the
dynamic viscosity of the flowing gas, Vs is the superficial velocity (i.e. gas velocity

through an empty tube at the same volumetric flow rate) and ¢ is the bed porosity.
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C-4 Modeling of the combustion sub-processes

In this regard, combustion process is divided into four major steps: moisture
evaporation (fuel drying), pyrolysis, gasification and combustion (high temperature

oxidation reactions).

C-4.1 Models of moisture evaporation

The drying models can be categorized into three different types [15]:

Heat sink model: The basis of this model is that drying occurs at a fixed saturation
temperature and the drying region is infinitely thin and behaves same as a heat sink.
Water vapour leaves the particle at once because there is no resistance to mass

transfer and the drying rate is controlled by heat transfer [16].

First-order Kinetic rate mode: In this model a first order kinetic equation is
employed to simulate the evaporation rate with drying depending on temperature
and moisture content of the fuel particle. This model is expressed by an Arhenius-

type expression:
Eq
Tary = Aexp (_ R_Ts) Psb YHZO,S (C.5)

Where rary is the rate of drying (kg/m?3s), A (1/s) is pre-exponential factor, Ea (J/mol)
is the activation energy, R (J/mol K) is the universal gas constant for the coflowing
air, Ts (K) and ps» (kg/m3) are solid phase temperature and bulk density,

respectively, and Yoo, (kg/kg) is mass fraction of water contained in the fuel.

Equilibrium model: Is based on the assumption that water vapour is in equilibrium
with the coflowing gas. As a result the saturation pressure will be fixed the partial
pressure of water vapour. This hypothesis is conventional for low-temperature
drying. Equilibrium models are dependent on both the heat transfer and the mass

transfer and governed by:

rdTy = dep (psb)pHZO,surf - pHZO,g (C.G)
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Where kg (m/s) is mass transfer coefficient, Ay (m?/m?) is volumetric particle surface
area and przosurf , pHzog (Kg/m3) are densities of water vapour at particle surface

and in the gas phase, respectively [9, 17].

C-4.2 Model of pyrolysis

Biomass generally contains large proportion of volatile content and a smaller
amount of low char content, which makes biomass a highly reactive fuel. However,
the volatile content varies for different biomass fuels, which subsequently
influences the thermal behaviour of the fuel. When the fuel is heated up to a certain
temperature, volatile matter is gradually released in gaseous phase after moisture
evaporation first acts as a heat sink. If the temperature is raised further, the solid
fuel is thermally decomposed as external oxidizing species cannot penetrate into
particle pores due to the flow of released volatiles. In this content, the
devolatilization is also referred to as pyrolysis. If there is enough surrounding
oxygen, these released gaseous volatiles burn again when temperature exceeds a

certain level.

It is often assumed that devolatilization is almost neutral with respect to heat release
or consumption [18]. With this process in mind, a one- step global reaction can be
used to describe the devolatilization of solid fuels [19] and a first-order kinetic rate

model is employed to describe he pyrolysis rate rpy:

Fuel—Volatiles+Char (C.7)
Eq
Toyr = Aexp (_ R_Ts) PsbYvoLs (C.8)

where Yy is the mass fraction of volatile matter in the fuel particle [20].

C-4.3 Combustion reaction model

Gaseous products, which are released through the pyrolysis process, mix together
with the combustion air before homogenous reactions can take place. After that,
chemical Kkinetics control the process in the gas phase. These reaction rates can be
estimated by taking the minimum of the mixing rate and chemical kinetics rate as
obtained from an Arhenius-type expression. In practical operation, a fuel-rich
combustion mode occurs in the bed if excessive amounts of unburnt volatile gases

leave the bed, and inadequate air is injected into the combustor. Under those
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conditions, modelling of the reactions can be assumed as a freeboard model. In this
case a commercial CFD packages with more detailed reaction schemes such as
ANSYS FLUENT can be employed [19].

After pyrolysis, emissions of volatile gas stop, so external oxidizing agents can
diffuse through the boundary layer of a solid particle and react with the remaining

carbon. Char oxidization is described by [19]:

C+a02—2(1-a)CO+(2a-1)CO2 (C.9)
where « is determined from product formation ratio rco/rcoz, which depends on the
fuel temperature and is usually expressed as [10]:

€0 — Aexp (— }f—a) (C.10)

The rate of char oxidation is a function of the kinetic reaction rate and the rate of
oxygen diffusion to the particle surface and the rate of char oxidation is generally
expressed as [6]:

kckp

.=A
¢ p kc+kp

Po, (C.11)

where A, (m?/m?®) is volumetric surface of the particle, k¢ (kg/m? s Atm) is Arhenius-
type kinetic rate constant, ko (kg/m? s atm) is coefficient of mass transfer and Po
(atm) is partial pressure of oxygen in gas phase. Yang et al. [19] and Zhou et al.
[10] reported the parameters needed for the reaction modelling. The kinetics for
wood pellet combustion in the current project will be derived using literatures [19,
21].

C-5 Radiation heat transfer

Radiative heat transfer from the walls and from the flame in the combustor affects
solid fuel dying, devolatilization, and combustion and included through the source

term in the energy equation (C.1), Sy.

Sp=-V.q@) = f," 20002 (C.12)
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-

Where q(7) is radiative heat flux vector (W/m), 7 is position vector (m), s is
coordinate along the path of a radiation ray (m), and I, is intensity of radiation at

the wave length A (W/m? sr pum).

Additionally Radiation Transfer Equation (RTE) for an absorbing, emitting and

scattering medium expressed as:

d A - A - A —>
f = 8.V = =1L (7,8) — 05, (7, 8) + 131, 2 (F) +

sA (4 N ~ A
ZA (L, 891 (5,8)00;  (C.13)

where 4 is wavelength (um), « is absorption coefficient, os is scattering coefficient,
Ib is black body radiation, Qi is solid angle in s direction (sr), @ is scattering phase
function, 7 is position vector, and $ is direction vector, Figure C-4 can be used to
explain the terms of RTE equation over a finite volume, whereby it depicts a
radiation beam travelling (along direction s) in an absorbing, emitting and scattering
media. As the beam passes through the medium, some energy is lost from the beam
due to absorption and scattering in the media. In addition, the beam may gain energy
from incoming scattering and gas emission emitted from the media. In equation
(C.13), the first two terms on the right hand side represent losses due to absorption
and scattering whereas the last two terms stand for gains due to energy emitted from

the media and incoming scattering [22].

S
e ———— - direction

‘Outgoing Radiation

I+ (dl)d
ds $

Absorption and
scattering losses

| (K+05)dS //,///

_ Scattering
" addition

L

AT
1
1
1
1
1
1
1
1

Figure C-4 Modeling of radiation heat transfer.
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Simplifications need to be done to help solve the RTE equation and several
numerical methods have been developed to solve it. The most important approaches
are Optically Thin model (OT), Pl-approximation model and Finite Volume
Method (FVM) [23].

C-6 Heat loss from the combustor wall

Combustor wall temperature affects combustion performance. Heat transfer rate
from a reactor wall (to the environment) has significant effect on the wall
temperature and reducing this heat loss more heat will be available for the various
stages of combustion to take place. A rate of heat transfer balance is a primary tool
for estimating the heat loss from the combustor wall to the environment. In this
regard, there are two general approaches to establishing heat balance: heat balance

in terms of temperature and in terms of enthalpy.

Heat balance with respect to the temperature: Figure C-5 shows heat fluxes in a

combustor, a source term can be defined as following:
G1—q2—¢q3+S=0 (C.14)

where (s is the heat flow of incoming air (J/s), g2 is heat lost to the environment via
combustor walls, gz is the heat taken up by flue gases and S heat (source term)

generated by the reaction front. The heat fluxes and the source term are defined as:

ﬁqs

02

2R

Figure C-5 Heat fluxes.

g1 = mmcp,inTinnRZ (C.15)
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G, = — f, h(T; — T,)2nRdl (C.16)
4z = m(;utcp,outToutﬂRz (C-l7)
S = m,QnR? (C.18)

where m,,,is the mass flux of the incoming air (kg/m? s), Cpin is the specific heat
capacity (J/kg K), Tin is the in inlet air temperature (K), R is the radius of reactor
(m), h is the convection heat transfer coefficient (W/m? K), Ti is the inner wall
temperature, Te is the outer wall temperature, | is the length of the reactor tube, m,,;
is the mass flux of product gases, Tout is the outlet temperature of product gasses,
mg is the solid fuel mass flux, and Q is the heat of the reaction (J/kg). The

assumptions for the heat balance are:

e For the estimation of the heat of reaction, it is assumed that the fuel burnt
completely.
e Specific heats are averaged over the cross section of the combustor tube.
e The heat transport through the combustor wall can be described with heat
transfer coefficient.
Heat balance in terms of the enthalpy: Heat balance with respect to the enthalpy

expressed as:

hi+ G, +hy =0 (C.19)
hy = ¥ hyinYiim M TR (C.20)
G, = — J, h(T; — T,)2nRdl (C.21)
hs = ¥ hioutYiout Mour TR (C.22)

where h; is the specific enthalpy (Jkg™), h, is the heat flow (Js%), and Y; is the mass
fraction of the gaseous species The species Yi can be determined by using gas

analysis tools such as gas chromatography.
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Appendix D MATLAB Codes

D-1 Percentile mean deviation

This code is used to calculate percentile mean deviation over different time
windows for temperatures and emissions data (Chapter 2, Figure 2.6 and 2.8)

D-2 The relative significance of radiative corrections

This code used to ascertain the radiative corrections to thermocouples data for each

experimental test (Chapter 2, Figures 2.10 and 2.11).

D-3 Estimation the deviation of raw data

This code used to estimate the deviation of the experimental data (Chapter 2,
Figures 2.1).

D-4 Determine the steady state temperatures and emissions data

This code is used to analyse the temperatures and emissions data. This program
determines the average value of combustion parameters for the steady state time
period and save data for the selected tests in Excel files. The code was mainly used

to assess the effects of deflector on temperatures and emissions (Chapter 3).

D-5 Determine the flue gases availability

This code is used to estimate the exergy of the combustion gases at the exhaust
section (Chapter 5).

D-6 Mechanical exergy at Determine the flue gases availability

This code is used to estimate the mechanical exergy at different axial locations
(Chapter 5).

Please refer to the attached CD (CD-3) for MATLAB source codes.
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Appendix E Experimental setup and methodology
The experiments were conducted on a laboratory scale combustor located at the

University of Vigo, Spain. Details can be found in Chapter 2 and 3.

7211

(@) (c)

(1) Emission measurment port, (2) Deflector holder, (3,4) Deflector at two different axial positions, (5) Secondary air,
(6) Primary air, (7) Grate

Figure E-1 (a,b) CAD generated cross sections of the experimental setup showing
relevant components; (c) Deflector and deflector holder .
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@ (b)

Figure E-2 (a) pellet fuel feeding unit; (b) pellet fuel; (c) Fuel bed and
thermocoples (TC14-TC13).

(b)

Figure E-3 Primary air section (a) before installing the removable viewing
window at the beginning of test; (b) viewing window is reattached.
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(©) (d)

Figure E-3 (a,b) Control box; (c) Gas analyser (make: Servomex model: Servopro
4900); (d) Gas conditioner (make: JCT, model: JCC).

Please refer to the attached CD-4, CD-5 and CD-6 for details of the experimental

rig and data sets.
E-1 Methodology

E-1.1 Experimental methodology

The modular (laboratory scale) fixed bed combustor incorporates four main
(modular) sections: I- Plenum, Il- Primary section, I11- Secondary section, and IV-
Exhaust (Figure 2.1a). The chamber is made of 310 stainless steel (6mm thick) and
has a 120mmx120mm square cross section and overall height of 1500mm. The
walls are left uninsulated and left in free contact with ambient air to prevent
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overheating. The primary air (Qp) enters the bed from beneath (via a side port) and
through the plenum section and grate. The grate helps promote a more
homogeneous distribution of inlet air and carries the fuel pellets. The grate is
positioned with a 25 degree gradient (Figure 3.2c) to help the fuel pellets move and
avoid crushing the wood pellets which are fed upwards by a screw feeder system.
Primary air is supplied by a variable frequency drive centrifugal fan coupled to a
digital controller in order to maintain a constant airflow. The primary air flowrate

is measured by an in-line mass airflow sensor.

Nominal characteristics the biomass fuel (wood pellet) that is used in this study are
presented in Table 2.1. The wood pellets have uniform size and shape with a
diameter of 6mm and length of 20mm (Figure 2.1b). The continuous feeding unit
includes hopper and screw conveyor. The screw conveyor system delivers pellet
fuel from the hopper and fed upwards towards the inclined grate. The mass flow of
wood pellets into the combustor is controlled by an adjustable on-off digital timer.
The hopper is suspended from a weighing system that features a tensile load cell so

as to monitor the weight loss of the pellet fuel.

The combustor includes a secondary air section (Figure 3.2d) which introduces air
(Qs) via 44 uniformly distributed holes (¢=4mm). The secondary air is controlled
by a separate centrifugal fan drive and another mass flow meter is used to measure
the secondary air flow rate. The exhaust section is placed above the secondary air
section and has an overall height of 1300mm. The exhaust is diluted with ambient
air so as to cool the flue gases before passing into the chimney. The square shaped
stainless steel deflector (95mmx95mm) is attached to an adjustable rod which can

be used to regulate the deflector axial position.

To determine the temperature profiles across combustor sections, fifteen
thermocouples (outer diameter of 3mm) penetrate through access ports on the
combustor side wall (Figures 3.2a and 2.1a). The thermocouples can be positioned
at different radial positions. Thermocouples used for measurements are Type N,
sheathed and having a temperature range between -270°C to 1300°C.
Thermocouples data were fed to the data acquisition system by a 16-Channel

thermocouple input module. Thermocouples TCO to TC6 were used to determine

176



the downstream temperature profiles whilst thermocouples TC7 to TC14 measure

upstream temperatures in section-II.

To monitor gaseous emissions (O2, CO, CO2, NO) a continuous sampling gas
analyser were used. This system consists of two major units: a gas conditioning
system and a continuous sampling gas analyser. Gaseous emissions are withdrawn
using a port located at x=110mm from the uppermost thermocouple position TCO.
A continuous sample is obtained by a suction probe, passed through a heated line
and fed into a gas conditioning system to avoid water vapour cross sensitivities and
volumetric errors. After these treatments stages the flue gas sample is finally
introduced into the continuous gas analyser. To generate a time series of
temperatures and emissions, all data is streamed real-time to a computer using a
LabView interface (Ver. 2014).

E-1.2 Numerical approach

To investigate the effects of deflectors on the heat transfer inside non-reactive
packed beds, ANSYS Fluent (version 14.5) was applied to resolve fluid dynamics
and heat transfer. A three-dimensional Computational Fluid Dynamics (CFD)
model of a porous media is adopted to model the influences of freeboard deflector
on packed bed columns through the utilisation of suitable effective thermal
conductivity values based on published empirical models. The equations governing
the transport of mass, momentum and energy for a porous media can be found in
Chapter 5. In this research, the surface-to-surface (S2S) model has been used to

account for radiation exchange in the CFD simulations.

To facilitate data analysis MATLAB (ver. 2012b) codes have been developed to
post-process the combustion variables. These programs were used to read through
all the combustion data in Excel spreadsheets, process data, extract steady state time
period, evaluate the radiation error of thermocouples and estimate flow availability

for each test. Appendix D present the entire m-file of the MATLAB programs.
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Appendix F Uncertainty analysis

Every measurement is subject to some uncertainty. Measurement errors can come
from the measuring instrument such as thermocouple and gas analyser, from the
operator, from the environment and from other sources. This section presents an
overview of the uncertainty analysis theory and the derived uncertainties for

emissions and temperatures data.

F-1 General theory

All experimental uncertainty is due to either random errors or systematic errors [24-
26]:

ETotal = i\/ gg + ‘5'7g (F-l)

where, etotar IS the total uncertainty, &sis the systematic error and &r is the random
error. Systematic errors in experimental observations usually come from the
measuring instrument limits (i.e. the accuracy of measurement device). Whilst
random errors are statistical fluctuations in the measured data which caused by
unknown and unpredictable changes in the experiment. These changes may occur

in the measuring instruments or in the environmental conditions[25].
g = / i€l (F.2)
& = / s (F.3)

where, n is the number of error source. The individual component of the random

error in Equation (F.3) is calculated as:

_ [E @2 _ o5
Eri = —N(N—l) =N (F4)
- 1
F=131, (F.5)

where, o is the standard deviation of a sample mean, ¢ is the mean of a

measured parameter and N is the number of samples in the repeated observations.
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F-2 Systematic uncertainties

Uncertainties in temperature and emission measurements are mainly associated
with the accuracy of the thermocouples and gas analyser. Thermocouples used for
measurements are Type N, (make: TC measurement, model: 2I-Nickel-Silicon-
Magnesium) and have an outer diameter of 3mm and sheath length of 300mm.
These thermocouples are rated over a temperature range of -270°C to 1300°C.
Within this range the temperature data acquisition system has an accuracy of 0.4%
[27]. A continuous sampling gas analyser (make: Servomex, model: SERVOPRO
4900) is used to monitor fire species (O2, CO, CO2, NO) in the flue gas. Table F-1

presents the accuracy of the gas analyser [28].

Table F-1 Accuracy of the gas analyser.

Gas Accuracy
(07) 0.01%
CO 1%
CO; 1%
NO 1%

F-3 Random uncertainty

Random errors can be reliably estimated by repeating measurements. Table 4.3
shows the operating conditions for tests. These tests have been banded into three
ranges of stoichiometry (A). Measured data from tests 32, 33 and 34 have been
chosen to estimate the random errors. These test share same operating conditions
(Qp, Qs) and have similar combustion stoichiometry (0.43 <A<0.51). Table F-2
shows the average values of thermocouples and gas species data extracted over the

steady state period for the selected tests (Chapter 4).

F-4 Results

The total, systematic and random uncertainty values for the temperatures and
emissions are derived using Equations (F.1), (F.2) and (F.3), respectively. The
results are presented in Table F-3. Table F-4 presents the uncertainty values of the

chemical exergy, CO exergy and total exergy.
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Table F-2 Steady state values of temperatures and emissions for the selected tests.

Test32 Test33 Test34

Qo (I/min) 60 60 60
Qs (I/min) 240 240 240
Deflector Position, H (mm) 240 240 240
Thermocouple position, r (mm) 5 5 5
TCO 229.461 239.696 198.075
TC1 264932 282.338 228.245
TC2 254252 271.090 219.128
TC3 273.605 278.596 227.167
G TC4 282.109 287.914 233.783
< TC5 294.271  309.605 250.093
; TC6 314590 347.011 268.958
S TC7 519.970 506.943 506.456
8 TC8 445363 432517 460.959
g TC9 460.501 432.494 477.918
= TC10 460.939 412.158 479.803
TC11 480.386 419.533 503.755
TC12 555.232 509.101 568.176
TC13 490.465 419.734  451.352
TC14 510.844 475.846 526.413
o NO (vpm) 52.848  54.247  50.878
2 0, (%) 14.909 14443  15.048
= CO (%) 1391 1461 1566
w CO; (%) 8696 8718 8611

Table F-3 Systematic, random and total uncertainty of measured parameters.

Systematic Random Total

Parameter uncertainty  uncertainty uncertainty
(%) (%) &%)
TCO 0.4 4.60 461
TC1 0.4 5.03 5.05
TC2 0.4 5.04 5.05
TC3 0.4 5.15 5.16
%) TC4 0.4 5.23 5.24
< TC5 0.4 5.12 5.13
£ TC6 04 5.96 5.97
§ TC7 0.4 0.71 0.81
= TC8 04 1.50 1.56
g TC9 0.4 2.36 2.40
= TC10 04 3.65 3.67
TC11 0.4 4.38 4.40
TC12 0.4 2.69 2.72
TC13 04 3.68 3.70
TC14 0.4 242 2.45
@ NO 1 151 1.82
2 O, 0.01 1.01 1.01
= co 1 2.82 2.99
u Cco, 1 0.31 1.0
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Table F-4 Uncertainty values of chemical exergy, CO exergy and total exergy.

Systematic Random Total uncertainty
Parameter uncertainty uncertainty (96)
(=%) (&%) _
Chemical exergy 1.00 1.89 2.14
CO exergy 0.4 1.36 1.69
Total exergy 1.78 1.58 2.38
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Appendix G Supplementary materials
Following datasets and combustor design are included in the attached CD of the

thesis.

I. MATLAB code for combustion data processing and calculating the percentile
mean deviation (CD-3).

ii. MATLAB code used to ascertain the radiative corrections to thermocouples data
(CD-3).

iii. MATLAB code for calculating the deviation of raw data (CD-3).

iv. MATLAB code for determining the steady state temperatures and emissions
data (CD-3).

v. MATLAB code for calculating the exhaust gases exergy (CD-3).

vi. MATLAB code for calculating the mechanical exergy along the combustor (CD-
3).

vii. Combustor design files (CD-4).

viii. Datasets of the experimental tests (CD-5)

ix. Photos of the experimental rig (CD-6).
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