


‘What lies behind us and what lies ahead of us

are tiny matters to what lies within us

and our greatest glory is not in never falling,

but in rising every time we fall.’
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Studio Termo-Fluidodinamico dell’ Ossi Combustione Diluita in Fornaci e

in un Nuovo Concept of Boiler

di Diego Perrone

Gli impianti per la generazione di energia elettrica che utilizzano carbone come fonte

di energia primaria presentano molteplici problemi legati all’emissioni di sostanze

inquinanti e di gas effetto serra (CO2) in atmosfera. A questa problematica si aggiunge

il fatto che i convenzionali generatori di vapore contribuiscono notevolmente

all’aumento di queste sostanze nocive. Scopo di questo lavoro è quello di proporre e

analizzare la possibilità di combinare due nuove tecnologie di combustione:

l’ossicombustione e la cosiddetta combustione diluita. La prima permette la cattura

dell’anididride carbonica mentre la seconda presenta vantaggi, non solo in termini di

riduzione degli ossidi di azoto, ma anche perchè è caratterizzata dall’avere flussi termici

uniformi in camera di combustione. La sfida pertanto è combinare le due tecnologie

con applicazioni in fornaci e a nuovi concept di generatori di vapore. Per questi ultimi

le applicazioni previste riguardano gli impianti ultra super critici. A tale scopo, sono

state effettuate simulazioni numeriche mediante tecnica CFD (Computational Fluid

Dynamics) dal momento in cui è difficile prevedere sperimentazioni su scala industriale.

Una prima fase del lavoro prevede l’applicazione delle due tecnologie in fornaci. Una

prima sulla combustione diluita nella quale sono state analizzate differenti posizioni del

getto del polverino di carbone, mentre una seconda ha riguardato l’applicazione della

combinazione delle due al fine di vederne gli effetti in termini di distribuzioni delle

temperatura e dei gas combusti. La fase successiva è stata incentrata su di un

innovativo generatore di vapore. Sono state testate diverse soluzioni geometriche e

diversi modelli di combustione del char, al fine di vederne gli effetti sulla temperatura,

concentrazioni delle specie, burnout e soprattutto in termini di flusso termico a parete.

Questi ultimi risultati sono stati confrontati con i tradizionali boilers e con risultati

forniti dalla letteratura. Il valore aggiunto del lavoro è stato quello di analizzare i

vantaggi della combinazione di due tecnologie in nuovi concept di generatori di vapore,

in modo da ridurre le emissioni di sostanze inquinanti, di gas effetto serra e di ottenere

prestazioni migliori rispetto allo stato dell’arte attuale.
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Thermo-Fluid Dynamics Study of Oxy-MILD Combustion of Pulverized

Coal in Furnaces and in a Novel Concept of Boiler

di Diego Perrone

The thermal power plant for the generation of electricity, which uses coal as a primary

energy source, presents multiple issues linked to the emission of pollutants and

greenhouse gas (CO2) into the atmosphere. Furthermore, the conventional boilers

greatly contribute to the increase of these harmful substances. The aim of this work is

to propose and analyze the possibility of combining two new combustion technologies:

the so-called oxy and MILD combustion. The first one, allows to capture the carbon

dioxide, while the second one provides several advantages, not only because it reduces

the emission of nitrogen oxides, but also because it is characterized by uniform flows in

the combustion chamber. Therefore, the challenge is to combine the two technologies

with applications in furnaces and a new concept of boiler. For the latter, the planned

applications include the ultra-super critical plants. For this reason, numerical

simulations have been carried out by means of technical CFD (Computational Fluid

Dynamics) because it is hard to provide large-scale tests. The initial phase of the work

involves the application of the two technologies in furnaces. The first one focuses on

the MILD combustion by analyzing different positions of the pulverized coal jet, while

the second one focuses on the application of the combination of the two technologies in

order to analyze their effects in terms of temperature and species concentration

distributions. The next phase of the work, instead, has a focus on an innovative boiler.

The testing of different geometrical solutions and models of char combustion has also

allowed to study their effects in terms of temperature, combustion products

concentrations, burnout and, above all, wall heat flux. These latter results have been

compared with the ones of traditional boilers and the results reported in the literature.

The final aim of this work is to analyze the advantages deriving from the combination

of two technologies into a new concept of boiler, in order to reduce pollutant emissions,

greenhouse gases and obtain a better performance than the one at the current state of

the art.
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Chapter 1

Characteristics of Coal and

Pulverized Coal-Firing boilers

The use of coal dominates the world–wide energy production and accounted for

nearly half of the increase in global energy use over the past decade. The respective

share of world energy consumptions reached 30% in 2010, the highest value recorded

since 1970 [1] and can be compared with 23 % in 2000. Coal is the backbone of the global

electricity generation and, in 2010, it accounted for over 40% of electricity. Even in the

countries which are part of the OECD, coal fueled more than one–third of electricity

generation of 2010. Furthermore, in non–OECD countries, where coal resources are often

abundant and low cost, coal is the most important fuel. Indeed, it accounted for 35% of

the total primary energy use, 36% of the total industry consumption and almost half of

the total electricity generation in 2010 [2]. Recently, the safeguard of the environment

has become the most important target for all and especially for coal–fired power plants

in the world. However, because international agreements regulating the emission of

greenhouse gases have not been signed yet, coal still constitutes the major energy source

throughout the world. The US Energy Information Administration predicted an average

annual increasing rate of approximately 1.5 % of its consumption from 40.7 sextillion

kWh (139 quadrillion Btu) in 2008 to 61.2 sextillion kWh (209 quadrillion Btu) in 2035

[3]. This substantial increase in coal consumption can find an explanation in the rapid

and solid economic growth of emerging countries as China and India. Power generation

remains the main driver of global coal demand and will, therefore, play a significant role

in meeting the global energy needs. Considering the present consumption rate and the

current technology, coal reserves around the world will still provide exploitable resources

for about 150 years, as the International Energy Outlook [2] pointed out. The estimation

of undiscovered resources increases world energy supply from coal to about 3,000 years

and due to the development of technology and the change in market conditions, even

more coal will be proven over time. The International Energy Agency (IEA) along

1
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with the US Environmental Protection Agency (EPA) expect that, in the new policies

scenario, coal–fired plants will account for around 27 % of the total new additions to

generating capacity worldwide between 2011 and 2020, and around 22 % between 2011

and 2035 [2,4].

Figure 1.1: Perspective of the global coal demand by region [4]

1.1 Characteristics of Coal

Coals pertains to a category of complex substances whose geological origin can be

found in the combination of time, pressure, and heat of the earth over several

millennia, starting from ancient vegetation. They are material of extreme

heterogeneous nature, indeed, their chemical compositions and properties might vary

widely depending on how long the vegetable matter has been subjected to the

conditions mentioned before. Because of this great diversity, coal can be classified

according to a variety of methodologies. The most common one sorts coal by its

carbon content from low (45 wt.– %, lignite) to high (95 wt.–%, anthracite), and it is

referred to as ‘coal rank’ [5]. The standard method which allows to distinguish coal by

its rank takes into account the coal’s progressive alteration in the natural

metamorphosis from low (lignite) to high (anthracite). In order to classify coal, the

fixed carbon and gross calorific value are calculated through a mineral–matter–free

basis [6]. More in depth, mineral matter consists in the parent material from which

ash is generated during the combustion process. Mineral matter, furthermore, may

vary and result in generally lower weight for ash than for its source minerals. Coal

quality can be estimated according to the amount of mineral matter present in the

coal. The grade of the coal can also be described by the sulfur content, ash behavior at
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high temperatures, and quantity of trace elements. Formal classification systems do

not always take into consideration the grade of coal, but the latter is very important

for the power plant. The coal industry has great consideration of the rank of the coal,

its quality, and burning behavior; for this reason, almost every coal–producing country

has developed its own economic coal classification. These classification methods are

based mainly on certain rank parameters which have been defined under the

jurisdiction of several organizations for standardization, e.g. the American Society for

Testing and Materials (ASTM) or the International Organization for Standardization

(ISO). The volatile content,the carbon and the hydrogen contents are also often used

to classify coals. Figure 1.2 gives an overview [7].

Figure 1.2: Classification and energy content of coals (ASTM) coal rank [5]

The proximate and ultimate analysis of coal is very useful for the provision of

important information as specific energy, inert fraction (ash), moisture content,

volatile matter content, and elementary components [7].

The proximate analysis of coal is a commonly applied characteristic test which yields:

total moisture, inherent moisture, volatile matter, ash and fixed carbon. The ultimate

analysis, instead, determines the elemental compositions of the organic fraction as the

proportion of carbon, hydrogen, nitrogen, oxygen, sulfur and others by laboratory

standard procedures. Table 2 provides a typical proximate and ultimate analysis for

coals and char. Figure 1.3 provides a typical proximate and ultimate analysis for coals

and char [7].

In particular, the proximate analysis is important to determine the moisture

content of a specific coal because of its widely possibility of variation. The ultimate

analysis, instead, is used along with the heating value of the coal to perform
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Figure 1.3: Typical proximate and ultimate analysis for coals and char [7]

combustion calculations, including the determination of coal feed rates, combustion air

requirements, and weight of products of combustion to determine fan sizes, boiler

performance, and sulfur emissions [8].

The boiler performance can be greatly impacted by the coal quality with respect to

efficiency, emissions, fly ash quality, slagging and fouling behavior, but the boiler’s

maintenance and availability are also influenced. Therefore, it is important to

determine coal properties in order to assess if a specific coal or coal blend can be fired

in a particular unit.

1.2 Combustion of Coal

A complex series of different reactions are involved in the combustion of coal. A

fresh coal particle injected into the combustion chamber, indeed, may undergo the

following processes: [9,10]:

1) Thermal shock fragmentation;

2) heating and drying;

3) ignition of volatiles;

4) devolatilization and volatile combustion;

5) char combustion;

6) secondary fragmentation.

Only for some types of coal the events 1), 5) and 6) occur. Figure 1.4 shows the stages

of combustion for 10-mm Polish hard coal particle in the air at 850 °C [10].

The rate at which the particle heat and the maximum particle temperature

influence the coal reaction process. The heating of the particle is very complicated

because, while the particle heats the devolatilization process starts at 300 °C. The

heating of particle is retarded by the release of volatile matter from the particle itself.

The temperature that surrounds the particle changes as the combustion of volatiles

takes place. Gradually, the temperature rises and the moisture present in the coal
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Figure 1.4: Stages of combustion for a Polish hard coal particle combusted at 850 °C

evolves. The moisture content in the coal deeply influences the beginning and the

duration of the devolatilization process. Lower devolatilization rate and longer

devolatilization time are shown in particles with higher moisture contents. [10].

The ignition of volatiles takes place only once certain temperatures are achieved or

a visible flame is presented. Furthermore, factors such as coal type, volatiles content,

particle size, gas composition, moisture content etc. influence the coal ignition

temperature.

The ignition of coal particles affects the stability of flame, the pollutant emissions

and flame extinction. Therefore, it is important to study this process in order to

design the coal combustor and to control combustion process. The ignition

phenomenon is characterized by heat, mass and momentum transfers. The balance

between heat release and heat loss influences the ignition temperature.

After the ignition occurs, the events of devolatilization process and the combustion of

volatiles take place (Figure 1.4). The pyrolysis or devolatilization is a decomposition of

fuel in which a wide range of gaseous products are released. The volatiles are released

in stages (Figure 1.4) and are made of several hydrocarbons. The first stage release

occurs around 500-600 °C, while the second one occurs at around 800-1000 °C [11].

The volatile matters are constituted by light gases including CH4, C2H4, C2H6,

CO, CO2, H2, H2O and heavy tars are released during pyrolysis. Once the
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hydrocarbons are released, the char remains in the coal structure. The distribution of

gases, tar and char are determined by the pyrolysis process and depends on coal type,

temperature, pressure, heating rate and particle size [12]. Figure 1.5 shows the

schematic process of coal combustion [13].

Figure 1.5: Schematic process of coal combustion [13]

The coal rank also influences the devolatilization behavior. A sub-bituminous coal

(low rank) produces a high level of light gases and very little tar. On the contrary, a

bituminous coal produces more tar than a sub-bituminous one and moderate amounts

of light gases. A higher rank coal produces low levels of both gases and tar. In figure 1.6

the trend of the pyrolysis with the rank coal are shown [14,15]. The devolatilization of

large coal particles has been described by several mathematical. It has been found that

heat transfer and chemical kinetics dominate the overall reaction mechanism [9].

Figure 1.6: Total volatile yields and tar from devolatilization as a function of the
carbon content of parent coal [14, 15]

The char combustion occurs over a much longer time than the devolatilization and

volatile combustion. The char is mainly constituted by fixed carbon, ash, nitrogen and

sulfur. The char oxides producing gases (CO, CO2, SO2, NOx) when the temperature

reaches 750 °C.
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The simplest form of char combustion is the oxidation of carbon to carbon dioxide:

C +O2 → CO2 + 394 kJmol−1 (exothermic reaction) (1.1)

In figure 1.7 is shown the three possible mechanism of combustion of non-porous

carbon [13].

Figure 1.7: Three models of the mechanism of combustion of non-porous carbon [13]

In the Model I the oxygen diffuses to the carbon surface and oxidizes it to CO.

The CO oxidizes further to CO2 in a gas-phase reaction so close to the carbon surface.

In this case the CO2 may be considered the primary combustion product. Model I is

predominant when the Reynolds number flow is low, for large char particles (d > 1mm)

or at high temperatures (900–1300).

According to the Model II Oxygen diffuses to the carbon surface and produces

both CO and CO2 which diffuse away from the carbon surface. CO further meets in

a gas-phase reaction with oxygen arriving from the bulk gas and forms CO2. If the

temperature is low or particle size is small CO may escape into the free stream unburnt.

This Model may be described by these three reactions:

Surface reactions : C +
1

2
O2 → CO + 111 kJmol−1 (1.2)

C +O2 → CO2 + 394 kJmol−1 (1.3)

Gas− phase reaction : CO +
1

2
O2 → CO2 (1.4)

Model III is another mechanism which is involved when oxygen cannot reach the

carbon surface. Oxygen, indeed, reacts with the CO in a gas-phase reaction away from

the carbon surface. A part of the formed CO2 diffuses back to the carbon surface to be
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reduced to CO.

The oxidation reaction of char can be represented for all three models as:

C +
1

Φ
O2 →

2−
2

Φ

CO +

 2

Φ
− 1

CO2 (1.5)

1.3 Pulverized Coal-Firing System

In this section, PC (pulverized coal) combustion, sometimes called PF (pulverized

fuel) combustion, is introduced as a more commonly used coal combustion technology.

Literally, PC combustion means that the coal received is grounded into fine particles

and then burnt in a combustion device, which is called PC fired boiler or PC boiler.

In the furnace, PC particles are suspended and surrounded by hot gases and flames.

Heat transfer between these fine particles and the surrounding high temperature flue

gas is extensive, just as the mixing of them with the oxidant. In addition, the PC

particles have a large specific surface area, 2–3 times larger than the one of the raw

coal particles, and can therefore be robustly combusted in the furnace. Normally, in the

furnace, PC particles can be nearly completely burnt out in about 2–3 s, with a high

heating rate of 105−106Ks−1. Therefore, PC combustion is regarded as an efficient and

intensive combustion method for coals. Conventionally, like other boilers, PC boilers

with steam output less than 10kgs−1 are called industrial boilers. Those supplying

steam for turbine in thermal power plant are called utility boilers. PC boilers also can

be classified accroding to the pressure (P) of the steam generated. When P < 4MPa,

4MP ≤ P < 10MPa, and 10MP ≤ P < 14MPa a boiler is called medium, high and

super high pressure boiler, respectively. When P = 17–18MPa, the boiler is called

a subcritical boiler. When main steam parameters are higher than the critical point

value (22.06 MPa and 374 °C), there is not a clear distinction between water and vapor,

and the boiler is called a supercritical boiler. When the main steam is 25–30 MPa and

≥ 600C, the boiler is called an ultra-supercritical (USC) boiler.

Power generation is dominated by PC firing. Figure 1.8 shows the schematic of a PC

fired thermal power plant. The main constituents are the boiler, the steam turbine, and

the electrical generator. The boiler produces steam at the high purity, pressure, and

temperature required for the steam turbine that drives the electrical generator. After the

steam passes through the turbine, it is condensed in a condenser. In thermodynamics,

the working cycle of water/vapor is a Rankine cycle. The boiler consists of a combustion

system, a steam generation system, and a few auxiliary systems. The combustion system

mainly consists of the furnace and the burners (the fuel nozzles).

PC boilers with large capacity and high parameters are the most widely used in power

generation because of their high efficiency, low unit kilowatt investment and operation
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Figure 1.8: Schematic of Coal Fired Plant [16]

cost. Figure 1.9 shows the general layout of a 1000 MWe ultra-supercritical (USC) PC

boiler recently built in the Zhouxian Power Plant, China [16]. For this USC boiler,

one of the largest and most modern units in China, the designated steam output is

3033th−1, with pressure and temperature of 26.25 MPa and 605 °C respectively. The

boiler makes use of once-through and forced circulation, without a water drum installed.

The dimension of the boiler is very large. The cross-section of the furnace is 15.6X34.0m.

The furnace height is 64 m. The height of the top beam is 84.4 m. The entire boiler is

hanged on the metal structural frame.

1.3.1 Furnace Layout and Firing Type

The boiler furnace is a device meant to organize the mixing of fuel and air for

the entire combustion process, from ignition to burnt-out of the coal particles, right

after they are airblown in through the burners. Coupling with the burners, the furnace

maintains the designated hydrodynamic field inside to ensure the fullness of the flames,

protecting the membrane waterwall from erosion and slugging, forming a uniform heat

release rate on the wall, realizing efficient combustion and low NOx formation. The

furnace design is important for the hydrodynamic safety of the evaporation heating

surface [17,18].

Figure 1.10 shows three typical furnace layouts with different firing styles, tangential

firing (T-firing), wall firing, and arch firing. Obviously, the furnace layout strongly

couples with the burners and burner arrangement. Specifically, in the tangential firing

boiler, once-through burners are used. The furnace is usually square or nearly square

shaped in cross section and the once-through burners are usually installed in the corners

or on the walls. Wall firing boilers, instead, make use of swirling burners and the furnace

presents a rectangular cross section. For large capacity units, the burners are installed

on the two longer sides, forming opposed flames in the furnace. The arch firing boiler

is specially designed to burn low volatile coals like lean coals and anthracite coals. In
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Figure 1.9: General layout of a 1000 MWe pulverized coal (PC) fired boiler in
Zhouxian Power Plant, China.

such a boiler, the burners can be either once-through type or swirling type, and they

are installed on the arch of the furnace wall. The jets shoot downwards from two

sides, forming a W-shaped flame in the furnace. It has a rather large bottom furnace

that is mostly covered with refractory material, partially to stabilize the ignition and

combustion. Obviously, arch firing boiler is more complex and costly in construction.

Figure 1.11 shows the flame shape or temperature distribution for the three typical

firing boilers [17,18]. A tangential firing boiler forms a rotating flame in its furnace. In

fact, the flame of a corner is supported by the flame of the right upstream corner, and

on the other side it supports the flame of the right downstream corner. Thanks to the

rotation, the flame is stable and it fills most of furnace. In addition, PC particles can

reside for a long time in the furnace, resulting in excellent burn out.

1.4 NOx Formation Mechanism

Typical combustion gases during PC firing contain mainly two kinds of nitrogen

oxides: NO and NO2. Other kinds of nitrogen oxides, nitrous oxide N2O, nitrogen

trioxide N2O3 and nitric anhydride N2O5 are encountered only in rudimental amounts,

so that do not play any essential role. Among all the nitrogen oxides, nitrogen dioxide
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Figure 1.10: Typical layout of a pulverized coal fired (PC) furnace: (a) tangential
firing, (b) wall firing, and (c) arch firing[17,18]

Figure 1.11: Typical flame shape in a pulverized coal fired (PC) furnace with different
firing styles: (a) tangential firing, (b) wall firing, and (c) arch firing [17,18]

is most harmful.

Nitrogen oxide NO is not so harmful as NO2. Moreover, NO is the main source

of NO2, because having been emitted into the atmosphere, nitrogen oxides, among

others, due to the ultraviolet radiation of the Sun form into nitrogen dioxide. From

all the nitrogen oxide N2O also called laughing gas, is least harmful for the human

organism. It is, however, detrimental, because it participates in the reduction of the

ozone-layer around our globe and also contributes to the formation of the greenhouse

effect, increasing the concentration and amount of triatomic gases emitted.

At the present state of knowledge, four different are known mechanisms causing the

formation of NO, and one mechanism causing the formation of NO2 [18]. In the case of

NO these are the mechanisms:

• The thermal mechanism.
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• The prompt mechanism.

• By means of N2O.

• The fuel NOx.

The formation mechanisms of thermal NO, fuel NO, are dominant [18,19,21].

Understanding the mechanism of the NOx formation is very important for furnace and

burner design and operation, as well as other NO destruction measures.

1.4.1 Thermal Nitrogen Oxide

The thermal mechanism of NO generation is rather well known and has been

accepted as a whole. It consists in the reactions of oxidation of nitrogen taken from

the air. The rate of these reactions is significant at temperature exceeding 1500 C.

These reactions were described by Zeldovich and his co-workers [18,22]. For PC

boilers, only small amounts of NO is formed because the furnace temperature is lower

than 1500 °C. When the temperature increases exceeding 1500 °C, the reaction rate

increases about 6-7 times. From a temperature increment of 100 °C at temperature

around 1600 °C, the amount of thermal NO may account 25-30% in the total [21]. The

Zeldoivich mechanism will occur shown in the Mathematical Model section.

To sum up this section concerning thermal NO, the following generalizations might

be suggested:

1. Thermal nitrogen oxides come into being just behind the flame front in the zone

of still high temperature (T < 1500C).

2. The value of the NO concentration is determined by the maximum temperature

of the flame, the local concentration of nitrogen molecules and, the residence time

in the high-temperature zone.

3. Thermal nitrogen oxides are generated mainly in the case of lean flames (λ > 1).

4. The concentration of thermal NO is much smaller than the equilibrium

concentration of NO.

5. During the combustion of hydrocarbon fuels or very moist solid fuels the hydroxide

group OH is of essential importance in formation of NO.

1.4.2 Fuel Nitrogen Oxide

Nitrogen is one of the most common elements in nature, furthermore, it is also a

component of the vegetable substances from which solid fuels have generated, i.e. peat,

lignite, hard coal and anthracite. The nitrogen content in hard coal ranges from 0.5 ÷
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2.9%, but it may oscillate, depending on the given coal seam, within of ±20%. The

content of Polish hard coal does not exceed 1.7%.

In PC fired boiler, fuel NO is about 70-90% of the total NO. The formation

mechanism for the fuel NO is not fully known. It depends on the N-containing

compositions left in the residues during the devolatilization process, the PC coal

properties, as well as the temperature and the flue gas components during the

combustion. The primary nitrogen components of coal rapidly change into stable

compounds like hydrogen cyanide HCN, ammonia NH and small amounts of cyanogen

CN during the heating process, around the pre-flame zone and at the front of the

flame.

The total amount of released N element is called volatile-N. The N element

remaining in the char is called char-N. The NO products of volatile-N and char-N are

called volatile NO and char NO, respectively. The most important fuel-N species are

HCN and NH3. Their ratio depends on the coal type, volatile properties, combination

of N with HC compound, combustion temperature, O2 concentration, and so on.

Normally, HCN, for bituminous coal, dominates over NH3 in fuel-N, while for low rank

coal more NH3 is formed than HCN in fuel-N. Both HCN and NH3 are produced in

small amounts in anthracite coal. When fuel-N is in aromatic form, it is converted

mostly into HCN during the devolatilization process. When fuel-N is in amine form, it

is converted mostly into NH3. The production of HCN and NH3 increases with

temperature. When the temperature is over 1100 °C, NH3 becomes saturated and

more fuel-N is converted into HCN.

Part of fuel-N can react with other species to give N2, and part of the product NO

is reduced to N2 as well. The maximum conversion percentage for volatile-N into NO

is about 50%. For this reason not all of the fuel-N is converted into NO. Consequently,

it is of great significance to convert fuel-N into volatile-N.

There are three main paths for NO destruction:

1. Reduced by CHi radicals or carbon, into N2.

2. Reduced by NHi and N radicals into N2.

3. Reduced by CHi radicals or carbon, but into N2O.

1.5 Techniques for the reduction of NOx emissions during

the combustion

The reduction of NOx emissions in the course of combustion belongs to the so-

called primary methods of the decrease of the NOx emission. These methods consist
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in an interference into the combustion process inside the combustion chamber. The

emission of NOx can be reduced in the course of combustion by:

- Staged combustion.

- Reducing the temperature in the flame.

- Supply of ammonia or urea into the combustion chamber.

In the following part the first two methods of low-emission combustion will be

presented and analyzed.

1.5.1 Staged Combustion

Staged combustion is based on the assumption that, at some given stage, combustion

takes place with a depletion of oxidizers (λ < 1). Two technologies of staged combustion

are currently used, the one by air staging and the one by air and fuel staging [24].

Figure 1.12 shows schematically the principle of the functioning of both these methods.

Figure 1.12: Schematic diagram of low-emission combustion; a) air staging; b) fuel
and air staging [24]

In case of combustion with air staging (Figure 1.12a), the primary excess air ratio

during the first stage of combustion should be λ1 = 0.6÷ 0.8. Under such conditions a

relatively large amount of reductive radicals (HCN CHi or NHi) is produced, which

consequently reduces the existing NOx and prevents larger emissions of NOx.

In order to prevent the formation of relatively large amounts of the products of

incomplete combustion (CO, soot and carbon in flay-ash or slag), a second stage of

combustion must be realized by reburning of CO, soot and carbon by means of

secondary air supplied to the after-burning zone. The excess air ratio λ2, otherwise,

would exceed the value of 1. In a combustion with air and fuel staging (Figure 1.12b)

a normal combustion with an excess of air λ0 = 1.05 ÷ 1.2 occurs in the first stage, in

which the normal amount of NOx is generated. In the next stage, a reducing zone with



Chapter 1. Characteristics of Coal and Pulverized Coal-Firing boilers 15

an excess ratio of λ1 = 0.7 ÷ 0.9% is created by additional fuel supply. Under these

conditions, reductive radicals CHi are formed, which transform NO in N2. During the

third stage the secondary air is supplied so that the total excess air ratio becomes

λ2 > 1. Thanks to CO, soot and carbon material contained in the ash and slag can be

completely combusted.

The air staging constitutes the theoretical basis for the technology of low emission

combustion, e.g. the OFA, SOFA (Over Fire Air), LNCFS (Low NOx Concentric Firng

System) and their combination, as well as low-emission burners with an external

staged air EASB (Externally Air Staged Burner), aerodynamically stage air AASB

(Aerodynamically Air Staged Burner) and burners with externally staged air combined

with a pre-combustor chamber, ASPB (Air Staged Precombustor Burner). Such

burners were firstly developed by the IFRF (International Flame Research

Foundation) in Ijmuiden, Netherlands [24].

A disadvantage of the air staging technology is due to the following factors:

1) A high effectiveness of the reduction of NOx emissions by 50% and more requires

a long retention time in the reducing atmosphere, amounting up to 4 sec. The designs

of many older working power boilers prevent such a long retention of the reagents in

the reduction zone of the combustion chamber.

2) A rather high CO emission and considerable content of carbon in the ash and

slag exceeding 5%

3) Difficulties concerning the stabilization of the flame and the slagging of the

combustion chamber.

4) The effectiveness of the reduction of the NOx emission is limited in the case of

coal with small content of volatile particles and furnaces with wall swirled burners.

The air and fuel staging method is also called ”reburning” or ”fuel staging”. The

efficiency of reburning is determined by the following parameters:

1) In the first stage zone of combustion: by the value of the excess ratio λ0, the kind

of applied basic fuel and the level of NOx,0 emission from this zone.

2) In the reduction zone: by the kind of reducing (reburning) fuel and share of

nitrogen in this fuel, the rate of mixing the reburning fuel with the combustion gases,

the excess air ratio λ1, the residence time τ1 and the temperature level in the reduction

zone t1.

3) In the after-burning zone: the total excess air ratio λ2, the temperature level in

this zone and the rate of mixing with reburning air.

1.5.2 High Temperature Air Combustion Burner

A new low-emission technique of combustion of gas, solid and liquid fuels is based

on a very effective initial preheating of the combustion air up to 800 ÷ 1300C, which
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allows a simultaneous recirculation of the hot flue gases. This technique is called Highly

Preheated Air Combustion (HTAC) or Excess Enthalpy Combustion (EEC) or Flameless

Oxidation (FLOX) or Courless Oxidation or MILD combustion (in Italy). The patented

HTAC (High Temperature Air Combustion) burner, whose work principles are shown

in figure 1.13, can be used in both wall fired and tangential fired PC boilers.

Figure 1.13: Schematic diagram of HTAC (High Temperature Air Combustion)
burner

The HTAC burner is featured with a preheating chamber with one end connecting

to the primary air and the other end opening to the furnace. Inside the specially

structured chamber, hot flue gas recirculation is effectively established. The primary air

flow is constituted of concentrated PC particles. A combustible mixture, rather than a

combustion air, is highly and rapidly preheated. An air stream is induced from the back

of the chamber to adjust the vacancy corresponding to the changes in fuel properties,

boiler loads, and other conditions. The burner does not only hold the performance of

traditional HTAC technology, valid only for gaseous fuels, but it also excels in terms

of slagging prevention, automatic control, and simple operation. The performance of

HTAC ensures the NOx reduction. The HTAC technology is the main topic of this work.

The next chapter is focused on the state of the art of MILD and Oxy combustion.

1.6 Carbon Dioxide Emissions, Storage and Capture

Coal combustion is one of the largest sources anthropogenic CO2 emissions. Every

year, about three million tonnes of CO2 are emitted in the atmosphere from a typical

500 MWel coal-fired power plant, the equivalent of the total CO2 emissions from 374000

passenger cars.

The carbon (CO2) capture and storage (CCS) is one of the many options to stabilize

CO2 levels in atmosphere. This technology allows to remove the CO2 from emission gases

by storing the transported CO2 in a location where it is isolated form the atmosphere
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(sequestration).

Currently, the technologies for the CO2 capture that have reached level of industrial-

scale demonstration are the following:

• Post-combustion capture: the nitrogen may be direct removed by the flue gases

through the action of absorbers and cryogenic coolers action to produce high CO2

flue gas.

• Pre-combustion capture: the coal is gasified with pure oxygen in order to obtain

a gaseous fuel constituted of carbon monoxide (CO) and hydrogen (H2. The CO

and water is converted to H2 and CO2 by means of the water-gas shift. A physical

sorbent is then used to capture CO2.

• Oxy-fuel combustion: the nitrogen and the oxygen are separated in advance, and

only the oxygen is fed into the combustion chamber. The coal is then burnt in

pure oxygen (oxygen-rich environment), either with oxygen-enriched air or in the

mixture of oxygen and CO2-rich recycled flue gas, instead of in normal air. Thereby

the CO2-enriched flue gas is ready for sequestration once water is condensed from

the flue gas and other impurities are removed.

The oxy-fuel combustion is one of the most elegant approaches for CO2 capture.

Figure 1.14 shows a plant scheme of this technology in which the pulverized coal is fired

in an oxygen-rich environment.

Figure 1.14: Schematic oxy-fuel plant layout

There are some variations of the possible systems in which the pulverized coal may

burn in an oxygen-enriched environment. Because this technology is one of the two

subjects of this work, further detailed studies, such as the state of art, the concepts and

components, the combustion in oxy-fuel etc. will be conducted in the next chapter.



Chapter 2

State of the Art of the MILD and

Oxy-Fuel Combustion

The definition of the terms “high temperature air combustion (HiTAC)” and

“moderate or intense low oxygen dilution (MILD)” combustion has been given only in

the past few years. The definition of these terms was, indeed, first published in the

Combustion Institute Proceedings in 1998 [25] and then in the Mediterranean

Combustion Symposium Proceedings in 2000 [26], only after series of publications

which have stressed on features of interest pertaining to energy conversion and

pollutant formation reduction. Moreover, proceedings papers concerning HiTAC

[27,28] have added information on possible variants of the process. The review paper

of Cavaliere and de Joannon [29] and the monographic papers of de Joannon et al. [26,

30] and Peters [31] have discussed the possibility of extending the application of MILD

combustion by studying the process in a simple well-stirred reactor. Although there

are no difficulties in classifying a process as HiTAC or MILD combustion when the

process is evaluated based on its beneficial effects, it is not always clear to which

elementary process these effects should be attributed.

2.1 MILD Combustion

2.1.1 Basic Principles of MILD Technology

The basic principles of this technology are as follows [33,24]:

1) The temperature of combustion air has to be higher than the autoignition point

of the combustible mixture. The combustion air is preheated to a temperature higher

than 800 °C (for natural gas as fuel). In such conditions, the phenomenon of combustion

is in its character similar to a volume and flameless combustion. Thanks to this, the

temperature level inside the combustion chamber is relatively uniform, and temperature

peaks (T ≥ 1400C) at which thermal nitrogen oxides are formed, are avoided.

18
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2) The fuel nozzles are positioned away from the air nozzles supplying the gas fuel

into hot flame gases. Both fuel jets and air entrain large quantities of combustion

products and substrates before their mixing takes place. Conventional stable flames

are possible over the whole range of chamber temperature, but at ambient temperature

of air it is possible only for exhausted gas recirculation ratio up to 0.3. The stable

HTAC is possible only when the temperature is greater than 800 °C and when the value

of recirculation ratio is higher than 3. For this reason, it is not possible to operate a

burner of HTAC in a cold combustion chamber. Figure 2.1 shows a schematic diagram

of the stability limits from different combustion modes [34].

Figure 2.1: Different combustion modes, 1, conventional, 2, unstable HTAC, 3, stable
HTAC. [34]

MILD Combustion is defined by Cavaliere and de Joannon [29] as follows:

A combustion process is termed mild when the inlet temperature of a

reactant mixture is higher than the self-ignition temperature of the

mixture, whereas the maximum allowable temperature increase with

respect to the inlet temperature during combustion is lower than self

ignition temperature

Figure 2.2 shows the concept of the HTAC, compared with that of a conventional

furnace combustion [35]. The direct combustion between fuel and high temperature

fresh air provides extremely high temperature flames. Because of the modifications of

the furnace geometry, the shear motion of high velocity inlet air not only produces the

extinction of base flames, but also makes the dilution of air with burned gas (BH) occur

prior to the combustion, by separating fuel and air inlets. Keep in mind that those

are the conditions in which ordinary combustion cannot be sustained with ambient

temperature air. The fuel injected separately into the furnace also entrains burned gas

in the furnace, and some changes in the fuel, such as pyrolysis. The combustion follows
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in the mixing zone of fuel and diluted air with a large amount of burned gas (B*F*BH).

Consequently, the combustion reactions may occur between fuel and entrained product

(B*F). The flame may change, due to a low concentration of oxygen caused by the high

rate of recycling of burned gas. Direct combustion between fuel and fresh air (F*A)

occurs in the near-field of the burner, when the combustion occurs without preheated

air. The greatest emission of nitric oxides from the furnace are formed close to the

burner, in which the Combustion (F*A) shows the maximum temperature in the furnace.

However, combustion in this region is essential to sustain the combustion in the furnace,

and the whole flame cannot exist if extinction occurs in this portion.

Figure 2.2: Mixing and combustion in furnace.

2.2 Literature Review

The first CFD modeling of HTAC technology effort originated from Japanese

industry where Ishii et al. [108,109,110] simulations of an experimental continuous slab

reheating furnace with particular attention on NOx formation were carried out. The

study showed how the numerical code could describe the main characteristics in terms

of the flow and temperature fields and how to detect the best low-emissions furnace

configuration. Other simulations made by Guo et al. [111] put in evidence that the

combustion in preheated air and flue gas recirculation improved the combustion

efficiency and decreased NOx emissions but unlikely was not a correct evaluation
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about the temperature uniformity and the contributions of thermal NO and prompt

NO emission.

A study made by Wunning [112] proved that, the temperature and the flow conditions

in the combustion chamber were suchlike for experiment and measurements excluding

the areas close to the burner. In 1997 the IFRF [113,114] performed new measurements

of temperature field, velocity, the pollution emissions and heat flux and this set of data

was the starting point for Orsino et al.[115] who built models to predict the flow ,

chemistry and temperature field. Another study made by Mancini and Weber [116]

put more attention on the predict of NOx emissions, in particular on the rule that

temperature has on them.

Going ahead with his study, Mancini [117] focused on the IFRF experiments making

a comparison between some turbulence models and results showed as the entrainment

in the weak fuel is not related to any chemistry model.

Plessing et al. [118] focused their attentions on Laser Optical investigation of

HTAC system with strong exhaust gas recirculation putting in evidence how it is

possible to make a prediction of flow field and heat transfer fired in FLOX mode.

Contemporary studies by Weihong and Blasiak [119,120,121] focused on of the

calculation of numerical parameters in a single propane gas combustion through

different model such as k-ε model, EDC concept with multistep chemical reaction and

Discrete Ordinates for the radiation model. The advantages of HTAC technology were

assessed in terms of large flame volume, low temperature and greater heat transfer.

Dong and Blasiak [122] performed numerical simulation basing on the model of IFRF

experiments on gas combustion with preheated air and the results were good but the

model itself could be improved. The simulation made on a single fuel jet flow in high

temperature showed a small difference in the turbulent models for example Large

Eddy simulations or Reynols Stress Model. The simulation made by Pasenti et al.

[123] on a 200 KW FLOX burner under cycling showed the increase of NOx emissions

increasing the furnace exit temperature. The simulation made by Tobacco et al.[124]

regarding a combustion chamber equipped with a FLOX burner showed how in the

calculations the k-ε RNG model was used as turbulence model and 2 other

models(PDF and EBU models) to compare which one was the best way to make a

prediction of the ignition temperature. Cavaliere and de Joannon [125] concentrated

their study on Mild combustion of Methane analyzing the measurements on the

chemical side, in particular on a well stirred reactor at low oxygen concentrations. The

results showed how in a determinate range of temperature the gas reached super

adiabatic values. Going on the analysis of this reactor with numerical methods, was

possible to predict the region of flame oscillations and shape but not the amplitude

and the frequency at high temperature.



Chapter 2. State of the Art of MILD and Oxy-Fuel Combustion 22

The first does not succeed in the purpose, the second one made a correct prediction

about the area close to the burner but not at the end of furnace. The superiority of

EBU model in order to predict NO furnace emission was confirmed by Porcheron et al.

[126] simulating a test furnace fired using NFK burners.

Another kind of test in a semi industrial environment were performed by Corus RDT

[127]. For the calculations FLUENT standard sub models were used and three models

were analyzed: PDF equilibrium model, PDF flamelet model and Eddy Break Up model

and using the Discrete Ordinates as radiation model.

All the models predicted in a good way from a qualitative point of view the air and

fuel jet behavior with the corresponding chemical reactions and diffusion processes but

there are margins of improvement from a numerical point of view.

For the experiment built by Lupant et al.[128] were used as well the sub models

present in the CFD FLUENT code. In particular were used the k-ε model for

turbulence and a PDF and a Finite Rate/Eddy-Dissipation Models for chemical

turbulent combustion. At the ends the values measured of NO were the same as the

computed ones, but the temperature field used for NO computation was substantially

different from the measured values.

The works mentioned till now were about the combustion of gaseous fuel but the

CFD modelling of HTAC was also implemented for oil and coal combustion.

Misztal [129] used the CFD FLUENT code to simulate a combustion chamber fired

with oil operated under HTAC conditions. The prediction made using as model for

turbulence the k-ε and Discrete Ordinates (DO) model for radiation described in a

correct way the oil combustion.

Heil et al. [130] started experiment on MILD coal combustion under high pressure

that was modelled by Erfurth et al. [128] using the CFD FLUENT code. This simple

mathematical model was able to predict well the flow field and the recirculation inside

the combustion chamber. The temperatures were over- predicted compared with the

experimental data while the species concentrations differed substantially from the

measured values.

2.3 Characteristics of Combustion Chamber

The previous section places MILD combustion in an atypical range of

temperatures with respect to all other oxidation processes associated with combustion.

Combustors working under MILD combustion conditions have been developed and

studied both in industry and academia [36,37]. One of the most striking characteristics

of such combustors is that they develop oxidation processes with negligible visible

emission. For this reason, they are called flameless or colorless flames and generally

involve several hydrocarbon fuels when air, diluted with flue gases, is used. An
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example of such a unique phenomenology is shown in the pictures given in figure 2.3.

Figure 2.3a shows a traditional flame combustion in which the fuel is fed by a central

nozzle. In this case a diffusion-controlled flame with both shape and visible emission of

traditional characteristics was stabilized. A compact yellow region develops around the

burner axis and extends throughout the combustion chamber. Figure 2.3b, instead,

shows a flameless combustion. This condition can be obtained by changing the

fluid-dynamic configuration. In this case, natural gas was injected by lateral nozzles

into the exhaust gas flow of the internal recirculation drawn into the inlet air flow.

The ”inertisation” and preheating of reactants are carried out to a large degree,

upstream of the burner because combustion air is vitiated (with inert gases) and

preheated. Quite evidently, reaction steps follow chemistry paths which are different

from the conventional burner-stabilised flame and there is no wonder that pollutant

formation and heat flux distribution are quite different. This may be exploited in

practice for clean firing technologies and for improved process performance.

(a) Flame mode, normal
air at 250 °C

(b) Flameless, vitiated air
O2 10% at 500 C

Figure 2.3: Flame and flameless firing of heavy fuel oil

Temperature and species concentration profiles measured in burners working in

diluted high-temperature conditions present a fairly uniform distribution. The graph

in figure 2.4 shows the wall radiative heat flux on left-hand axis and the wall

temperature on the right-hand axis as a function of axial coordinate. Both wall

radiative heat flux and wall temperature are quite constant along the whole furnace

[38]. This testifies that a main reaction zone, with strong gradients, is not presented in

a localized region of the combustion chamber, as it would be generally expected for a

standard furnace. In this case, the reaction zone extends almost in each point of the

available volume [29,38].

This graph highlights another characteristic: a relatively high radiative heat flux.

This is due to high concentrations of species strongly emitting in the infrared region,

such as CO2 and H2O.
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Figure 2.4: MILD Combustion regime: Radiative heat flux (left-hand axis) and wall
temperature profile (right-hand axis) [38]

2.3.1 Burners of MILD Technology

Commercial applications of HTAC technology are present in both ceramic and steal

works industry, especially in the Far East [33]. In the case of high temperature melting

furnaces a regeneration inside Regemat burners is applied. In this case, flue gases with

a high temperature transfer their high enthalpy to the flux of combustion air via a set

of regenerating heat exchanger of the ”‘honeycomb”’ type which are integrated with the

burners. The German version of this technology is called FLOX (FLameless OXidation)

and their thermal input is typically not larger than 200 ÷ 300kW [24,34]. The FLOX

burner is composed by a central jet of fuel and six or twelve air jets. Figure 2.5 shows

the FLOX burner.

Figure 2.5: FLOX burner

Another kind of burner is the Nippon Furnace Kyogo (NFK) design, in which the fuel

(natural gas) is injected through several injectors located on the circumference, while

the oxidizer is injected through a central jet. Figure 2.6 shows a schematic NFK/IFRF

[39,40] burner design.
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Figure 2.6: NFK burner

Both of the burners share the same goal: allowing the fuel to burn in a diluted

environment with the combustion products. This is made possible by injecting the

preheated air jets into the combustion chamber with very high speed. For this reason,

the fuel does not mix with the air (traditional combustion). Instead, it first entrains

a large amount of inert gases like N2,CO2, H2O, and then it burns with some oxygen,

typically not more than 5%. The high momentum of the oxidizer jet produces a strong

internal recirculation of combustion products. This is the key point of MILD combustion:

creating a strong internal recirculation. This condition leads to uniform temperature

and species concentration distributions in the whole volume of the combustion chamber.

Because the fuel does not rapidly mix with the air jet and therefore does not burn

with the oxygen, the ignition takes place in a diluted environment. A lower peak of

temperature is consequently generated. Nevertheless the temperature is lower than a

traditional combustion, but at the same time, the MILD technology provides high and

uniform values of total heat fluxes in the combustion chamber. This is due to the

radiative properties of combustion products, which recirculate in the chamber.

2.4 Application of MILD combustion in Furnaces

HTAC technology has mainly used in industrial applications together with heat

recovery systems in order to save fuel. The number of of industrial furnaces which

applied this kind of technology are in the order of some hundreds where combustion air

is highly preheated which leads to reduced specific fuel consumption. So far, there is an

increase of efficiency of 30% than using conventional furnaces and there were a decrease

of the emission of harmful substances including NOx emissions [131]. The common
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furnaces has a max working temperature about 500 degrees that is really low compared

to the HTAC concepts ones that present temperature above the self ignition point (850

degrees) that allows savings in terms of fuel consumption and reduction of CO2,NOx and

other pollutants emissions to the environment. At the same time the size of the furnace

can be decreased up to about 20% [132]. Metal and steel industry, ceramic industry and

chemical industry are the ones that could benefit to a grater extend of the advantages

of these burners [133, 134, 135, 136].

2.5 Application of MILD Combustion in Gas Turbines and

Boilers

2.5.1 Application in Coal-Fired Boilers

Although the main goal of this work is to study and analyze the application of two

technologies (MILD and Oxy-Fuel combustion) which have been used separately until

this point, it is interesting to analyze the application of MILD combustion in gas

turbines and in power station boilers fired pulverized coals. Furthermore, because the

most applications are mainly in the field of industrial furnaces, research should aim at

the possibility to apply this technology to power plants. It is expected that the

application to the power plants provides the same advantages of the MILD application

to the industrial furnace. This is confirmed also by the Natalia’s work [41,42].

An issue of MILD or HTAC combustion is how to utilize the enthalpy of the boiler

exhaust gas to heat up the air at very high temperature. A conventional boiler is made

up of two sections: the radiative heat transfer section and the convective heat transfer

one. Because the adiabatic flame temperature in HTAC boiler is higher than that of a

conventional boiler and the heat transfer inside the boiler is dominated by radiative

phenomena, it may be advantageous to design a boiler without the convective section

by maintaining the same thermal output. This will lead to a significant reduction of

the boiler’s size and cost.

2.5.2 Application in Gas Turbines

2.5.2.1 External Control of MILD Combustion

It is well known that gas turbines present some constraints which are difficult to

overcome. For instance, the material robustness of the blades along with mechanical

tolerance and lubrication problems, limit the turbine inlet temperature and the

compressor/turbine efficiency. A practical high performance limit for the temperature

is around 1573 K, whereas a more ambitious feasible limit can be around 1673 K. The
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compressor outlet pressure, which is also the pressure in the isobaric combustion

chamber, can vary between 3 and 30 bar, while the inlet combustion chamber

temperatures, consistent with these values, can range between 200°C and 600°C.

Therefore, inlet and outlet temperatures of the gas turbine combustion chamber are

suitable for MILD combustion applications as long as it is recognized that autoignition

of mixtures is favored at high pressures. There is anyway the need to discuss Specific

temperature and pressure limits for each application in reference to a variety of

possible configurations that would ensure their feasibility. These configurations fall

into two categories: MILD combustion with external control (independent source,

external recirculation, and sequential combustion), and MILD combustion with

internal recirculation. The dilution of the oxidant with inert gases can be achieved in

open and closed gas turbine cycles through species that are not related to the gas

turbine itself. For economic reasons the type of gas, for open cycles, is flue gas from a

combustion source. This makes the gas turbine outlet flow a possible candidate, as in

sequential combustion and in systems with external recirculation.

In gas turbines, the flue gas and air can be mixed, compressed, and distributed to

the combustion chamber inlet with the oxygen concentration consistent with ignition

and maximum allowable temperatures for MILD combustion. Therefore, the goal is to

create at the combustion chamber inlet very high compression ratios with high

temperature in order to favor the autoignition. These elevated ratios are convenient

not only for very high compressor/turbine efficiencies, but also for high turbine inlet

temperatures. This is shown in figure 2.7 in which the efficiencies of a Brayton cycle,

which is based upon thermodynamic conditions sketched in the inset of the figure, are

reported for two different final combustion temperatures and two values of the

compressor/turbine efficiency.

Figure 2.7: Efficiency of Brayton cycle as a function of compression ratio for two final
combustion temperatures (T3) and two compressor/turbine efficiencies
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Figure 2.8, instead, shows the importance of high compression ratios in order to

achieve high values of T3 and ηiso for suitable use in MILD combustion. Both the inlet

temperature and the oxygen concentration depend on the compression ratio. This graph

shows the inlet temperature (short dashed line), the oxygen concentration (continuous

line) referred to the left axis and the autoignition delay time (dotted line) referred to

the right axis.

Figure 2.8: Temperature and oxygen concentrations at combustion chamber inlet Vs.
compression ratio for a fixed inlet turbine temperature on the left axes and the related

ignition delay time on the right axis.

In diluted case the autoignition delays decrease with the increasing of pressure and

temperature. But this benefit is partially counter-balanced by the dilution itself. This

is made possible by the oxygen concentration decreases and according to Joannon et al.

[29] this parameter affects the autoignition delay following a power law with an exponent

of 0.3 for temperatures lower than 700 K, of around unity for temperatures higher than

1000 K, and of around 2 in a narrow temperature range centered around 900 K.

Another application can be in a closed cycle turbine. In this case an internal heating

system based on MILD combustion can substitute the heater. To allow the autoignition

to occur in a time consistent with the allowable residence time in the engine, both

temperature and pressure would have to be sufficiently high for autoignition and thus

separate the combustion products from the working fluid.

Another potential application is a semi-closed combined cycle gas turbine proposed

by Camporeale et al. [43]. Figure 2.9 shows the schematic of a plant layout.

The compressor C1 compresses the air at low pressure, while the recuperator R2

heats it. When the air mixes with recirculated flue gases, the whole is compressed

with the high-pressure compressor C2 and heated in the recuperator R1. In order to

provide an oxygen concentration of 10% and a temperature and pressure of 1000 K

and 20 bar, respectively, the mass flow, the compressor, and the heaters are adjusted.

The cooled blade turbine T1 allows the combustion products to expand at 1700 K. The
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Figure 2.9: Plant layout of a semi-closed combined cycle gas turbine plant where the
MILD combustion concept is used. [43]

turbine T1 first feeds the heat recovery steam generator HRSG1, then the low-pressure

turbine T2 and the heat recovery steam generator HRSG2. The thermodynamic cycle

efficiency of this plant has been assessed to be around 0.6 for a power corresponding

to 100 kg/s under realistic efficiency assumptions of the components. There are other

applications of MILD combustion of gas fuel in cycle proposed by some authors [44,45]

According to the author, it is interesting to highlight a last example of external control

of MILD combustion conditions is the sequential combustion used in some recently

designed advanced turbines. (www.power.alstom.com), represented in figure 2.10

Figure 2.10: Layout of sequential combustion gas turbine (www.power.alstom.com).

The concept leverages the unique advantages of the sequential combustion engine

designed to allow the combined-cycle plant to achieve best-in-class turndown while
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maintaining low emissions and very high efficiency, if compared to single combustor

engine architectures. The first combustion chamber, on the left of the figure, is close to

the air-diluted system designed for low NOx emission. In the central part of the

system, the turbine extracts part of the enthalpy content so that the stream outlet is

formed, starting from partially exhausted gas with a lower content of oxygen if

compares to standard turbine at temperatures. The exhausted gas reburns in the

second combustion chamber, as portrait-ed on the right side of figure 2.9

2.5.2.2 Internal Control of MILD Combustion

The design of the system described in the previous subsection refers to the gas

turbine configurations, which work under well-defined conditions that can be

controlled during plant operation. Alternative combustion configurations meant to

produce local MILD combustion conditions, such as high initial temperatures and high

levels of dilution, need a fluid dynamic constraints. The goal of the internal control,

indeed, is to create such intense internal recirculation using fluid motion in order to let

the mass flow rate of recirculated flow be comparable to, or even higher, than the one

of the inlet fresh mixture. The gas turbines present the constraint of the final outlet

temperature, which cannot be higher than the one that cooled metal can resist, which

settles around 1673 K (1400 °C) under present technological limitations. For this

reason, it is necessary to include an external dilution with an inert species, as analyzed

in the previous subsection, or with a lean mixture (since employing rich mixtures is

not compatible with constraints linked to pollution and power maximization). Thus,

to allow an internal recirculation, the lean condition is the only plausible choice.

2.6 Oxy-Fuel Combustion

2.6.1 Technologies of Carbon Capture and Storage

The oxy-firing or oxy-fuel combustion is one of the most important and elegant

technologies to capture carbon dioxide. Figure 2.11 shows schematically the layout of a

power plant of this technology, in which the wet and dry recycle of flue gas is represented

[46].

The flue gas is composed primarily of carbon dioxide and water with nitrogen, oxygen

and some traces such as sulfur and nitric oxides. When the CO2 content reaches values

of 96% to 99% [47], it is compressed and condensed to be sequestered for storage (CCS)

or for use in subsequent processes (CCR). Currently, there are two technologies in order

to provide the oxygen necessary for an oxyfuel process:

- Oxygen supply by a cryogenic technique (Figure 2.11)
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Figure 2.11: Oxy-fuel combustion layout with wet and dry recycle of flue gas

- Oxygen supply through the use of a high-temperature ceramic ion-transport

membrane (ITM) (figure 2.12).

Figure 2.12: Oxy-fuel combustion layout with ITM for oxygen supply

The first technology is already well established in the industry, thus can be easily

implemented. An issue of this technology is the energy demand for oxygen production. It

is, in fact, about 240 kWh per ton of O2 and, by addition of the CO2 compression, the net

efficiency drop at power plant is about 8-10% points [48,49]. Though the optimization

of the cryogenic air separation, this energy penalty can be reduced to values around to

160 kWh per ton O2. The second method, which is based on a high-temperature

oxygen ion-transport membrane (ITM), seems to be more a cost- and energy-effective

alternative to the cryogenic process [50,51]. This is due to the reduction of auxiliary

power required for oxygen production.

Other modifications of the ITM technology are possible [46]. For further detailed

study about this technology can be found in several works [52]. It is important highlights

some issues that the R&D should face before applying the oxy-coal technology. These

issues are:

• Recirculation of flue gas: determination of the place of extraction of the flue gas.

• Corrosion: material choice, excess oxygen ratio, controlled flame temperature.
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• Combustion stability: shape and temperature flame, PF and oxygen

concentrations, flame stability, the volume of the RFG etc.

• Start up and shutdown: burner settings and design.

• Thermal efficiency: heat transfer inside the combustion chamber.

• ASU and CO2 compression: oxygen quality, FG composition, emissions etc.

• Slagging and fouling: composition of combustion products and ash quality.

• Burner design: gas velocities, swirl ratio, flame characteristics etc.

• Boiler design: retrofit or new design.

The oxy-coal may be a zero-CO2-emission emerging technology with strong

commercial interest. In order to advance the oxy-firing technology, the combustion

science and modeling are needed. There are already several demonstration projects

planned for the PF oxyfuel technology, a 30 MWth pilot plant and a 250 MW

demonstration plant in Schwarze Pumpe, Germany; a 30 MWth retrofitted boiler in

Biloela, Australia, and a 30 MWth pilot plant and a 323 MW full-scale demonstration

plant in El Bierzo, Spain [46].

The realization of these projects is very important to bring information that is

necessary to understand the effect of a CO2-rich atmosphere on the oxy-combustion of

PF in real scales and important know-how for the potential scale-up and construction

of a CO2 emission-free coal-fired power plant [46].

2.6.2 Characteristic of Combustion in CO2 Atmosphere

In the previous chapter, the combustion of coal from a global point of view has

been introduced. It consists of a complex process governed by several physical and

chemical phenomena. When the coal burns in a CO2 atmosphere, the particle will

meets a recycled flue gas containing mainly CO2. This condition will change the gas

properties in the combustion chamber. Thus, the effect of the changed gas properties

will have consequences on the homogenous and heterogeneous reactions, as well as on

the heat transfer that takes place during PF oxy-combustion.

2.6.2.1 Combustion in Air and in CO2 Atmosphere

In conventional coal-fired boilers the air is used for the combustion in which the

nitrogen is approximately 79% vol. While in the oxy-fuel combustion pure oxygen (grater

than 95% purity) with recycled flue gas is used. The concentration of CO2 in the flue gas

is between 70% and 90% depending on the cycle mode (wet and dry). Recirculating the

flue gas is very important in order to control the flame temperature. Several works [52],
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in which the oxy-fuel combustion has been applied in bench, pilot and demonstrate-scale

experiments, have shown different characteristics of combustion process if compared to

the air combustion. These characteristics are:

• Reduction of flame temperature.

• Delay of flame ignition.

• NOx emissions reduction.

• SOx emissions reduction.

• Change of heat transfer.

These effects are owing to the different gas properties of CO2 and N2 in term of

thermo-physical and optical properties. These properties can influence both combustion

reaction rates and heat transfer. Table 2.1 shows some gas properties of N2 and CO2.

Table 2.1: Gas Properties for N2 and CO2 at 900 °C [52]

Properties N2 CO2 ratio CO2/N2

Thermal conductivity, 10−3, W/mK 74.67 81.69 1.09
Molar heat capacity cp, kJ/kmolK 33.6 56.1 1.67
Density ρ, kg/m3 0.29 0.45 1.55
O2 diffusion coeff. Do,10−4, m2/s 3.074 2.373 0.77
Thermal Diffusivity, 10−7, m2/s 2168 1420 0.65
Molecular weight M, kg/kmol 28 44 1.57
Energy per volume, ρcp, M

−1J/m3K 0.34 0.57 1.67

CO2 is a bigger heat sink than the nitrogen because the molar heat capacity of carbon

dioxide is higher than the one of nitrogen. Thus, the adiabatic flame temperature (AFT)

in oxy firing, with the same level of oxygen, is lower than the one of the combustion in

air. Because the molecular weight of CO2 is bigger than the N2, the density of the flue

gas is higher in oxy-fuel combustion. Consequently, the velocities of flue gas are lower

and the residence times of particles are higher in the combustion chamber. The ratio

between the oxygen diffusion in CO2 and in N2 is around 0.8. This affects the oxygen

availability at the char surface. The flame propagation in oxy-fuel case is slower than

the air case because of a lower value of thermal diffusivity of CO2. The temperature of

combustion gases is lower than the air-firing (if O2 content is kept at the same level as

for air) because CO2 has a higher energy for volume than the N2. The properties of gas

have influence on the homogenous and heterogeneous reactions, which take place during

PF oxy-fuel combustion.
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2.6.2.2 The influence of CO2 on coal pyrolysis and on particle ignition

CO2 concentrations in the bulk gas could influence the coal devolatilization process

in two main ways [82].

• The carbon dioxide could affect the composition of volatiles because itself is a

product of coal pyrolysis.

• The carbon dioxide is this case is also a reactant in the char combustion, which

may make differences in the formation of SOx/NOx precursors.

The presence of CO2 retards single coal particle ignition [52]. This may be due to

the high value of the heat capacity of a gas mixture when a higher CO2 concentrations

are presented [53].According to Suda et al. [54], who investigated a PF flame in a

small spherical chamber, the flame propagation velocity of a PF cloud in a CO2/O2

atmosphere is lower than (around 1/5 to 1/3) that in a N2/O2 atmosphere at the same

O2 concentration level. This is linked to the larger heat capacity of CO2. As the

oxygen concentration increases the ignition of particle accelerates both in N2/O2 and

in CO2/O2 atmospheres. According to Shaddix and Molina [55] the particle

devolatilization proceeds more rapidly with higher O2 concentrations and decreases

with the use of CO2 diluent. This because these two species influences the mass

diffusion rates of O2 and fuel volatiles. Therefore, if the oxygen concentration increases

for PF oxy-firing, can produce ignition times and volatile flames similar to those

obtained under PF–air combustion conditions [52]. Molina et al. [56] studied the

ignition of groups of particles of high-volatile bituminous coal with oxygen

concentrations ranging from 12% to 48%, with N2 or CO2 as diluent gas, at two gas

temperatures (1130 K and 1650 K) in an optical entrained flow reactor (at Sandia

National Laboratories). To measure the ignition delay and the variation in time of the

flame location, the standoff distance from the coal flame to the burner was used as a

metric. The variation in time of the flame location is used as an indication of the flame

stability. It was reported that at 1130 K, the ignition decreases when the oxygen

concentration increases. This difference is more evident with N2 as balance gas than

with CO2. The CO2 provides a delay ignition at 1130 K with the same oxygen

concentration. However, when the gas temperature reaches 1650 K an opposite trend

has been observed. In this case, a higher oxygen concentration had a damaging effect

on flame stability. This can occur because at high particle temperature the char-CO2

gasification reaction can compete with the char-O2 reaction. Since the gasification

reaction is endothermic, this can cause combustion instability.
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2.6.2.3 Char Reactions in CO2/O2 Environment

The heterogeneous char gasification and combustion on particle surface were

reviewed by Laurendeau [79], Hurt [80], and Essenhigh [81]. The reactions occur by

means of both diffusion and chemical steps as follows:

• The reactant gases (O2, CO2, H2O, H2) diffuse from the bulk gas phase to the

solid surface of the particle and into capillary or pore structure of the particle

through the boundary layer.

• The reactants can be adsorbed by the solid.

• Surface chemical reaction.

• Desorption of surface reaction products.

• Diffusion of the gas products into the bulk gas phase.

Shaddix and Molina [57] defined different ways in which the presence of CO2 in the

bulk gas phase may influence the pulverized char combustion:

• The presence of CO2 could reduce the burning rate because it can hinder the

diffusion of O2 to the char surface.

• The heat released in the char particle boundary layer during the oxidation of CO

could transfer back to the particle, and thus, the higher heat capacity of CO2

may reduce the peak gas temperature. The heat transfer back to the particle can

reduce the burning rate.

• The burning rate decreases also because the dissociative adsorption of CO2 on

the char surface could provoke a surface coverage and therefore a competition for

available reaction sites for oxygen.

• The burning rate increases because of the direct gasification of char carbon by

CO2. However, the Boudouard reaction, because of the endothermicity, would

bring to lower the char temperature and thereby lower the overall burning rate.

Shaddix and Molina [57], in their work on char combustion in N2/O2 and in

CO2/O2 environment, observed a reduction of char temperature in the CO2

environments, implying a lower overall burning rate. This is due to the slower diffusion

of O2 through the film layer surrounding the reacting char particle (oxygen diffusion is

approximately 20% slower in CO2 than in N2; see Table 2.1). The effect of CO2 on

oxygen diffusivity is the reduction of char particle temperatures by approximately 50 K

at enriched oxygen levels and decreases the burning rate by approximately 10%. This
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can be valid, however, for the very high temperature regimes (Model III; see Figure

1.6), where the bulk diffusion is the rate-limiting factor. It has been demonstrated that

the char combustion is not influenced by the higher molar-specific heat of CO2.

Wall et al. [52] investigated the char reactivity in a drop tube furnace both in air

and oxy-fuel conditions as function of oxygen concentrations. According to their

results the char burnout increases as the O2 concentration increases.

Shaddix et al. [57] investigated the effects of coal rank and gas temperature on

char-burning rates in oxy-fuel combustion. The results showed that the char reactivity

decreases with the increasing of coal rank. The CO2 diluent provides similar mean

particle temperatures as for N2 diluent at 1130 K. In a furnace environment, where the

temperature are high and the oxy-coal combustion is used, for low and mid-rank coals

the char particles burn at lower temperature.

Schiebahn [58] performed numerical simulation in order to get the conversion rates

of char particle in oxy-fuel environment using kinetic data from different authors.

During the numerical study they considered the variation of O2 content in the O2/CO2

mixture, the particle temperature and the char type. According to their results the

char-CO2 gasification reaction does not have an important role in low and moderate

particle temperatures.

Oxy-fuel combustion have been studied both numerically and experimentally by

Geier et al. [59]. They studied the influence of oxy-fuel combustion on char

combustion rates for different sizes of pulverized coal. The boundary layer became

important for particle sizes greater than 60 µm and reach the a maximum for particles

around 75 µm in size. For bigger particles (larger than 100 µm) the particles burn

close to the diffusion limit.

2.6.2.4 Combustion of Volatiles in Oxy-Fuel Condition

According to Zhu et al. [60] the combustion in CO2 environment leads to a reduction

of the propagation flame velocity. The distribution of temperature and species are

different in the combustion chamber, and the reduction of flame speed provokes a poor

combustion performance. The reduction of burning velocity for oxy-fuel combustion can

be influenced by the following features:

• Lower thermal diffusivity of CO2.

• Higher molar heat capacity of CO2.

• Chemical effects of CO2.

• Modified radiative heat transfer.
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The effects of the molar heat capacity influences the flame temperature. To

increase the adiabatic flame temperature in oxy-fuel combustion the concentration of

oxygen should increase in the CO2/O2 gas mixture in order to reach similar flame

temperature levels as in air combustion [77,78].

According to Shaddix and Molina [57] the heating rate is proportional to the

product of the temperature difference between gas and particle and to the thermal

conductivity. At elevated temperature the thermal conductivity of N2 is practically

equal to the thermal conductivity of CO2. For this reason there are not significant

difference in particle heating rates for the two diluents.

Toporov et al.[60] in their experimental study on oil flame (50 kW) found that the

reaction rates decrease as the CO2 concentration increases in the combusting mixture.

Furthermore, the increasing of CO2 led to shortening the flame and a reduction of the

luminescence of the flame. These results have been found by keeping the O2 content at

the same level (21 vol %) in the CO2/O2 mixture. By increasing the O2 concentration

in the combusting mixture, the stabilization of the flame has been obtained. This

demonstrates that under oxy-firing conditions, the gaseous flame velocity is reduced

mostly because of the increased specific heat. The growth of the specific heat in the

gas reduces the flame temperature and in turn the overall reaction rate.

These results have been confirmed by Andersson and Johnsson [61], who

experimentally studied a propane flame (80 kW) in air and in CO2/O2 mixture. The

flame temperatures with 21 vol % O2 (oxy-fuel-21) are lower than in air owing to

cooling caused by recirculation of CO2. The temperature levels increase when the

oxygen concentration increases to 27 vol % O2 (oxy-fuel-27), and this condition allows

to improve the mixing between fuel and O2, thus improves the fuel burnout.

Through numerical calculations Liu et al. [62] investigated the chemical effects of

carbon dioxide in term of burning velocity. It is important to note that the reduction

of burning velocity is not only owing to the physical properties of CO2, but the carbon

dioxide influences the combustion reactions especially via the following reaction:

CO +OH → CO2 +H (2.1)

The carbon dioxide, as the previous reaction shows, reduces the concentration of

radicals H, OH and O in the combustion chamber, which are responsible of the burning

velocity. Thus the burning velocity decreases. Thus, an important chemical effect of

CO2 is the reduction of burning velocity of a fuel.
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2.6.3 NOx Emissions of Pulverized Coal Combustion in CO2/O2

Environment

During coal combustion the oxidation of fuel-N by oxygen and other oxidizing

agents affect the formation of NOx. An opposing factor can reduce the already NOx

produced through reducing agents. These reducing agents are hydrocarbons, which

originate from devolatilization in homogeneous reactions and resident char in

heterogeneous reactions.

The flue gas recirculation (FGR) is a method to reduce the NOx. The flue gas

recycled from the stack is injected into the combustion with the air supply of the

burners. This condition provides lower peak temperatures and lower oxygen

concentrations in the flame zone. Actually, the major effect of FGR is on thermal-NOx

formation and it has not a great impact on fuel-NOx production. Because more than

half of the total NOx produced in a pulverized coal boiler are fuel-NOx, the FGR

method has not been considered as possible option for the reduction of NOx in large

coal-fired boilers [76].

The oxy-fuel technology allows to reduce the NOx emissions without resort to

staged combustion. The NOx emissions generated per unit of energy, during oxy-fuel

combustion, are around 70% lower than air-fired units. The percentage reduction

depends on the burner design, coal type and operating conditions [63,64,65]. This NOx

reduction is due to the following mechanism [67,67]:

• Since the atmospheric N2 is absent the thermal NO are reduced.

• The CH fragments from the pyrolysis of volatile matter reduces the recycled NO;

the reduction can also occur on the char surface, which can be enhanced by an

increased CO concentration due to high CO2 concentrations in the furnace and

by interaction between recycled-NO and released fuel-N, mainly HCN, in order to

form N2.

Park et al. [73] investigated the conversion of fuel-N during the char reactions of

coal with O2, CO2 and H2O under several conditions. They found that the char-N is

converted to N2 when the char reacts with CO2, to NO and N2 when it reacts with O2,

and to HCN, NH3, and N2 when it reacts with H2O.

According to Liu and Okazaki [74] the heat recirculation could reduce NO emission

further in three ways:

1. less exhausted flue gas (high recycling ratio);

2. a low oxygen-fuel stoichiometric ratio (SR);

3. an increase in flame temperature.
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The NOx emissions are affected by the flue gas recycling ratio, because when it

decreases the concentrations of O2 in the inlet gas and reducing agents increase

simultaneously.

According to the works of Hu et al. [67] and Liu et al. [68]the conversion of

nitrogen content in the fuel to nitric oxides increases with the oxygen concentration in

the mixture. If the recycling ratio increases, the oxygen content decreases and thus the

NOx reduction efficiency improves [67,69]. This opposite effect of oxygen content on

the NOx emission from fuel-N and the reduction of recycled-NOx has been studied on

a real oxy-coal combustion [67,68].

In the experimental work of Shaddix and Molina [70] in a down-fired entrained flow

measurements were performed on NOx formation at three different oxygen

concentrations (12%, 24% and 36%) in both N2 and CO2. The NOx formation

decreases in a combustion in CO2/O2 environment. This is owing to the lack of

thermal-NOx production, lower volatile and char combustion flame temperatures.

The NOx originate from volatiles are a larger fraction of the total coal-NOx

generated at enhanced oxygen levels. The cause could be effect of oxygen on the

volatile flame temperature compared to char combustion temperature.

2.6.4 Heat Transfer in CO2/O2 Environment

When the gas products are recycled from the outlet to the furnace inlet, the

convective and radiative heat transfers inside the furnace will be modified. The

convective heat exchange will be modified due to the changing of the gas heat capacity

and gas temperature, while the radiative heat flux will be different because of the

different values of emissivity and absorptivity of the mixture. In conventional air

combustion of pulverized coal the major contributor of heat transfer is the radiative

component from hot particles and from combustion products such as water vapour,

carbon dioxide, sulphur dioxide, and carbon monoxide [71,72]. Figure 2.13 shows the

interaction between the radiative heat transfer and several different phenomena in the

combustion process [52].

2.6.4.1 Radiative Properties of CO2

Contrary to particles, which emit in whole spectrum, the gases emit and absorb

the radiant energy only in a narrow frequency bands. Thus, the combustion gases

participate in a certain spectrum. It is well known that the absorption band size depends

on temperature, partial pressure of absorbing gases, and path length. Figure 2.14 shows

this concept for the carbon dioxide [75].The spectra absorptivity αCO2
increases as the

pressure and path length increase.

Blokh [71] summarized the total emissivities for both CO2 and H2O obtained by
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Figure 2.13: Interaction between radiative heat transfer and combustion process

several authors. The H2O emissivity , for a given pL (partial pressure and optical

length), is higher than CO2 one. Thus, during oxy-firing it has to be considered.

Figure 2.14: CO2 spectra: (top) influence of path length on absorptivity (bottom)
influence of pressure on absorptivity



Chapter 3

Mathematical Model

The performance of a PC fired boiler or furnace depends on parameters linked to

furnace volume, burner type, distribution of coal/air, excess air, burner settings. Other

parameters, instead are linked to the quality of coal such as, char content and particle

size distribution [83,54,85]. The main goal of combustion researchers is to develop

advanced and novel burners, furnaces and boilers in order to increase the efficiency and

reduce the pollutant emissions. For this reason, new concepts and novelties for

different combustion processes must be continuously developed, and at the same time,

computer simulation using CFD technology, are also extremely important for the

design and development of new advanced furnaces.

The CFD (Computational Fluid Dynamics) is the study of fluid dynamics through

numerical methods on high-speed digital computers (Computational). The partial

differential equations describe the physical behavior of the fluid in motion. These

mathematical equations are converted into discrete forms using high-level computer

programming languages into in-house computer programs or commercial CFD software

packages. These algebraic equations are solved through dedicated techniques. In this

Chapter, the governing equations of fluid flow (mass, momentum and energy

conservation equations) will be presented. Because, the combustion process include

chemical species, the species conservation equation will be added. Furthermore, the

coal combustion requires the use of sub-routines in order to describe the phenomena

such as devolatilization and char combustion. This sub-models interact with the

governing equations.

3.1 Governing Equations

The governing equations of fluid flow represent mathematical statements of the

conservation laws of physics:

• The mass of a fluid is conserved.

41
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• The rate of change of momentum equals the sum of the forces on a fluid particle

(Newton’s second law).

• The rate of energy is equal to the sum of the rate of heat addition to and the rate

of work done on a fluid particle (first law of thermodynamics).

Through these physical fundamentals the conservation equations can be obtained,

which correspond to the CFD modeling base.

3.1.1 Conservation Equation of Mass (Continuity Equation)

The equation of continuity can be developed by writing a mass balance over a

volume element. The overall mass of the gaseous phase is conserved. The equation can

be written as:

∂ρ

∂t
+ (∇ · ρv) = Sm (3.1)

In equation eq. 3.1 the fluid density is represented by ρ, t is the time, and v is the

velocity vector. The term ∇ · ρv is the divergence of the mass flux ρv, which represents

the net rate of mass flux per unit volume. The source term Sm takes in account the

mass transfer from solids phase to the gas phase. For instance, in a multiphase flow

could appear from vaporization from a dispersed phase.

3.1.2 Momentum Equation (Navier-Stokes Equation)

The equation of motion can be derived by means of a momentum balance over

a volume element [86]. The momentum equation is well known as the Navier-Stokes

equation. It is presented in the following way:

∂

∂t
(ρv) +∇ · (ρvv) = −∇p+∇¯̄τ + ρf (3.2)

Momentum acceleration = convection + molecular transport (pressure term

+ viscous term + external forces term)

where the left side is the rate of increase of momentum per unit volume, the second

term is the rate of momentum addition by convection per unit volume. The first two

terms on the right side of the equation represent the rate of momentum addition by

molecular transport owing to pressure and viscous forces respectively, while the last

term is the gravitational and external forces term. The viscous stress tensor is defined

as:



Chapter 3. Mathematical Model 43

¯̄τ = µ

[
∇v +∇vT − 2

3
∇ · vĪ

]
(3.3)

Where µ is the molecular viscosity, I is the unit tensor, and the second term on the

right hand side is the effect of volume dilation.

3.1.3 Energy Equation

The energy conservation equation is based on the first law of thermodynamics. The

general form of the energy equation can be written as:

∂

∂t
(ρE) +∇ (v (ρE + p)) = ∇ ·

(
keff∇T −

∑
i

hiJi + (¯̄τ · v)

)
+ Sh (3.4)

Transient term + Convection = Conduction + Species Diffusion + Viscous

Dissipation + External Heat source

The first and the second terms on the left side of equal sign are the increase in

energy per unit volume and the energy increase owing to convective transport and

compression. The effective conductivity keff is the sum of the thermal conductivity k

and the turbulent thermal conductivity kt. Jj diffusion flux of species j, while hj is

the species enthalpy. On the right side of equation eq. 3.4 are presented the energy

transfer due to conduction, species diffusion, and viscous dissipation, respectively. The

source term Sh represents an external heat source, which may be the heat released from

chemical reactions and the radiation term when enabling radiation model.

The energy equation, for a non-premixed combustion, can be written in term of the

total specific enthalpy h for a multicomponent medium, defined as:

h =
∑
i

Yihi (3.5)

where Yi is the mass fraction of each species i in the mixture. The total enthalpy of

each species i is defined by:

hi = h0
Tref,i

+

∫ T

Tref

cpi (T ) dT (3.6)

where h0
Tref,i

is the enthalpy of formation, Tref is the reference temperature and

cpi (T ) is the specific heat at a constant pressure.
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3.1.4 Species Transport Equation

In reactive flows analysis the conservation of chemical species need to be take in

account. Thus, the conservation equation of chemical species (species transport

equation) is a convective-diffusion equation, written as follows:

∂

∂t
(ρYi) +∇ · (ρvYi) = −∇ · Ji +Ri + Si (3.7)

Transient term + Convection = Species Diffusion + Chemical Reaction + External

Production

In eq. 3.7 Ri represents the rate of production/consumption of species owing to

chemical reaction and Si is a source term. The eq. 3.7 is solved for n− 1 species where

n is the number of chemical species in the system. The diffusion flux Ji is given by:

Ji = −
(
ρDi,m +

µt
Sct

)
∇Yi (3.8)

where Dm,i is the mass diffusion coefficient, µt is the turbulent viscosity and Sct is the

turbulent Schmidt number, defined as follow:

Sct =
µt
ρDt

(3.9)

Dt is the effective mass diffusion coefficient owing to turbulence. The eq. 3.8 is

better known as Fick law (the thermal or Soret diffusion coefficient has been left out of

equation).

3.1.5 General Transport Equation

All conservation equations are particular equations of a more general equation

written for a variable φ. Thus, a general transport equation can be written as follows:

∂

∂t
(ρφ)︸ ︷︷ ︸

Unsteady Term

+ ∇ · (ρφv)︸ ︷︷ ︸
Convective Term

= ∇ · (Γφ∇φ)︸ ︷︷ ︸
Diffusion Term

+ Sφ︸︷︷︸
Source Term

(3.10)

By substituting φ with 1,u,v,w, the total energy E and the mass fraction Yi of specie

i it can be obtained the mass, momentum, energy conservation and species transport

equation, respectively. The table 3.1 highlights the variable that φ could represent.
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Table 3.1: General form of governing equations for compressible flow

Equation φ Γφ Sφ
Continuity 1 0 0
Momentum u,v,w µ -

Energy h k
cp

Sh
Species Yi ρDm,i + µt

Sct
Ri + Si

3.2 Mathematical Sub-Models

The mathematical analysis of a combustion process requires the description and

the use of appropriate sub-models. In Table 3.2 the sub-models used in this thesis are

summarized:

Table 3.2: Sub-Models to describe the combustion process

Physical Process Sub-Models

Turbulence k-ε Model

Chemistry-Turbulence Interaction
Eddy Dissipation Model (EDM)
Finite Rate Model (FRM)

Lagrangian Particle Tracking DPM (Discrete Phase Model)

Devolatilization
Two Competing Rates (Kobayashi) Model
Chemical Percolation Devolatilization (CPD) Model

Char Combustion
Intrinsic Model
Multiple Surface Reactions Model

Radiative Heat Transfer P1 Model

3.2.1 Turbulence Model

Turbulent flows is the motion of a fluid becoming intrinsically unstable and unsteady

so that the final state of the fluid can be described in a random and chaotic manner.

In order to describe this random fluctuations in the fluid, the best exemplified way is

to introduce a temporal variation of a transport property φ. According to the Reynolds
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decomposition, the instantaneous property φ can be decomposed into the mean motion

φ and a fluctuating motion φ
′
:

φ = φ+ φ
′

(3.11)

where φ is defined as follows:

φ =
1

t0

∫ t0

0
φdt (3.12)

It is important to note that the time averaged of the fluctuating component φ
′

is,

by definition, zero:

φ′ =
1

t0

∫ t0

0
φ

′
dt ≡ 0 (3.13)

The time interval t0 is large enough in order to exceed the time scales of the slowest

variations (due to largest eddies) as shown in Figure 3.1 [86].

Figure 3.1: Transport property φ fluctuating with time at some point in a turbulent
flow [86]

Instantaneous density, velocities, enthalpy, scalar property can be expressed in terms

of their mean and fluctuating quantities through eq. 3.11. The system of equations well

known as the Reynolds-Averaged Navier- Stokes (RANS) equations can be derived by

substituting the average variables into the governing equations. They can be expressed

in compact form in Table 3.3.

In Table 3.3 the term δij is the Kronecker symbol and it is given by δij = 1 if i = j

and δij = 0 if i 6= j.

Because in turbulent flames, the thermal heat release provokes the density

fluctuations. The Reynolds-averaging does not consider the effect of density or mass

variability. Thus, is not applicable in turbulent flames. Another type of averaging

procedure is the Favre-averaging [87,88]. It is possible introduce a mass-weighted mean

property φ
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Table 3.3: Reynolds-Averaged Navier-Stokes equations in Cartesian coordinates

Time-Average Mass

∂ρ
∂t + ∂

∂xj

(
ρuj + ρ′u

′
j

)
= Sm j=1,2,3

Time-Average Momentum

∂
∂t

(
ρui + ρ′u

′
i

)
+ ∂
∂xj

(
ρuiuj + ρu

′
iu

′
j + uiρ

′u
′
j + ujρ

′u
′
j + ρ′u

′
iu

′
j

)
=
∂σij

∂xj
+Sui

where

σij=pδij-µ
(
∂ui
∂xj

+
∂uj
∂xi

)
+2

3µ
∂ui
∂xj

δij i,j=1,2,3

Time-Average Enthalpy

∂
∂t

(
ρh+ ρ′h′

)
+ ∂
∂xj

(
ρujh+ ρu

′
jh

′ + ujρ
′h′ + ujρ

′h+ ρ′u
′
jh

′
)

= ∂
∂xj

(
k
Cp

∂h
∂xj

)
+ Sh j=1,2,3

φ̃ =
ρφ

ρ
(3.14)

and the Favre operator:

φ̃ =
1

ρ

1

∆t

∫ t

t+∆t
ρφ′dt (3.15)

The generic transport variable φ can be written as:

φ = φ̃+ φ
′′

(3.16)

where φ
′′

is the superimposed velocity fluctuation.

It is worthwhile noting that the Favre averaging is only a mathematical definition

in order to get a suitable formulation equations. By manipulating the definition of

mass-weighted mean property φ and the instantaneous value of φ, and substituting

the instantaneous density, velocities, enthalpy, in terms of their mass-weighted mean

and fluctuating quantities, it is possible obtain the Favre-Averaged Navier-Stokes. In

Table 3.4 the system of governing equation with the Favre averaging.

It is important to highlight that the Favre averaged conservation partial differential

equations eliminates the fluctuation of density from the time-averaged equations.

Furthermore, the terms in common are only the Reynolds and scalar stress terms:

ρu
′′
i u

′′
j and ρu

′′
i h

′′ .
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Table 3.4: Favre-Averaged Navier-Stokes equations in Cartesian coordinates.

Favre-Averaged Mass

∂ρ
∂t + ∂

∂xj
(ρũj) = Sm j=1,2,3

Favre-Averaged Momentum

∂
∂t (ρũi)+

∂
∂xj

(
ρũiũj + ρ′u

′′
j u

′′
j

)
=−∂σij

∂xj
+ Sui where

σij=pδij-µ
(
∂ũi
∂xj

+
∂ũj
∂xi

)
+2

3µ
∂ũi
∂xj

δij i,j=1,2,3

Favre-Averaged Enthalpy

∂
∂t

(
ρh̃
)

+ ∂
∂xj

(
ρuj h̃+ ρu

′′
j h

′′
)

= ∂
∂xj

(
k
Cp

∂h̃
∂xj

)
+ Sh j=1,2,3

The Favre averaged conservation equations are used in the FLUENT code. These

equations are closed by means of appropriate sub-models.

3.2.1.1 Standard k − ε Turbulent Model

The continuity and momentum equations allow to describe the turbulent flow. The

computations of stationary turbulent flows requires the knowledge of the components

ρu
′′
i u

′′
j of Reynolds stress tensor. To determine these terms the standard k − ε model

by Launder and Spalding [89] has been used in order to close the problem (turbulence

closure problem). In the Favre-averaged form of the momentum equation, according to

the Boussinesq [90] hypothesis, the turbulent stresses can be be written as follow:

− ρu′′
i u

′′
j = −ρũ′′

i u
′′
j = µT

(
∂ũi
∂xj

+
∂ũj
∂xi

)
− 2

3

(
µT

∂ũi
∂xj

+ ρk

)
δij (3.17)

where µT is the turbulent viscosity.

Similarly, the scalar stress for the enthalpy is proportional to the gradient of the

mean value of the transported quantity:

− ρu′′
i h

′′ = −ρũ′′
i h

′′ = ΓTh
∂h̃

∂xi
(3.18)

where ΓTh is the turbulent diffusivity for enthalpy.

The local turbulent viscosity µT can be obtained from dimensional analogy to the

laminar viscosity as µT ∝ ρvtl. The turbulent viscosity µT could be given as:

µT = ρCµ
k2

ε
(3.19)
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where Cµ is an empirical constant. The turbulent kinetic energy k and the rate of

dissipation of turbulent energy ε are respectively defined as

k =
1

2
ũ

′′
i u

′′
i (3.20)

ε =
µT
ρ

˜(
∂u

′′
i

∂xj

)(
∂u

′′
i

∂xj

)
(3.21)

The values of k and ε must be known in order to evaluate the turbulent viscosity in

eq. 3.21. To obtain the values of k and ε their respective equation have been solved.

∂

∂t
(ρk) +

∂

∂xj
(ρujk) =

∂

∂xj

[
µT
σk

∂k

∂xj

]
+

µT
∂ũi
∂xj

(
∂ũi
∂xj

+
∂ũj
∂xi
− 2

3

∂ũi
∂xj

(
µT

∂ũi
∂xj

+ ρk

)
δij︸ ︷︷ ︸

Production

− ρε︸︷︷︸
Destruction

(3.22)

∂

∂t
(ρk) +

∂

∂xj
(ρujε) =

∂

∂xj

[
µT
σε

∂ε

∂xj

]
+

Cε1
ε

k

[
µT

∂ũi
∂xj

(
∂ũi
∂xj

+
∂ũj
∂xi
− 2

3

∂ũi
∂xj

(
µT

∂ũi
∂xj

+ ρk

)
δij︸ ︷︷ ︸Production − C2ρ

ε2

k
ε︸ ︷︷ ︸

Destruction

(3.23)

The constants for the standard k − ε are the following values [89]:

Cµ=0.09;

σk=1.0;

σε=1.3;

Cε1=1.44;

Cε2=1.92;

Finally, the transport equations bear many similarities with the generic transport

equation:

The eddy viscosity hypothesis provides closure for the system of Favre-Averaged

Navier-Stokes equations derived in table 3.4.

3.2.2 Chemistry-Turbulence Interaction Model

In all combustion processes the turbulence influences highly the chemical reactions.

This is due to the change of mixing and heat transfer process. In order to close the

problem related to the specie transport equations the chemistry-turbulence interaction
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models are presented. These models used in this work are: the Eddy Dissipation Model

(EDM) and the Finite Rate Model (FRM).

3.2.2.1 Eddy Dissipation Model

The EDM is based on the work of Masnussen and Hjertager [91].This model provides

the production/consumption rate of species i due to reaction r, Ri,r, which corresponds

to Ri, defined in previous section. According to this model, the Ri,r is given by the

smaller of the two expressions below:

Ri,r = v
′
i,rMw,iAρ

ε

k
minH

(
YH

v
′
H,rMw,H

)
(3.24)

Ri,r = v
′
i,rMw,iABρ

ε

k

∑
p Yp∑N

J v
′′
j,rMw,j

(3.25)

where v
′

is the stoichiometric coefficient for reactants, v
′′

is the stoichiometric

coefficient for products and M is the molecular weight. Yp is the mass fraction of any

product species, P, and YH is the mass fraction of a particular reactant, H. A and B

are empirical constants equal to 4.0 and 0.5 respectively. This model relates the rate of

reaction to the rate of dissipation of the reactant and product containing eddies.

According to the EDM, turbulent mixing controls the rate of the reaction. For this

reason it is assumed that the Damkhöoler number is infinite. It is defined as the ratio

between the characteristic mixing scale and the characteristic chemical time. Thus, the

combustion is mixing-limited, and the chemical kinetic rates can be safely neglected.

It is important to note that the main idea of the EDM is to replace the chemical

time scale of an assumed reaction by the turbulent time scale k/ε. Thereby the model

eliminates the influence of chemical kinetics, representing the fast chemistry limit only.

3.2.2.2 Finite Rate Model

The finite-rate model computes the chemical source terms using Arrhenius

expressions, and ignores the effects of turbulent fluctuations. Further details can be

found in [92]. Furthermore, the code allows to choose the finite-rate/eddy-dissipation

model, in which both the Arrhenius and eddy-dissipation (eq. 3.24 and eq. 3.25)

reaction rates are calculated. The net reaction rate is the minimum of these two rates.

Once the flame is ignited, the eddy-dissipation rate is smaller than the Arrhenius rate,

thus the reactions are mixing-limited. In practice, the Arrhenius rate acts as a kinetic

“switch”.
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3.2.3 Particle Combustion

In addition to solving transport equations for the continuous phase, it is possible

simulate of a discrete second phase in a Lagrangian frame of reference. This second

phase consists of spherical particles (which may also be taken to represent droplets or

bubbles) dispersed in the continuous phase. The code computes the trajectories of these

discrete phase entities, as well as the heat and mass transfer to/from them. The coupling

between phases and the resulting impact on both the discrete phase trajectories and the

continuous phase gas flow can be included. The discrete phase formulation contains the

assumption that the second phase is sufficiently dilute that particle particle interactions

and the effects of the particle volume fraction on the gas phase are negligible. In practice

these issues imply that the discrete phase must be present at a fairly low volume fraction,

perhaps less than 1012% [92], a value which is justified for the modelling work presented

in this thesis. As mentioned in previous chapters, the combustion of coal is modeled

according to the following steps: heating, devolatilization process, volatile combustion

and char burnout. In this section the devolatilization and char combustion models will

be presented. The author will present some general information about them.

3.2.3.1 Particle Tracking

The trajectory of the coal particle are calculated by integrating the force balance

on the particle:

dup
dt

=
18µ

ρpd2
p

CDRe

24
× (u− up) +

gx (ρp − ρ)

ρp
(3.26)

where u is the fluid phase velocity, up is the particle velocity, µ is the molecular

viscosity of the fluid, ρ is the fluid density, ρp is the density of the particle, and dp is

the particle diameter, Re is the relative Reynolds number, gx is the gravity constant.

3.2.3.2 Devolatilization Model

The devolatilization models allow to describe the devolatilization process of a solid

combustion or gasification.

Kobayashi Model

According to the Kobayashi model (Two competing rates) the kinetic devolatilization

rates are given by the following expressions:

R1 = A1 exp−(E1/RTp) (3.27)
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R2 = A2 exp−(E2/RTp) (3.28)

where R1 and R2 are competing rates that may control the devolatilization over

different temperature ranges. The devolatilization expression is the following:

mv(t)

(1− fw,0)mp,0 −ma
=

∫ t

0
(α1R1 + α2R2) exp

(
−
∫ t

0
(R1 +R2) dt

)
dt (3.29)

where mv(t) is the volatile yield upto time t, mp,0 the initial particle mass at

injection, α1, α2 the yield factors and ma the ash content in the particle. According to

Kobayashi [93] the yield of competing reaction, α1, should be set to the fraction of

volatiles given by the proximate analysis, because this rates represents devolatilization

at low temperature. The second yield parameter, α2, should be set close to unity,

which is the yield of volatiles at very high temperature.

Chemical Percolation Devolatilization Model

CPD model in contrast to the empirical devolatilization models (i.e. single rate

model and Kobayashi model) the Chemical Percolation Devolatilization (CPD) model

[94,95,96] characterizes the devolatilization behavior of rapidly heated coal particle,

based on the description of physical and chemical transformation of the coal structure.

During coal pyrolysis, the labile bonds between the aromatic clusters in the coal structure

lattice are cleaved, resulting in two general classes of fragments. One set of fragments

has a low molecular weight (and correspondingly high vapor pressure) and escapes from

the coal particle as a light gas. The other set of fragments consists of tar gas precursors

that have a relatively high molecular weight (and correspondingly low vapor pressure)

and tend to remain in the coal for a long period of time during typical devolatilization

conditions. During this time, reattachment with the coal lattice (which is referred to as

crosslinking) can occur. The high molecular weight compounds plus the residual lattice

are referred to as metaplast. The softening behavior of a coal particle is determined

by the quantity and nature of the metaplast generated during devolatilization. The

portion of the lattice structure that remains after devolatilization is comprised of char

and mineral-compound-based ash. An detailed description of this model can be found

in [92].

3.2.3.3 Char Heterogeneous Combustion Model

In this work two kind of char model has been considered: the Intrinsic char Model and

the Surface Combustion Model.
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Diffusion-Limited Surface Reaction

According to the diffusion-limited surface reaction rate model the rate of surface

reaction is determined by the diffusion of gaseous oxidant to the particle surface.

dmp

dt
= −4πdpDi,m

YoxT∞ρ

Sb(Tp + T∞)
(3.30)

This Model is based on the Baum and Street [97]work. They assume that the char

particles become more porous when the mass and density of the particles is decreasing.

Intrinsic Model

The Intrinsic char burnout model can be classified into two main categories: global

models and intrinsic models [98]. Global models consider char particles impervious

to pore diffusion effects or else lump intra-particle diffusion effects into the chemical

reaction rate constants. These models are highly empirical, basing the reaction rate

on the particle external surface area and on the oxidizer concentration at the external

surface. In contrast, intrinsic models relate char oxidation rate to the active surface area

involved in the reaction and consider the non-uniform oxidizer profile within the particle.

Intrinsic models rely on pore structure models to describe gaseous diffusion through

complex pore structures and to model the local oxidizer concentration at the active

surface area. Thus the intrinsic model approach has high potential of providing coal-

general kinetic rate constants instead of the coal-specific and condition-specific constants

used in the global models. Intrinsic models vary in levels of sophistication and can be

classified into two subcategories: macroscopic and microscopic. Macroscopic models

use average properties of the particle to estimate the effective diffusivity in the porous

structures in the char particle, and usually do not model the evolution of pore structure

with burnout. Microscopic models involve the development of a reaction model for a

single pore and then the prediction of the overall particle reactivity by an appropriate

statistical description of the pore size distribution. If the pore structure is not allowed

to change with conversion, and properties of the particle are assumed to be uniform,

then the microscopic approach becomes equivalent to the macroscopic approach. Char

particles produced from rapid pyrolysis are micro-porous solids whose properties can be

described by their size, true and apparent density, porosity, pore volume distribution

and surface area distribution. The rate of char oxidation is controlled by sequential

or parallel processes of oxygen boundary layer diffusion, chemical reaction and pore

diffusion. The intrinsic model for char burnout used in this work is based on the Smith’s

[98] macroscopic pore model which assumed that the char oxidation reaction:
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C(s) +O2(g)→ CO2(g) (3.31)

The chemical rate is expressed in terms of the intrinsic chemical and pore diffusion

rates:

RIM = η
dp
6
ρpApki (3.32)

In the previous relation, dp is the particle diameter, ρp is the apparent density of

char, Ag the specific internal surface of the char particle and ki is the intrinsic reactivity.

The factor η is known as effectiveness factor and is expressed in the following manner:

η =
3

φ2
(φ cothφ− 1) (3.33)

Where φ is the Thiele modulus:

φ =
dp
2

[
SbρpAgkipox

Deρox

]1/2

(3.34)

Sb is the stoichiometric coefficient of the eq. 3.40. ρox and px and pox are the density

and the partial pressure of the oxidant in the bulk phase, respectively. The effective

diffusion coefficient in the particle pores De is given by:

De =
θ

τ2

[
1

Dkn
+

1

D0

]−1

(3.35)

This relation is based on the hypothesis that the pore size distribution is uni-modal

and the bulk and Knudsen diffusion proceed in parallel. D0 is the bulk molecular

diffusion coefficient:

D0 = C1
[(Tp + T∞)/2]0.75

dp
(3.36)

θ is the porosity of the char, and it is given by:

θ = 1− ρp
ρt

(3.37)

Dkn is the Knudsen diffusion coefficient:

Dkn = 97.0rp

√
Tp

Mw,ox
(3.38)

Where Tp is the particle temperature and rp is the mean pore radius of the char

particle, Mw,ox is the molecular weight of oxygen. The parameter ki, the intrinsic

reactivity, in eq. 3.32, is of Arrhenius form
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ki = Aie
−(Ei/RTp) (3.39)

Ai is the pre-exponential factor, while Ei is the activation energy.

Multiple Surface Reaction Model

In Oxy-Mild combustion the exhaust gas are full of CO2. Therefore, another

reaction has been added (gasification reaction) and it has been assumed that the

product CO is transported away instead of CO2. In order to take into account both

heterogeneous reactions, the multiple particle surface model has been applied. In this

model the particle surface species constitutes the reactive char mass of the particle,

hence, if a particle surface species is depleted, the reactive char content of the particle

is consumed, and turn, when a surface species is produced, it is added to the particle

char mass.

C(s) + 0.5O2(g)→ CO(g) (3.40)

C(s) + CO2(g)→ 2CO(g) (3.41)

In agreement with the reaction r: particle species j + gaseous species n → products,

the particle reaction rate can be expressed as:

Rj,r = ApηrYjRj,r (3.42)

Rj,r = kkin,r

(
pn −

Rj,r
D0,r

)N
(3.43)

where Rj,r is the rate of the particle surface species depletion (kg/s), Ap is the

external surface particle, Yj is the mass fraction of surface species j in the particle, ηr is

the effectiveness factor, Rj,r is the rate of particle surface species reaction per unit area

(kg/m2/s),kkin,r is the kinetic constant of reaction r (kg/m2/s),pn is the bulk partial

pressure of the gas phase species (Pa), D0, r is the bulk diffusion coefficient for reaction

r (m/s), Nr is the apparent order of reaction r. Table shows the kinetic parameters of

char heterogeneous reactions [99].

Thus, two type of model has been considered in this work: Intrinsic Char Model

(only char oxidation) and Multiple Surface Reactions model in which are considered the

char oxidation and gasification reaction. An detailed description of these models can be

found in [92].
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Table 3.5: Kinetic parameters of char heterogeneous reactions

Kinetic mechanism [kg/m2/s] A [kg/m2/s/Paα] β α E [kJ/kmol]

C(s) + 0.5O2(g)→ CO(g) 0.005 0 1 74000
C(s) + CO2(g)→ 2CO(g) 0.00635 0 1 162000

3.2.4 Radiation Model

In combustion processes, the radiative exchange is the most important mechanism

for heat transfer. In a oxy-mild coal pulverized combustion chamber there are many

radiative contribution due to the coal and char particles, soot, walls and gaseous species

as CO2 and H2O.

3.2.4.1 P-1 Radiation Model

In the P-1 radiation model [92] the transport equation for the incident radiation G

is:

∇ · (Γ∇G)− aG+ 4an2σT 4 = 0 (3.44)

Γ =
1

3 (a+ σs)− Cσs
(3.45)

where a is the absorption coefficient, σs is the scattering coefficient, G is the incident

radiation, σ is the Stefan-Boltzmann constant, n is the refractive index of the medium

and C is the linear-anisotropic phase function coefficient.

When a gray, absorbing, emitting, and scattering medium contains an absorbing,

emitting, and scattering particles, the transport equation for the incident radiation can

be written as

∇ · (Γ∇G) + 4π

(
an2σT

4

π
+ Ep

)
− (a− ap)G = 0 (3.46)

where Ep is the equivalent emission of the particles, ap is the equivalent absorption

coefficient.

Moreover, on the basis of the incident radiation G, it is possible to evaluate the

radiation temperature in the particle energy balance as

ΘR =

(
G

4σ

)1/4

(3.47)

3.2.5 NOx Model

NO calculations have been performed in post-processing. In order to calculate the

NO concentrations, the transport equations for nitric oxide (NO) and for intermediate
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species (HCN) have been solved. In this work the thermal, fuel, prompt and N2O paths

as well as NO reburning (both gaseous phase and char particle) have been considered

for the application in furnace. The N2O and N-radical concentrations are evaluated by

means of the partial equilibrium assumption. The sources for HCN and NO have been

calculated averaging the instantaneous source term (Si = f(T)) over the temperature

fluctuations:

〈S〉 =

∫ Tmax

T0

P (T )Si(T )dT (3.48)

using a PDF-β function. T0 is the reference temperature of the system, Tmax is the

adiabatic flame temperature.

3.2.5.1 Thermal NOx

Thermal NOx is based on the reactions the oxide the nitrogen taken from the air.

The rate is significant at temeprature above 1400 °C. The mechanism is described by

Zeldovich et al. [23]

O +N2
kthermal,1→ NO +N (3.49)

O2 +N
kthermal,2→ NO +O (3.50)

N +OH
kthermal,3→ NO +H (3.51)

where kthermal,1, kthermal,2, kthermal,3 are coefficients of the reactions rates eq. 3.49,

eq. 3.50, and eq. 3.51. NO formation rate is given by (partial equilibrium for N-radical

assumption)

rthermal = kthermal,1[O][N2]
1− kthermal,1kthermal,2[NO2]2

kthermal,1[N2]kthermal,2[O2]

1 +
kthermal,1[NO]

kthermal,2[O2]+kthermal,3[OH]

(3.52)

According to the partial equilibrium approach the O and OH radical concentrations

are calculated as:

O2 +H → OH +O (3.53)

O2 +M →M +O +O (3.54)

The thermal source term is:
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SNO,thermal = rthermalMNO10−3 (3.55)

3.2.5.2 Fuel NOx

By assuming that all fuel nitrogen is converted into HCN, the following mechanism

is considered:

coal −N → HCN (3.56)

HCN +O2 → NO + ... (3.57)

HCN +NO → N2 + ... (3.58)

The HCN release by char and volatile is given by:

SHCN,char =
ṁcharwN,charMHCN

MNV
(3.59)

SHCN,vol =
ṁvolwN,volMHCN

MNV
(3.60)

where ṁchar and ṁvol are the combustion rates of char and volatile matter (in kg/s)

respectively; ṁchar is delivered by the the intrinsic model and ṁvol is calculated by

means of the CPD; V is the cell volume. The rate of HCN for the reactions eq. 3.57 and

eq. 3.58 are given by De Soete [100]:

rHCN1 = kHCN1XHCNXO2exp

(
−EHCN1

RT

)
p

RT
(3.61)

rHCN2 = kHCN2XHCNXN2exp

(
−EHCN2

RT

)
p

RT
(3.62)

where: kHCN1=3.5 1010 1/s; kHCN2=3.0 1/s; EHCN1=280.5 kJ
mol ; EHCN2=251.2 kJ

mol .

The instantaneous source term SHCN is:

SHCN = SHCN,vol + SHCN,char − (rHCN1 + rHCN2)MHCN10−3 (3.63)

The NO source term from fuel nitrogen is given by the following expression:

SNO,fuel = (rHCN1 − rHCN2)MNO10−3 (3.64)
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3.2.5.3 Prompt NOx

The chemical reaction rate for prompt NO formation are proposed by De Soete

[174]:

rprompt = fA[O2]b[N2][FUEL]exp(−Eprompt
RT

)V (3.65)

where b is an exponent, which may vary between 0 and 1, and depends on the local

mole fraction of oxygen [92].

The constant A is 6.4 · 106(RTp )b+1 and Eprompt = 303.5 kJ
mol The factor f accounts

depends on the fuel and is given by:

f = 4.75 + 0.0819c− 23.2
1

λ
+ 32

1

λ2
− 12.2

1

λ3
(3.66)

where c is the number of carbon atoms in the fuel and is assumed to be c = 1.2 for

the volatile matter of the Guasare coal and λ is the air excess ratio.

The NO prompt source is then:

SNO,prompt = rpromptMNO10−3 (3.67)

In this work the reburning in gaseous phase and the reburning on char particles are

considered following the work of Chen and Levy [101] respectively. The N2O is taken

in account as well.
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Results and Discussion

4.1 Application of MILD combustion in Furnace

In order to analyze the MILD combustion, it is important to study some geometric

features of this type of combustion. In this chapter, the temperature field and the

specie concentrations of MILD coal combustion in a pilot furnace will be presented.

The attention will be focused especially on the effect of the position of coal guns and

their distance from the central air jet, in order to investigate both temperature and

specie concentration distributions. Keep in mind that in mild combustion several

geometrical parameters are very important to obtain the “mildness” condition. One of

them is the internal recirculation, which does not depend only on the high momentum

of the jet, but also on the position of the jet. Consequently, the distance between the

coal gun and air jet plays a crucial role. The author has performed several simulations

in three dimensional steady-state conditions of a quarter of the IFRF furnace using a

high bituminous A coal. The Eddy Dissipation Model has been used to describe and

model the interaction between turbulence and chemistry, while the P1 model has been

used for the radiation. In order to describe the solid phase and the combustion

process, the Lagrangian description has been used and sub-models have been

implemented for devolatilization and char burnout. The Chemical Percolation Model

(CPD) has been used for the devolatilization and the intrinsic model for the oxidation

of char. The turbulence phenomenon has been modeled resorting to the standard k-ε

model, by considering the standard wall functions for the wall treatment. These

models have already been presented in the previous chapter but the final aim of this

section is to understand which configuration is better.

4.1.1 Geometry Description of Furnace

The sizes of furnace are the following: a square cross-section of 2X2 m and an

internal length of 6.25 m. In figure 4.1 is shown the classical NFK burner, which have

60
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already been shown in Chapter 2. Two coal guns are located at three different distances

from the centerline. During the trial, two different coal guns were tested: low and high

velocity coal gun. In this study, the low-velocity coal gun 2 has been considered , which

corresponds to a value of coal diameter of 27.3 mm. During several tests performed

by [102] detailed in-flame and input/output measurements were carried out. Because

of the fluid dynamic and geometry symmetry, a quarter of furnace has been modeled.

The computational domain has been discretized by 590,000 structured cells as shown in

figure 4.2. The grid is finer in the region near the coal and air jet. The number of cells

is enough to consider the problem mesh-independent [41]

Figure 4.1: NFK burner

Figure 4.2: Geometry and computational grid of a quarter furnace
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For further description of the IFRF Furnace the author suggests to consult the work

of Schaffel [41]

4.1.2 Coal Properties

The high bituminous A coal has been used to perform the numerical simulations.

The proximate and ultimate analysis of coal are given in table 4.1 and table 4.2,

respectively. [41]

Table 4.1: Guasare Coal Proximate Analysis [41]

Composition wt%

Moisture 2.9
Volatile Matter 37.1
Fixed Carbon 56.7
Ash 3.3
LHV 31.74 (MJ/kg)

Table 4.2: Guasare Coal Ultimate Analysis (dry-ash-free basis) [41]

Composition (wt% daf) Coal Char Volatiles

C 81.6 92.6 72.51
H 5.5 1.3 9.10
N 1.5 1.7 1.3
O 10.7 4.0 16.3
S 0.6 0.4 0.8

Detailed information about the size particle distribution, other properties of this

kind of coal, and the boundary conditions can be found in the Schaffel’s work [41]

4.1.3 Parameters for the CPD model

As described in the Mathematical Model section, the CPD is a model that requires

five input parameters in order to characterize the devolatilization process of coal. These

five parameters could be determined from the C NMR spectroscopy [103]but it is a very

complex procedure. Schaffel et al. [41] utilized the IFRF experimental data in order

to characterize both devolatilization and char combustion of Guasare coal, and thus

determine the five parameters of the CPD model. Since these procedures are expensive

and time consuming, in this work the Genetti correlations have been used [103].They

consist in a series of non-linear correlations capable to estimate the five parameters.

These parameters are: the average molecular weight per aromatic cluster (Mcl), the

average molecular weight per side chain (Mdel), the average number of attachments per

cluster, referred to as the coordination number (σ+ 1), the fraction of attachments that

are bridges (p0) and initial fraction of char bridges (c0). Genetti suggests a quadratic

correlation to obtain values for Mdel, Mcl, and σ + 1.
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y = c1 + c2XC + c3X
2
c + c4Xh + c5X

2
H + c6XO + c7X

2
O + c8XVM + c9X

2
VM (4.1)

The values of p0 and c0 has been obtained from the work of Schaffel et al. [41].

The values of parameter of CPD model, obtained by Genetti correlation and by Schaffel

work, are listed in Table table 4.3.

Table 4.3: Parameters for the CPD model [41]

Parameter Symbol Value Unit

Cluster molecular weight Mcl 33.6 kg/kmol
Side chain molecular weight Mdel 359 kg/kmol
Lattice coordination number σ + 1 4.95 -
Initial fraction of bridges in coal lattice p0 0.51 -
Initial fraction of char bridges c0 0 -

4.1.4 Volatiles and Char Combustion

The combustion of volatiles has been represented by two step-chemical mechanism.

It involves the oxidation of the pseudo specie volatile to CO in the first reaction, while

in the second one of CO to CO2 :

C1.33H4.13O0.50N0.12 + 1.44O2 → 1.33CO + 2.06H2O + 0.0595N2 (4.2)

CO + 0.5O2 → CO2 (4.3)

The rate of these two homogenous reactions is provided by EDM (Eddy Dissipation

Model). According to the EDM, turbulent mixing controls the rate of the reaction. For

this reason it is assumed that the Damkhöoler (Da) number is infinite. The Da number

is the ratio between the characteristic mixing scale and the characteristic chemical time.

Thus, the kinetic rates can be ignored, and the combustion is based on the mixing.

It is important to notice that, for an assumed reaction, the main idea of the EDM

is to consider the turbulent time scale k/ε, instead the chemical time scale. Thereby

the model does not consider the effect of chemical kinetics. This model would seem

appropriate for this kind of phenomenon as showed by several works [41,104].

It has been clearly stated and proved that char oxidation can occur in the internal

pores of char particles. For this reason the rate of char oxidation (eq. 4.4) is provided

by the the intrinsic model, based on the Smith’s [98]. This Model has been presented

in previous chapter.

C(s) +O2(g)→ CO2(g) (4.4)
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The input parameters for the intrinsic char model of Guasare coal are given by the

Schaffel work [41], and they are shown in table 4.4.

Table 4.4: Parameters for the Intrinsic Char Combustion Model [41]

Parameter Symbol Value Unit

Mass diffusion-limited rate constant C1 5·10−12 m3/K0.75s
Pre-exponential factor Ai 1·10−3 kg/m2s
Activation energy Ei 5 ·107 J/kmol
Char porosity θ 0.74 -
Mean pore radius rp 1 ·10−7 m
Specific internal surface area Ag 2.5 ·104 m2/kg

Tortuosity τ
√

2 -

table 4.5 summarizes the sub-models used for the application of MILD combustion

in furnace.

Table 4.5: Mathematical Model for MILD combustion in furnace

Physical Process Sub-Models

Turbulence k-ε Model
Chemistry-Turbulence Interaction Eddy Dissipation Model
Lagrangian Particle Tracking Discrete Phase Model
Devolatilization Chemical Percolation Devolatilization Model
Char Combustion Intrinsic Model
Radiation Model P1 Model

4.1.5 Temperature Field

The author finds it necessary to show the comparison between the different coal

gun positions in order to analyze the temperature field, the species concentrations, and

especially the NOx emissions at the outlet. In this section, the temperature field will

be presented. The configuration analyzed are shown in table 4.6

Table 4.6: Distance between air jet and coal guns for all configurations

Configuration Distance between air jet and coal guns

1 175 mm
2 280 mm
3 385 mm

In figure 4.3, figure 4.4 and figure 4.5 are shown the temperature field for the

configurations 1-2 and 3, respectively.

In the configuration 1, the coal and air mix with each other rapidly. For this

reason, the flame is attached because the combustion takes place in environment with

O2 vol% dry higher than 3%. This configuration is closer to a traditional burner than

the configuration 3, in which the coal entrains the combustion products. Because the
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Figure 4.3: Temperature field for the configuration 1

Figure 4.4: Temperature field for the configuration 2

Figure 4.5: Temperature field for the configuration 3
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combustion process occurs in a lower O2% environment the zone becomes fuel-rich.

This process, called “intertisation”, allows to obtain values of temperature very

similar to the combustion products ones. This is owing to combustion takes place

gradually and simultaneously entrains the combustion products at the process

temperature. This phenomenon is mainly highlighted in the configuration 3. The

figure 4.6 and figure 4.7 show real and simulated pictures of the flame in configurations

1 and 3.

The figure 4.8 shows the comparison for the temperature along seven radial

traverses, which are taken in the plane crossing both the coal and the comburent jets

at the following distance from the inlets: traverse 1: 0.15 m; traverse 2: 0.44 m;

traverse 3: 1.32 m; traverse 4: 2.05 m; traverse 6: 3.22 m; traverse 7: 4.97 m.

Figure 4.6: Real and simulated flame for configuration 1

Figure 4.7: Real and simulated flame for configuration 3
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Figure 4.8: Temperature profiles for different traverses



Chapter 4. Results and Discussion 68

4.1.6 Oxygen Concentration Field

In figure 4.9, figure 4.10 and figure 4.11 , the oxygen concentration fields for the

respective configurations are shown. It is important to note that the concentration of

oxygen assumes a uniform distribution downstream of the half furnace. Consequently,

the radial profile is flat and assumes a value of about 3%. The combustion products

fills the furnace with the 3% of O2. In the configuration 3, the ignition stand – off at a

distance, from the burner, farther than the configuration 1.

Figure 4.9: Oxygen concentration field for the configuration 1

Figure 4.10: Oxygen concentration field for the configuration 2
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Figure 4.11: Oxygen concentration field for the configuration 3

Figure 4.12: Oxygen concentration profiles for different traverses
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4.1.7 Carbon Dioxide Concentration Field

Carbon dioxide concentration is shown in the figure 4.13, figure 4.14 and figure 4.15.

Figure 4.13: Carbon dioxide concentration field for the configuration 1

Figure 4.14: Carbon dioxide concentration field for the configuration 2
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Figure 4.15: Carbon dioxide concentration field for the configuration 3

Figure 4.16: Carbon dioxide profiles for different traverses
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The table 4.7 summarizes the temperature, oxygen and carbon dioxide

concentrations at the outlet of furnace for the configurations 1,2 and 3.

Table 4.7: Numerical values at the furnace outlet

Configurations O2% CO2% Temperature [K]

1 (175 mm) 4.22 24.47 1531.5
2 (280 mm) 3.31 25.38 1534.9
3 (385 mm) 3.15 25.61 1567.5

The work of Schaffel [41] provides the experimental results for the configuration 2.

The numerical values calculated in this work agree with the measurements.

4.1.8 Nitric Oxides Emissions results

Another important objective of this work is to understand and show in what ways

some geometric parameters are crucial to get low NOx emissions. In other words, the

distance between the coal and the air jet is essential for the formation of nitric oxides.

First of all, the mild combustion allows to reduce the NOx emissions without resort

to the so-called primary methods. NOx emissions decrease from configuration 1 to

configuration 3 as shown in figure 4.17. In configuration 1, within the primary zone of

the flame, the oxygen concentration is higher than the one in configuration 3. This is

due to the distance between the coal gun and air jet. The third configuration allows

to get a fuel-rich zone in which the NOx is reduced due to the production of reductive

radicals (HCN) which reduce the existing NOx. In figure 4.17, the NOx emissions at

the outlet furnace for the three coal gun positions are shown.

Figure 4.17: Numerical and experimental values of nitric oxides at the outlet for all
configurations

The numerical results are in good agreement with the experimental results [35].For

configuration 1 the NOx at the outlet is overestimated. For the third one, on the

contrary, it is practically the same value. Clearly, as mentioned before, in configuration
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1 the flame is attached. This means that the coal is not able to entrain a large amount

of combustion products, but the ignition occurs in an environment with higher O2

concentration than the one of configuration 3. This is due to the fuel NOx, which

increases with the growing concentration of oxygen. The three configurations analyzed

show different temperatures and species fields. This characteristics clearly show how

the aerodynamic of combustion chamber is very important to get strong recirculation

to achieve the “mildness” condition.

4.2 Application of Oxy-MILD Combustion in Furnace

The aim of this section is to demonstrate the advantages of a combination of these

two combustion technologies in a pilot furnace to analyze the temperature and species

concentrations field, but also the CO2 and NOx emissions by means of CFD. The final

goal is to understand if it is possible to combine the MILD combustion and OXY one

to reduce NOx emissions and capture CO2. The reference furnace is the IFRF which

has already been described in previous sections.

4.2.1 Boundary Conditions

For the Oxy-Mild combustion in furnace, the properties of coal, the mathematical

model for both gas and solid phase and the spatial discretization are the same of the

previous simulations. The boundary conditions, instead, are listed in table 4.8 and

table 4.9 for the two inlets.

Table 4.8: Boundary conditions for the secondary inlet

Mass Flow Rate [kg/h] T [K] Composition (vol%) Oxygen Mass
Flow [kg/h]

Case 1 675 1623.15 CO2 8.1%; O2 19.7%; N2 57.2%; 138.5
H2O15.1%;NOx 70 ppm (dry)

Case 2 675 1623.15 O2 19.7%; CO2 81% 138.5

Table 4.9: Boundary conditions for the primary inlet

Mass Flow Rate [kg/h] T [K] Composition (vol%)

Case 1 130 313.15 O2 21%; N2 79%
Case 2 130 313.15 O2 21%; N2 79%

In the both cases the burner works with a stoichiometric ratio of λ = 1.2. To achieve

this condition, it has been essential to keep the same oxygen mass flow in both cases. In

other words, all simulations have been performed maintaining the same oxygen excess

in the air jet. Case 1 corresponds to the mild combustion in configuration 2, described

and analyzed in the previous sections.
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4.2.1.1 Results and Discussion

In this section, the results of the cases analyzed in term of temperature, species

concentrations and NOx pollutant emissions will be shown.

Figure 4.18: Contour plot of temperature for MILD and Oxy combustion

Figure 4.18 shows the contour plot on the symmetry section of temperature for the

two cases, while figure 4.19 shows the comparison for the temperature along the seven

radial traverses.

The temperature level and the peak of temperature are very similar in both cases.

It is worth noticing that the oxy mild combustion provides a temperature level lower

than the only mild combustion. This is due to the specific heat of CO2 is higher than

the N2 when the temperature is around the typical flame temperature. This condition

affects the production of Thermal NOx. Nevertheless, It is well known that in coal

combustion Thermal NOx represents a little percentage of the total NOx, but either

way it is important to take in account in order to obtain very low NOx emissions.

Anyway, because the Fuel NOx are affected by the oxygen distribution, it is noteworthy

to analyze the oxygen profiles.

Figure 4.20 shows the contour plot of oxygen concentrations for both cases.

Figure 4.21, instead, shows the oxygen concentrations profiles along the seven

traverses. The trend is very similar for both cases, the oxy-mild provides a lower

oxygen concentration level than the mild one. Downstream the fourth traverse, for

both cases, the oxygen concentration is uniform. The furnace is practically filled by
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Figure 4.19: Temperature profiles for different traverses in oxy-mild combustion]

oxygen at 3% for the first case and around 2.7% for the second one. This different

concentration and distribution around the flame zone affect the Fuel NOx.
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Figure 4.20: Contour plot of oxygen concentration for MILD and Oxy combustion
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Figure 4.21: Oxygen concentration profiles for different traverses in oxy-mild
combustion
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Figure 4.22: Contour plot of carbon dioxide concentration for MILD and Oxy
combustion
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Figure 4.23: Carbon dioxide concentration profiles for different traverses in oxy-mild
combustion
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Carbon dioxide contour plot is shown in figure 4.22, while in figure 4.23 shows the

carbon dioxide concentration profile along the seven traverses. In this case the

difference is huge in term of values of concentration. Clearly, this is due to the oxy

condition in the second case. The oxy mild combustion allow to fill the furnace with

high level of carbon dioxide. This condition is very important because it allows to

capture in easy way the carbon dioxide. The percentage of carbon dioxide

concentration at the outlet of furnace is between the 80% and 85%. The higher the

value of CO2 concentrations the easier it is to capture. Good values are above the

90%. This could be done by substituting the transport air with carbon dioxide, in

order to eliminate the nitrogen in the combustion process.

The formation of NOx has been analyzed according to the model proposed in

chapter 3. In the first case the NOx emissions are due to all types of NOx especially

thermal and fuel. In the second one, they are mainly due to fuel NOx. The second

case shows lower values of NOx compared to the first one, because the thermal NOx

are practically missing and the fuel-NOx are lower than the first case because of lower

values of oxygen concentration profile. Keep in mind that the fuel NOx increase when

the oxygen concentrations grows. In table 4.10 are given the numerical results of NOx

concentration at the furnace outlet.

Table 4.10: Computed values of NOx concentration at the furnace outlet

Case NOx ppm dry NOx@6O2%

1 323 272
2 270 222

In this section, a preliminary study has been performed on the potential gains of

the oxy-mild combustion of pulverized coal in a pilot furnace. The idea of the author is

to combine the advantages of the two technologies in order to investigate the

temperature, species concentration profiles and the NOx pollutant emissions in a pilot

furnace. The influence of a CO2 dilution in the oxidizer respect to the standard case

has been examined . The results show the advantages of oxy-mild combustion in term

of NOx emissions. This condition allows to understand how future works about this

new technology can improve the efficiency of combustion process in order to obtain

environmentally-friendly technologies. Anyway, the external recirculation of carbon

dioxide needs a high electrical power, thus, to avoid this lost efficiency in the system,

the CO2 can be used as a primary jet by transporting the coal. Probably, this

condition could provide good results as well, with the advantage of reducing the

electrical power for external recirculation.

In the next section this perspective will be analyzed with application in boiler.
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4.3 Application in Boiler

In this section, the possibility to combine the two combustion technologies in a novel

concept of boiler will be analyzed. In order to understand if it is possible to combine

them, the author has performed several numerical simulations by considering two types

of boilers: a small and a medium boiler. Different shapes, geometric parameters as

well as different models for the char combustion have been analyzed to investigate the

best configuration. The aim is to find the configuration that combines the advantages

of Oxy and MILD combustion. With this purpose, the author has investigated the

temperature and specie concentrations field, the wall heat flux and some statistical

parameters, which allow to provide information about the uniformity of temperature

and specie concentration in the whole volume of the boiler. A uniform distribution of

wall heat flux allows to employ the boiler in super-critical power plant. Thus, the main

goals of this section are:

� To combine the Oxy and MILD combustion.

� To investigate different shape and geometric parameters.

� To consider different model for the char combustion.

In term of results:

� To analyze the temperature and species concentration distribution.

� To provide information about the char burnout.

� To investigate the wall heat flux. Analyze the uniformity of temperature in the

whole volume by means of statistical parameters.

These results will be compared with standard boiler and with several findings by

other authors.

4.3.1 Small Boiler

The first researchers who have introduced a novel concept of boiler in

ultra-supercritical plant were Schaffel et al. [42]. This work starts from this type of

boiler, but differently from the Schaffel’s boiler, the goal is to investigate the

possibility of obtaining mildness condition in small boiler under oxy-combustion

condition. This is a challenge because it is more difficult to obtain mild combustion in

a small boiler. Indeed, there have to be a great combustion chamber in order to allow

the internal recirculation of combustion products. By this mean, a first hypothetical

small boiler has been presented.
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4.3.1.1 Properties of Janina Coal

The coal used to perform the numerical simulations is the Janina Coal, which

originated from a large coal mine in Poland. This kind of coal is classified as sub-

bituminous coal. Table 4.11 and table 4.12 show the proximate and ultimate analysis

of this coal, respectively.

Table 4.11: Janina Coal Proximate Analysis

Composition wt%

Moisture 10.70
Volatile Matter 44.64
Fixed Carbon 35.66
Ash 9.0
LHV 31.74 (MJ/kg)

Table 4.12: Janina Coal Ultimate Analysis (dry-ash-free basis)

Composition (wt% daf)

C 67.42
H 5.01
N 0.71
O 26.66
S 0.2

Because the goal is to burn the coal directly in the boiler, it is necessary to calculate

the ultimate analysis as received (table 4.13)

Table 4.13: Janina Coal Ultimate Analysis (as received)

Composition (wt% as received)

C 56.32
H 41.85
N 0.59
O 22.27
S 0.17

4.3.1.2 Geometry, Mesh Description and Numerical Setting

The burner is located at the top wall of the boiler, while the outlets of combustion

products are set on the side of it. The burner presents the FLOX configuration. A

detailed description of this type of burner can be found in section 2.3.1. This burner

is made up of a central jet of coal and four oxygen jets, instead of air. It is important

to underline that that the combustive agent is composed by pure oxygen and not by

a mixture of oxygen and carbon dioxide. The goal is to recirculate, externally, a little

part of carbon dioxide in order to reduce the electrical power required to the fans. For
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this reason, the carbon dioxide is used as a primary jet by transporting the coal.

The shape and size of boiler are shown in figure 4.24, while figure 4.25 shows the

top wall, in which the burner is located. The boiler has 3.6X2.56 m cross section and a

height of about 7 m.

Figure 4.24: 3D view of small boiler

In order to discretize the computational domain, a structured mesh has been used.

The number of rectangular cells is about 900000. The grid size is finer near the burner,

where the combustion of coal takes place. Figure 4.26 shows the computational domain

of the top wall.

The mass, momentum, energy and species conservation equations are solved using

the finite volume technique. Because the flow developed in the combustion chamber is

at a low speed and incompressible (M < 0.3), the pressure-based approach is used to

solve the governing equations. The velocity field is obtained from the momentum

equations, while the pressure field is determined by solving the pressure correction

equation, which allow to obtain the pressure field in all points of the computational

domain. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) is the

algorithm for the calculation on staggered grid of pressure. The option chosen for the

interpolation of pressure values at the faces is the PRESTO! (PREssure STaggering

Option) [92].
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Figure 4.25: Top wall of small boiler

Figure 4.26: MSpatial discretization of top wall of a quarter of small boiler

4.3.1.3 Boundary Conditions

In table 4.14 are summarized the boundary conditions used in this first kind of

boiler.

The burner works with a relative air-fuel ratio of λ = 1.1 (10% of oxygen in

excess). The velocity and temperature of oxygen is very high in order to both obtain

an internal recirculation and to allow the reactions to take place at temperatures

above the self-ignition temperature, in a distributed large volume instead rather than a

highly convoluted one, thin and stretched flame front.

Table 4.15 summarizes the sub-model used.
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Table 4.14: Boundary Conditions

Name type number settings

O2 Inlet Velocity Inlet 4 wt% O2 = 100 %; ṁ = 6.56kg/s;
v = 137 m/s; T= 1200 K

Transport CO2 Inlet Velocity Inlet 1 wt% CO2 = 100%; ṁ = 1.26kg/s;
v = 22.5 m/s; T = 300 K

Coal Inlet Injection 1 ṁ = 3.68 kg/s; v = 22.5 m/s; T = 300 K
Outlet Pressure Outlet 1 p = 101325 Pa
Walls Wall - ε = 0.6;T = 800K

Table 4.15: Mathematical Model for MILD combustion in furnace

Physical Process Sub-Models

Turbulence k-ε Model
Chemistry-Turbulence Interaction Eddy Dissipation Model
Lagrangian Particle Tracking Discrete Phase Model
Devolatilization Two Compenting Rates
Char Combustion Diffusion-Limited Surface Reaction
Radiation Model P1 Model

4.3.1.4 Results and Discussion

In this section, the first numerical results will be presented. In figure 4.27 and in

figure 4.28 the temperature field are shown. The slice planes cut the boiler both along

the symmetry and the centerline oxygen inlets.

Figure 4.27: Temperature field in the boiler

The temperature range is 1600-2600 K, as shown in figure 4.28. The peak

temperature is high enough for HTAC combustion. Likely, it is due to a poor

recirculation of combustion products. For this reason the coal does not entrain a large
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Figure 4.28: Temperature distribution in different slice planes

amount of combustion products, but there are zones in which the coal locally burns.

The temperature at the outlet of boiler is around 1997 K.

The oxygen field is shown in figure 4.29. The average concentration of oxygen is

around 27%, and the distribution is not very uniform. On the left, the figure shows

a more uniform distribution because the exits of furnace are located along the higher

dimension of boiler. Thus, the recirculation is naturally higher on these planes. In the

coal devolatilization region, the oxygen concentration drops to almost zero. The oxygen

concentration in flue gas is 20%. This means that the burn out of char is not optimal,

indeed the value is 83%. Figure 4.30 shows the carbon dioxide concentration on dry

basis.

In oxy-coal combustion, the carbon dioxide distribution and the value at the exit

of boiler are important results for the capture of CO2. Indeed, the higher the flue gas

CO2 concentration is, the easier to separate. In case of high concentration (greater

than 90%), it would be enough only to condense the water vapor. The carbon dioxide

concentration on dry basis is 79% and it is not a desired value. These results strongly

depend on the char model used. In these first findings, the only contribution to the char

combustion is given by the heterogeneous reactions of char with the oxygen, according

to the diffusion-limited model.
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Figure 4.29: Oxygen concentration distribution in different slice planes

Figure 4.30: Carbon dioxide concentration distribution in different slice planes
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4.3.1.5 Different Shape of Boiler

In order to improve the internal recirculation and thus have a more uniform

distribution of temperature and species concentrations, another type of boiler is

presented. This new boiler has a different square cross section (4X4 m), but keeps the

other sizes equal to the previous one. The shape is shown in figure 4.31.

Figure 4.31: 3D view of square small boiler

The following figures show the comparison between the square and the rectangular

boiler, respectively. The boundary conditions and the models used are the same for

both boilers.

Figure 4.32 shows the temperature distribution of square boiler (on the left) and

rectangular one.

First of all, the square boiler shows a more uniform distribution of temperature and

the combustion takes place mainly in the bottom region of boiler. This is due to the

larger volume. A smaller volume obstructs the flue gases to recirculate completely from

the bottom to the top of the boiler. Thus, in this new configuration the combustion

products have more volume in which they can recirculate. This is also highlighted in

figure 4.33, which shows the oxygen concentration field.

The square boiler is filled by an oxygen concentration of 20% and the value in flue

gases at the outlet is 17%, while the carbon dioxide is 85.6%. The burnout is improved

and the value is 91%. This demonstrates that a larger volume and a square shape

improve the burnout and the distribution of temperature and species.
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Figure 4.32: Temperature distribution in symmetry planes for different shape of
boiler (left: square; right: rectangular)

Figure 4.33: Oxygen distribution in symmetry planes for different shape of boiler
(left: square; right: rectangular)
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In order to obtain a burnout of 100% and improve the oxy-mild combustion, another

kind of char model is used: the multiple surface reaction. This type of model includes

the effect of heterogeneous reactions of CO2 on the surface of char (char gasification).

4.3.1.6 Model Char Combustion Comparison

Figure 4.34, figure 4.35 and figure 4.36 show the temperature, the oxygen and the

carbon dioxide concentration field for two different char model of the square boiler.

Figure 4.34: Temperature distribution in symmetry planes for different char
combustion model: multiple surface reactions (left); diffusion-limited (right)

In table 4.16 is listed the comparison between the two char combustion models.

Table 4.16: Char model comparison: results at the outlet of boiler

Char Model T [K] O2 [%] CO2 [%] burnout [%]

Diffusion-limited 1683 17.0 85.6 91.0

Multiple surface reactions 1682 12.5 87.0 100

Despite the fact that the temperature at the outlet is equal in both cases, the multiple

surface reactions model allows to obtain the 100% of burnout and a better consumption

of oxygen. The high concentration of CO2 in the bulk case influences the pulverized

char combustion.
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Figure 4.35: Oxygen concentration distribution in symmetry planes for different char
combustion model: multiple surface reactions (left); diffusion-limited (right)

Figure 4.36: Carbon dioxide concentration distribution in symmetry planes for
different char combustion model: multiple surface reactions (left); diffusion-limited

(right)
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4.3.1.7 Density Firing Comparison

Another important feature of mild combustion is the uniformity of wall heat flux

due to the strong recirculation inside the combustion chamber and thus the uniformity

of temperature and species concentration fields. In this section, the wall heat flux for

three different density firings will be analyzed. Table 4.17 lists the boundary conditions

used for this comparison. The values are referred to a quarter of boiler. The idea is to

maintain the same combustion condition (λ = 1.1) by modifying the oxygen mass flow

and the coal mass flow.

Table 4.17: Boundary conditions for wall heat flux comparison

Firing Density Oxygen Mass Flow [kg/s] Coal Mass Flow [kg/s]

187 kW/m3 1.64 0.92
240 kW/m3 2.10 1.17
375 kW/m3 3.23 1.84

In order to calculate the average wall heat flux, an UDF has been written (User

Defined Function), and the heat flux at various elevations of the domain have been

calculated . Figure 4.37 shows the wall heat flux profiles along the height of boiler

for three different density firings: 187 kW/m3, 240 kW/m3, 375 kW/m3.

Figure 4.37: Wall heat flux for different firing density

The heat should be transferred to the water/steam mixture at wall. For this reason,

a uniform distribution is necessary. Actually, neither of the three density firings presents

a uniform distribution, but the boiler with 240 kW/m3 density firing shows the typical

trend of a conventional boiler, in which the typical local values for the heat flux are in the

range of 50 - 300 kW/m2. This irregular distribution is due to either poor recirculation
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or local combustion of coal. Probably, the main cause is the combustion in pure oxygen,

which provides high values of temperature localized in the bottom of the boiler. It has

been necessary to calculate statistical parameters by means of UDF in order to analyze

the deviation of temperature from the average value in the domain. These statistical

parameters are:

� Standard deviation,

� Skewness,

� Kurtosis,

Table 4.18 presents these parameter for the three density firings.

Table 4.18: Statistical parameters for different firing density of boilers

Firing Density Tmax Tave Standard Deviation Skewness Kurtosis

187 kW/m3 2253 1429 223.35 0.40 1.19e−9

240 kW/m3 2187 1480 205.60 0.20 1.76e−9

375 kW/m3 2318 1614 237.6 0.09 1.15e−9

All three cases present a symmetric and a Mesokurtic distribution of temperature.

This is due to the values fixed by skewness and kurtosis. Kurtosis provides the height

and sharpness of the central peak, relative to that of a standard bell curve. Because

all three configurations present the same values of skewness and kurtosis, the density

firing with a more uniform distribution is 240kW/m3, which provides the lowest value

of standard deviation.

In figure 4.38, figure 4.39 and figure 4.40 the temperature field used to highlight the

high local temperature at the bottom of boiler is shown.

Figure 4.38: Temperature field for 187 kW/m3 firing density
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Figure 4.39: Temperature field for 240 kW/m3 firing density

Figure 4.40: Temperature field for 375 kW/m3 firing density
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It is important to underline that a small boiler does not give proper results in term

of uniform distribution of temperature and species concentration as well as the wall heat

flux. Consequently, it is necessary to consider a higher boiler. In the next section, a

medium boiler made up of 5 burners will be presented.

4.3.2 Medium Boiler

In this section, the numerical results in term of temperature and species

concentrations field for a boiler with sizes higher than the previous one will be

presented. This new type of boiler is composed by five FLOX burners. Every burner is

composed of six oxygen inlets localized along a circumference of radius of 0.5 m. The

coal and the carbon dioxide transport are at the center of this circumference. A

detailed description of the geometry will be given in the next section.

The main objective is to obtain a more uniform distribution of temperature, specie

concentrations and wall heat flux in respect to the previous boiler. For this reason, it

has been necessary to consider a boiler with higher sizes.

4.3.2.1 Geometry and Mesh Description

Figure 4.41 illustrates the geometry of medium boiler, while figure 4.42 shows a

detail of the top boiler, in which the burners and the outlets of flue gas are located.

Figure 4.41: 3D View of medium boiler
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Figure 4.42: Detail of top medium boiler

Figure 4.43: Spatial discretization of top boiler (left), symmetry plane (right)
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4.3.2.2 Boundary Conditions

In table 4.19 are listed the boundary conditions.

Table 4.19: Boundary conditions for medium boiler

Name type number settings

O2 Inlet Velocity Inlet 30 wt% O2 = 100 %; ṁ = 18.6kg/s;
v = 120 m/s; T= 1200 K

Transport CO2 Inlet Velocity Inlet 5 wt% CO2 = 100%; ṁ = 0.8kg/s;
v = 22.5 m/s; T = 300 K

Coal Inlet Injection 5 ṁ = 10.56 kg/s; v = 22.5 m/s;
T = 300 K

Outlet Pressure Outlet 6 p = 101325 Pa
Walls Wall - ε = 0.6;T = 800K

The burners work with a relative air fuel ratio of λ = 1.1.

Table 4.20: Thermal Balance

Ti [K] Ḣi [MW] To [K] Ḣo [MW] Q̇ [MW]

1200 260 1635 208 52

The total thermal enthalpy supplied to the boiler is equal to 260 MW and the

enthalpy of the exhaust gas is equal to 208 MW. The difference is the sum of thermal

energy transferred to the walls and the heat of reaction. The volume of boiler is around

1080 m3, thus the firing density is around 240 kW/m3.
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4.3.2.3 Results and Discussion

In Figure 4.44 and in Figure 4.45 the temperature, oxygen concentration and carbon

dioxide field in the whole boiler and in the symmetry plane are respectively shown.

Figure 4.44: Temperature field (top-left), oxygen concentration (top-right), carbon
dioxide concentration (bottom-center) for the medium boiler
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Figure 4.45: Temperature field (top-left), oxygen concentration (top-right), carbon
dioxide concentration (bottom-center) in symmetry plane

The previous figures show a more uniform distribution of temperature, oxygen and

carbon dioxide concentration. This is due to the large volume of boiler. It is necessary

to notice that this kind of boiler provides a better recirculation of combustion products.

The pulverized coal meets and entrains a large amounts of flue gases and thus can burn

in diluted environment. Above all, this condition is very useful because it allows to

get a better distribution of temperature, with an average value of 1895 K, but also to

capture the carbon dioxide at the outlet of the boiler. Table 4.21 presents the values

of temperature, species concentrations at the outlet as well as the burnout of char. In

figure 4.46 the volatiles mass fraction field is shown.

Because the coal meets the hot combustion products, the devolatilization happens

very fast. The ignition is very close to the burner. Table 4.21 presents the values of

temperature, specie concentrations at the outlet as well as the burnout of char.

These values diverge from the theoretical values by 22%. The burnout of coal is

around 100%, and the hot combustion products allows to eliminate the problem of
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Figure 4.46: Volatile mass fraction field

Table 4.21: Medium Boiler: results at the outlet of boiler

T [K] O2 [%] CO2 [%] burnout [%]

1623 12.7 87.0 100

ignition. Table 4.22 presents the statistical parameter for temperature in a medium

boiler.

Table 4.22: Statistical parameters for different firing density of boiler

Tmax Tave Standard Deviation Skewness Kurtosis

2662 1895 207 0.54 2.0e−9

The values of skewness and kurtosis are 0.5 and 0, respectively. This means that the

temperature distribution in the boiler is approximately symmetric (skewness=0.5) and

it assumes a Mesokurtic distribution (kurtosis =0) [105].

It is worthwhile to highlight the relevance of the recirculation. For this reason, in

figure 4.47 the axial velocity field is shown.
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Figure 4.47: Axial velocity

Almost the whole volume of the boiler is characterized by a strong recirculation. The

combustion products rise toward the top of the boiler and the recirculation intensity is

greater in the external part of it.

A strong recirculation with a uniform distribution of temperature provides a uniform

distribution and profile of heat flux at the wall.

Figure 4.48 shows the wall heat flux (average).

The heat transfer in the boiler is improved by high and uniform heat fluxes. High

values of radiative heat lead results to an increase of firing density, thus it is possible

to reduce the size of the boilers. The high values and distribution of heat transfer is

very relevant for analyzing the heat transferred from the combustion products inside the

chamber to the water/steam mixture inside the boiler tubes of an ultra-super critical

power plant. Figure 4.49 shows the wall heat flux profiles for two values of firing density:

an high value 430 kW/m3 and a medium value 240 kW/m3.

This comparison was necessary in order to analyze which kind of firing density value

is the best in term of uniform profile and absolute value. This result has been obtained

by means of an UDF (User Defined Function), which allows to calculate the average

value of heat flux at the wall.

Moreover, in order to make a better comparison, it important to consider the heat

flux profile of standard boilers. figure 4.50 shows the comparison between the heat flux

profiles provided by Schaffel et al. [40] and the one provided in this work.

The oxy-mild combustion allows to maintain the uniformity of heat flux found in the

Schaffel work but, at the same time, presents higher values than Schaffel results. This
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Figure 4.48: Contour plot of wall heat flux

Figure 4.49: Wall heat flux comparison for different density firing
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Figure 4.50: Wall heat flux comparison between Schaffel et al. result and this work
one

Figure 4.51: Wall heat flux comparison between conventional pulverized coal boiler
and fluidized bed boiler

is due to the radiative properties of CO2, which in oxy-combustion became prevalent

because of the high concentration values. The heat flux profile provided in this work

combines the advantages of a fluidized bed boiler (uniformity) [106] and of conventional

pulverized coal boiler (high values) [107], as shown in figure 4.51.

Thus, the oxy-mild combustion, in term of heat flux allow to obtain:

� Uniformity of wall heat flux
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� Values comparable with the conventional boiler

The application of oxy-mild combustion in a medium boiler has highlighted

remarkable results in respect to the current boiler and to the work of several

researchers.



Chapter 5

Conclusions and outlooks

In this work, the Oxy-MILD combustion of pulverized coal has been analyzed and

a three dimensional, steady state model has been used with the ANSYS FLUENT

numerical code.

Afterward, several models and sub-models were implemented for the combustion of

pulverized coal in different applications, in order to compare it with the state of the art

of furnace and boilers. In particular, MILD combustion with different positions of jet

coal in furnace and Oxy-MILD combustion boilers with several shapes and char models

have been investigated.

The results obtained through simulation analysis showed that Oxy-MILD

combustion represents a promising technology to reduce the nitric oxide emissions and

capture carbon dioxide. This is an interesting result if considered that it is extremely

difficult to combine these two goals. A reduction of nitric oxide has been obtained in

the application in furnace in configuration 3, in which the distance between the coal

and the oxidizer jet are furthest. In configuration 3, the nitric oxide is about 220 ppm

@ 6% of O2 respect to 320 ppm @ 6% of O2 provided by configuration 1. This result is

mainly a consequence of the reduction of oxygen concentration and thus the one of fuel

nitric oxide. The results obtained in these simulations are in good agreement with the

experimental results provided by [41]. In order to investigate the potentials of

Oxy-MILD combustion, a preliminary application at the same furnace with

configuration 2 has been investigated. These simulations start from the same

boundary conditions of previous applications to finally understand the only effect of a

strong external recirculation of carbon dioxide on temperature and nitric oxide. A 20%

reduction of nitric oxides in oxy-mild combustion has been obtained, mainly because of

the absence of nitrogen in the oxidant and thus of thermal NOx. But, at the same

time, oxy-mild combustion has been providing high values of carbon dioxide

concentration. In order to identify the effectively potential of oxy-mild combustion and

possible applications on an industrial scale, an application in boiler has been realized.

105
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A preliminary application in a small rectangular boiler has not showed a good

distribution of temperature and specie concentrations, instead provided by a square

and a higher volume. A smaller volume, indeed, prevents the flue gases to recirculate

completely from the bottom to the top of the boiler. A better result has been obtained

when a multiple surface reaction on char particle has been considered and applied to

the square shape boiler. The multiple surface reaction model has provided the same

average temperature, but better depletion of char. Consequently, the oxygen

concentration at the outlet boiler is lower than the one at the rectangular boiler and

thus the burnout is 100%. This result might seem in contrast with Shaddix and

Molina et al. [57], who stated that the presence of CO2 could reduce the burning rate

because it can hinder the diffusion. This is true in standard oxy-mild combustion, but

not in oxy-mild in which the high pre-heated oxygen jet encourages the diffusion. The

wall heat flux has also been analyzed with different firing densities, but as a

consequence of a non-optimal uniform distribution, the profiles presents local peaks.

Consequently, it has been necessary to consider a higher boiler. Numerical simulations

have been performed and the main results can be summarized in the following points:

� The temperature and species concentration distributions have reached an

acceptable uniformity.

� The wall heat flux profile is uniform and assumes values comparable with a

conventional pulverized coal boiler.

The first point is a consequence of the strong recirculation reached in the whole

volume of the boiler, while the second one is a consequence of a combination of the first

one and radiative properties of carbon dioxide. These findings play a crucial role in the

production of steam in ultra-super critical power plant. To summarize, this solution

allows to:

� Reduce the nitric oxide

� Capture the carbon dioxide

� Produce steam in ultra-super critical power plant in optimal manner

Another aspect to consider is the elimination of external recirculation. The

simulations in the boiler have been performed by considering a little external

recirculation of carbon dioxide. The carbon dioxide is needed only for the transport of

pulverized coal.

The results presented show the great potential of the Oxy-MILD combustion of

pulverized coal in boilers with application in ultra-super-critical power plant, but also

the need of further studies by considering different sub-models for the devolatilization,
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char combustion and the use of detailed kinetic mechanism. The key element of the

commercial success of the Oxy-MILD combustion is in the possibility to substitute

the old generation of boiler with an innovative boiler obtained by combining the two

technologies. The process described in this study could be further improved, too. In

particular:

� Application in small boiler by optimizing the geometry and the velocity of oxygen

jet.

� Allow a fuel flexibility by considering different low rank coals.

The coals were the Guasare and the Janina, which have similar properties.

Consequently, an analysis of the effect of coal properties is needed in order to establish

the range of coals for this kind of boiler.
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