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ABSTRACT
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Black Carbon (BC) is one of the most influential particles affecting on the climate change.
Typical sources for BC are residential combustion, traffic and forest fires. The impact of BC on
the climate is emphasized at the arctic regions, where it descends on the snow surfaces and
increases the melting.

BC is formed from various hydrocarbons at fuel rich conditions. Gaseous hydrocarbons, such
as C2H2, C2H4 and C6H6, connect and form Polycyclic Aromatic Hydrocarbons (PAH). When mul-
tiple PAHs are combined, a solid BC nucleus is formed. The nucleus grows into a large, branched,
porous soot particle as other soot particles collide into it.

This thesis studied the formation of BC in pulverized biomass combustion, where finely ground
solid particles are combusted with a specifically designed burner. A commercial Computational
Fluid Dynamics (CFD) software ANSYS Fluent was used. CFD modeling was performed on a
simple C2H4 burner, a 120 kWth pulverized biomass combustion flame and a 100 MWth pulverized
biomass combustion boiler. The C2H4 flame was modeled and the results compared with the val-
idation data obtained from literature, to gain an understanding of the soot formation modeling. It
is challenging to integrate soot precursors into biomass devolatilization products, when modeling
BC formation in pulverized combustion. BC precursor C2H2 was included in the devolatilization
products, but its concentration had to be estimated based on the literature and test simulations.
The 120 kWth pulverized combustion flame was modeled with different concentrations of C2H2 in
the devolatilization products and the formation of BC was observed and compared with experi-
mental data. BC formation in the 100 MWth full scale boiler was modeled with the help of infor-
mation learned from the small scale CFD models. A large amount of experimental measurements
were made at the heating plant during a BC Footprint measurement campaign and the results of
the CFD model were compared with the experimental data. Modeling and measurements were
carried out under different loads.

By integrating C2H2 into the biomass devolatilization products, BC formation can be approxi-
mately modeled. Devolatilization products’ dependency on chemical kinetics need to be noticed
in order to simulate BC formation under different loads. Relations in BC emissions between meas-
uring points are in agreement with the experimental measurements, but the concentration is an
order of magnitude higher in the CFD model. The model was able to predict minimum soot con-
centration of 1.25 mg/Nm3 at the bottom of the boiler increasing up to 2.25 mg/Nm3 towards the
empty pass at full 100 MWth load. Corresponding experimental concentrations are 90 and 219
µg/Nm3 on average, respectively. Results of the CFD model were helpful in explaining the exper-
imental results. For further studies, the devolatilization composition needs to be modeled more
accurately in order to model BC formation from different biomasses and in different burners.
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Musta hiili on yksi ilmaston muutokseen eniten vaikuttavimmista partikkeleista. Tyypillisiä läh-
teitä sille ovat pienpoltto, liikenne ja metsäpalot. Mustan hiilen vaikutus ilmastoon korostuu arkti-
silla alueilla, joilla se laskeutuu lumipinnoille ja edistää niiden sulamista.

Musta hiili syntyy hapettomissa olosuhteissa erilaisista hiilivedyistä. Kaasumaiset hiilivedyt,
kuten C2H2, C2H4 ja C6H6, kiinnittyvät toisiinsa ja muodostavat monirenkaisen aromaattisen hiili-
vedyn. Kun useita monirenkaisia aromaattisia hiilivetyjä yhdistyy, syntyy kiinteä nokipartikkelin
ydin. Ydin kasvaa suureksi, haarautuneeksi ja huokoiseksi nokipartikkeliksi toisten nokipartikke-
leiden törmätessä siihen.

Tässä diplomityössä tutkittiin mustan hiilen syntymistä biomassan pölypoltossa, jossa hienoksi
jauhetut kiinteät partikkelit poltetaan siihen suunnitellulla polttimella. Tutkimuksessa käytettiin
ANSYS Fluent virtauslaskentaohjelmaa. Tehtiin CFD-mallinnus yksinkertaisesta C2H4 poltti-
mesta, 120 kWth biomassan pölypolttoliekistä sekä 100 MWth biomassan pölypolttolämpölaitok-
sesta. C2H4 liekkiä mallinnettiin ja tuloksia verrattiin kirjallisuudesta löydettyyn validointidataan,
jotta saataisiin ymmärrystä nokimallin toiminnasta. Biomassan pölypolton nokimallinnuksessa on
haastavaa sisällyttää noen prekursorit biomassan pyrolyysituotteisiin. Noen prekursori C2H2 pää-
tettiin sisällyttää pyrolyysituotteisiin ja sen pitoisuutta arvioitiin kirjallisuuden ja testimallinnusten
perusteella. 120 kWth pölypolttoliekkiä mallinnettiin useilla eri C2H2 pitoisuuksilla ja noen muodos-
tumista seurattiin ja verrattiin kokeelliseen dataan. Noen muodostumista täyden mittakaavan 100
MWth lämpölaitoksessa mallinnettiin pienen mittakaavan malleista opitulla tiedolla. Lämpölaitok-
sessa tehtiin paljon kokeellisia mittauksia BC Footprint mittauskampanjan aikana ja mallinnuksen
tuloksia verrattiin kokeelliseen dataan. Mallinnuksia ja mittauksia tehtiin eri kuormilla.

Integroimalla C2H2 biomassan pyrolyysituotteisiin, noen muodostumista voidaan mallintaa
suuntaa antavasti. Pyrolyysituotteiden riippuvuus kemiallisesta kinetiikasta täytyy huomioida,
jotta noen muodostumista voidaan mallintaa eri kuormilla. Suhteet mustan hiilen päästöissä mit-
tauspisteiden välillä ovat yhteisymmärryksessä mallinnuksen kanssa, mutta pitoisuus on kerta-
luokkaa suurempi CFD-mallissa. CFD-malli pystyi mallintamaan noen minimipitoisuuden 1.25
mg/Nm3 kattilan pohjalla ja sen lisääntymisen pitoisuuteen 2.25 mg/Nm3 tyhjässä vedossa täy-
dellä 100 MWth kuormalla. Vastaavat pitoisuudet kokeellisissa mittauksissa mittauskampanjan
ajalta ovat keskimäärin 90 and 219 µg/Nm3. Mallinnuksesta oli apua kokeellisten tulosten tulkit-
semisessa. Jatkotutkimuksia varten pyrolyysikoostumus täytyy huomioida tarkemmin, jotta me-
netelmällä voitaisiin mallintaa eri biomassojen palamista ja palamista eri polttimissa.

Avainsanat: Musta hiili, noki, CFD, pölypoltto, biomassa
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1. INTRODUCTION

Black carbon (BC) is one of the most effective particles accelerating the climate change.

Hydrocarbon fuels are a major energy source in transportation and production of heat

and electricity. BC is the result of incomplete combustion of hydrocarbon fuels. In devel-

oped countries transportation and residential heating are major BC sources. Residential

heating with wood produces a great amount of BC due to poor combusting conditions

and low efficiency. During heating periods, particulate emission in residential areas can

be higher than in high traffic zones in cities. In transportation internal combustion diesel

engines and Gasoline Direct Injection (GDI) engines produce BC because of incomplete

combustion. BC is dangerous to people and environment. It is a part of particulate matter

(PM) and soot. Respired fine BC particles travel deep into lungs and can cause severe

health issues. BC descends on snow and ice surfaces and increases melting. BC ab-

sorbs radiation from the sun and raises climate temperature particularly in the arctic re-

gions. Lifetime of a BC particle in the atmosphere is only a couple of weeks. [1]

This thesis is a part of BC Footprint research project. The goal of BC Footprint is to create

a concept and metrics for measuring BC emissions. The project aims to generate a BC

Footprint similar to carbon footprint. One work package of the project includes a Compu-

tational Fluid Dynamics (CFD) model of a boiler and a measurement campaign, where

particulate emissions from the boiler are measured. The CFD model helps to understand

experimental measurements. The boiler is a part of Helen Oy heating plant located at

Salmisaari Helsinki and is manufactured by Valmet Technologies Oy. The Heating plant

uses two 50 MWth pulverized combustion swirl burners to produce district heating for

residential buildings. Pulverized industrial pellet is used as the fuel.

In this thesis, BC formation in the boiler is studied with a commercial CFD software AN-

SYS Fluent 2019 R3. In order to study BC formation, a simplified BC formation mecha-

nism is generated. Experimental measurements from the BC Footprint measurement

campaign will be compared with the CFD model.

Two main parts of this thesis are:

1. Theory and background of BC formation

2. CFD modeling of pulverized combustion and BC formation
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The goal of this thesis is to answer:

1. How BC is formed, and which sources are the most significant?

2. How BC formation can be integrated into pulverized combustion in CFD?

3. How the accuracy of the reaction mechanism and soot formation model settings

affect BC formation?

4. How does the Salmisaari boiler CFD model correspond with the Salmisaari meas-

urement campaign?

The goal of this thesis is not to create a detailed soot formation mechanism, but to gen-

erate an indicative simplified model for predicting soot formation in pulverized combus-

tion. Existing soot formation model in ANSYS Fluent is used. Soot formation is integrated

into pulverized combustion, by adding soot precursors into the biomass devolatilization

products. Challenging part is to model the devolatilization composition with a simple re-

action mechanism and sufficient accuracy. Detailed reaction mechanisms for devolati-

lization of hydrocarbon fuels exist [2-5], including hundreds of species and thousands of

reactions, but they are computationally very expensive.

There are 5 chapters in this thesis. This introduction chapter in followed by a theory

chapter. Chapter 2 consists of four sections. In Section 2.1, different combustion tech-

nologies are described. Section 2.2 introduces emission sources for BC and how it can

be cleaned from the flue gases. In Section 2.3, the formation of BC is presented. The

last Section 2.4 explains theoretical background of CFD modeling.

There are 4 Sections in Chapter 3, explaining the methodologies used in this thesis.

Section 3.1 presents a CFD model of a C2H4 diffusion flame. In Section 3.2 grounds for

the simplified mechanism for soot formation are presented. In Section 3.3, a CFD model

of a 120 kWth pulverized combustion burner is presented. Section 3.4 describes the

methodologies used to model the Salmisaari boiler.

The 4th Chapter presents the results and consists of 4 Sections. In Section 4.1, the results

from simple C2H4 burner are showed. Various soot settings and parameters were used

and their effect on soot formation was studied. Section 4.2 presents results from soot

formation in pulverized combustion. In Section 4.3, results from the combustion in the

100 MWth boiler are presented and compared with experimental data. In Section 4.4,

results from BC formation in the 100 MWth boiler are examined. In Chapter 5, discussion

and conclusion are presented.
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2. THEORY

2.1 Solid Fuel Combustion Technologies

In pulverized combustion, solid fuel is milled into small particles and the dust is blown

into a boiler with a carrier gas and is then combusted. Pulverized combustion of coal is

widely used to produce electricity around the world, especially in developing countries.

Older pulverized coal power plants can be retrofitted to use partially or entirely pulverized

biomass. Also, carbon capture technology can be used in retrofitting to reduce coal CO2

emissions. Pulverized combustion is also used for generating district heating as if in

Salmisaari.

Bubbling and Circulating Fluidized Bed (BFB & CFB) boilers are great for their flexibility.

Solid fuel is injected and mixed into sand bed material, which possesses large heat ca-

pacity. Air is blown though the bed in such a way that the sand is either bubbling (BFB)

or circulating (CFB) in the furnace. Due to large heat capacity and great mixing, even

fuels with high moisture and low heat value have excellent combustion efficiency. BFB

and CFB boilers are capable of combusting various fuels (biomass, industrial waste, mu-

nicipal waste), producing low emissions and high steam parameters.

Gasification is a process, where solid fuels are converted into gaseous fuels. Solid fuels

are kept at a hot temperature and low oxygen concentration. The fuel begins to devolat-

ilize, but without sufficient amount of oxygen, the devolatilization products are not com-

busted. Combustible devolatilization gases can be burned in another boiler and electric-

ity and/or heat can be produced with high efficiency. With gasification poor fuels like

municipal waste can be turned into electricity and heat with high efficiency. Existing boil-

ers are easy to retrofit for gasification, which extends their lifetime and variety of fuels.

Grate firing is another way to burn solid fuels. Low heat value and moist fuels (waste,

biomass) can be used. Typical method is a travelling grate where the fuel is poured onto

other end of the grate and primary air is blown under the grate. Grate firing is mainly

used for combined heat and power or heat. Grate firing has the smallest scale of all solid

fuel combustion methods.
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2.2 Black Carbon Emissions

2.2.1 Sources
BC is emitted from many sources and many regions. Regionally, the amount of BC emit-

ted is not directly proportional to fuel usage, it depends on development of the region.

There seems to be a correlation between BC emissions and growth in population and

economy. During population and economic growth BC emissions increase. When the

region has developed and better technology is applied, there is a decrease in BC emis-

sions. From 1990 to 2004 Murphy et al. noticed a decrease of 25 percent in BC emissions

in the USA (stable population growth and high technology) meanwhile Lei et al. observed

an increase of 30 percent in China (developing county and rapid economic growth) [6,

7].

BC emissions are described by source and region in Figure 1. There are four major

sources of BC and largest of them is produced by developing countries and comes from

open burning (forests, grasses, woodlands and agricultural fields). Next two major BC

emission sources are residential solid fuel usage (mostly biofuel for heating and cooking,

slightly coal) and diesel engines in transportation (largest contributor in developed coun-

tries). One reason for increase in BC emissions in China is its usage of coal in industry.

Other BC sources not specified here, include non-coal industry, on-road gasoline en-

gines, other residential, aviation, shipping, flaring, power plants and other sources.
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Figure 1.  BC emissions by source and region in 2000, adapted from [8].

Approximately 20 percent of global BC emissions in 2000 was produced by diesel en-

gines [8]. In Figure 1, diesel cars and trucks are included in On-road category and heavy

diesel equipment (construction and agriculture) include in Off-road category. Maritime

diesel engines are excluded from diesel engine category. Diesel engine BC emissions

can be reduced with Diesel Particulate Filters (DPFs).

Residential solid fuel usage produced about 25 percent of BC emissions in 2000 [8]. The

energy for cooking and heating is produced from solid fuels. The fuel is mostly biomass

(wood, agricultural residue, manure), but also coal is used. Heating and cooking are

usually done in simple devices (poor combusting conditions and poor control), which

leads to incomplete combustion and BC emissions. Heat for cooking comes from burning

solid fuels in developing countries, regions where infrastructure or income does not allow

usage of electricity or gas. Residential heating is partly done with burning solid biofuels

in colder regions if there is a good access to biofuels (Europe, North America and EECCA

= Eastern Europe, Caucasus and Central Asia).

Major proportion, about 40 percent, of global BC emissions comes from biomass open

burning in regions where it is grown. Open burning includes agricultural fields, forests,
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grasses and woodlands. Most of open burning takes place in Latin America, Africa, East-

ern, Southeastern and South Asia. [8]

9 percent of global BC emissions is produced by industrial coal combustion [8]. Main

contributors are coke production, small boilers and lime and brick kilns. Simple coal com-

bustors, especially used in developing countries, have poor combustion conditions and

produce BC. Coal-fired power plants, with better combustion efficiency and lesser BC

emissions, are included in the other category.

2.2.2 Cleaning Solutions of Particulate Matter
European Union has set strict limits for emissions from various fuels used in power plants

[9]. Limits for solid biomass combustion are presented in Table 1. Salmisaari heating

plant has a thermal power of 100 MW, which limits its yearly average of dust emissions

down to 2-12 mg/Nm3. Without filtration dust emission are much higher than the EU limits

[10]. The limits can be achieved with efficient filtration eg. baghouse filters.

Combustion plant
total rated ther-

mal input (MWth)

BAT-AELs for dust (mg/Nm3)

Yearly average Daily average or average over the
sampling period

New plant Existing plant (1) New plant Existing plant (2)

< 100 2-5 2-15 2-10 2-22
100-300 2-5 2-12 2-10 2-18
≥ 300 2-5 2-10 2-10 2-16
(1) These BAT-AELs do not apply to plants operated < 1500 h/yr.
(2) For plants operated < 500 h/yr, these levels are indicative.

PM separating method for flue gas can either be mechanical or electrical. Mechanical

methods can be fabric filters, cyclones, gravity settling methods or scrubbers. Electrical

method is Electrostatic Precipitation (ESP). Bag filters and ESP are both capable of fil-

tering particles from 0,5 μm up to 10 μm with high efficiency and they are both reliable.

[11]

Baghouse filter is a high efficiency cleaning solution for PM. Baghouses use many long

cylindrical felted cloth bags as filters. The cloth material needs to withstand high temper-

atures of the exhaust gas. Dirty exhaust gas is drawn through the cloth bags and particles

start accumulating on the cloth surface. Cleaning efficiency increases with thickening

layer of particles (cake) on the filter surface. Thick cake of particles also increases pres-

Table 1. BAT-associated emission levels (BAT-AELs) for dust emissions to air from
the combustion of biomass and/or peat [9].
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sure drop through the bag. Bag filters are cleaned when pressure drop increases suffi-

ciently. Pressure drop and efficiency varies depending on cake thickness. The bags can

be cleaned with compressed air pulses or with a shaker method. Dust particles fall below

into hoppers and are removed periodically, similar duct collection method is used in ESP

as well.

ESP relies on static electricity. It uses two electrodes to separate solid particles from the

gas phase. The gas flows between parallel collecting electrodes. They are grounded

plates, which collect the particles. Between the plates, in the middle of the gas, there are

negatively charged electrodes. Electrical field between the electrodes is generated due

to high-voltage DC current. When the voltage increases sufficiently ionization begins.

Ionized particles, charged negatively, begin to travel from negative electrode to positive

electrode due to strong electrical field. There is a blue luminous glow, called corona,

around the conductors. Pressure drop and efficiency in ESP are constant.

DPFs are used to trap PM (ash and soot) from exhaust gases of diesel engines. DPFs

can be divided into passive and active versions. Passive ones need to be replaced when

they are full of accumulated PM. In active DPFs temperature is increased to soot oxida-

tion temperatures and solid PM is oxidised to gaseous molecules (CO2, H2O).

2.3 Black Carbon Formation

Soot formation in flames in complex and to study it a good understanding of chemistry

and physics is needed. There are many steps in soot formation, starting from fuel de-

composition or ring formation depending on the fuel. Polycyclic aromatic hydrocarbons

(PAHs) are major structural components of soot formation. For aliphatic fuels, the first

ring is formed from smaller aliphatic molecules. In case of solid fuels, for example bio-

mass and coal, the fuel decomposition is the first step. Varying distribution of tars and

lighter hydrocarbons are devolatilized as the fuel decomposes. Tars are aromatic hydro-

carbons and they are precursors of soot formation for solid fuels [12]. Following step of

soot formation is PAH growth, where single aromatic hydrocarbons start growing to

larger PAHs. One of the growing mechanisms is called Hydrogen-Abstraction-C2H2-ad-

dition (HACA) mechanism [13]. The next step, soot particle nucleation, is the least

known. Still there are many proposed possible mechanisms where gas phase PAHs con-

dense into graphite-like carbon material, soot. Most of the soot mass is generated in soot

surface growth, where gas phase molecules attach onto existing soot particles. Soot

particles can also grow through coagulation and agglomeration forming branched soot

agglomerates. Soot oxidation competes with soot formation and it is an essential way to

reduce amount of soot in flue gases. Molecular O2, O ion and OH radical are the most
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important oxidizers. Soot formation mechanisms have been studied and confirmed by

many studies reviewed by Wang et al. [13].

2.3.1 Thermodynamics
Formation of solid particles and ordered structures in flames can seem strange, because

combustion conditions have high temperatures and quickly increasing entropy. The driv-

ing force of carbon formation is either increase in entropy or enthalpy release from chem-

ical bond formation. Carbon formation from saturated alkenes forms H2 through dehy-

drogenation which increases entropy and makes the reaction endothermic. Transition

from gas-phase molecules into condensed material is usually kinetically controlled. In

soot formation the transition is even more complex, because it is entropy driven. In Figure

2, carbon formation from propane fuel, change of entropy, enthalpy and Gibbs free en-

ergy are presented. Gibbs energy reduces step by step during BC formation. Formation

of C2H2 is endothermic, but entropy increases due to dehydrogenation and the overall

Gibbs free energy is decreased. Large decrease in Gibbs free energy makes C2H2 a

major hydrocarbon species in sub-stoichiometric combustion. Benzene formation from

C2H2 is exothermic, but there is a reduction in entropy. PAH growth from benzene results

in a small drop in Gibbs free energy due to increasing Molecular Weight (MW). Soot

formation is highly reversible, because the process is not extremely exothermic nor re-

leases entropy remarkably. [14]

Figure 2.Entropy and standard enthalpy contributions to Gibbs energy for BC for-
mation from propane at 1600 K, adapted from [14].



9

2.3.2 Pathway for Soot Formation

First Ring Formation

Soot particle’s structure consists of aromatic rings and one is needed to begin the soot

formation. In case of aliphatic fuels, the ring is formed from smaller aliphatic molecules.

Like fuel decomposition, aromatic formation is only one of many steps in soot formation,

but these steps are usually rate-controlling [15]. Usually the first aromatic ring is benzene

or phenyl radical. There are various proposed pathways for formation of the first ring and

they are summarized in Figure 3.

Figure 3.Different routes for the aromatic ring formation from aliphatic fuels [13].

PAH Growth

In HACA mechanism, proposed by Frenklach et al. [16], repetitive reactions grow the

first ring. First, H-atom is abstracted from a stable aromatic molecule and next a C2H2

molecule connects to this radical. These reactions are repeated until a larger PAH is

formed (see Figure 4). From Figure 4, decreasing and increasing Gibbs free energy and
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reversible reactions can be seen. Aromatics formation is kinetically controlled due to high

reversibility. [17] HACA mechanism is extremely reversible, because driving forces of the

mechanism are average. HACA mechanism is only one of many mechanisms of PAH

growth. HACA is efficient in forming aromatic rings on triple fusing sites (bay structure

with 4 C atoms), but ineffective on other fusing sites. [18]

Figure 4.HACA mechanism in benzene growth. Gibbs free energy per C-atom rela-
tive to initial molecule is plotted on the vertical axis, adapted from [14].

One of the PAH growth mechanisms is Phenyl Addition/Cyclization (PAC), proposed by

Shukla et al. Toluene/acetone mixture devolatilization products were studied with mass

spectrum and intervals of 74 mass units were observed. PAC mechanism begins with

phenyl addition (+77) to an aromatic molecule and continues with dehydrogenation (-1)

and cyclization (-2). PAC and HACA mechanism work well together, because PAC mech-

anism produces structures with many triple fusing sites and HACA mechanism is efficient

on them. Fast PAH growth has been observed when both mechanisms are active. [19]

Further studies conducted by Shukla et al. pointed out that PAH mass grows with 14-

mass unit intervals as well. After this experimental data they proposed another PAH

growth mechanism called Methyl Addition/Cyclization (MAC). [20]

Some models of PAH growth use only HACA mechanism. It might be the most well-

known mechanism, but the use of HACA mechanism alone may lead to an inaccurate

result. Very fast PAH formation is poorly modeled with HACA mechanism, which was

proved by D’Anna and Violi [21]. PAH growth is complex and needs many mechanisms

to be completely explained. According to literature other species take part in PAH growth

as well, for example propargyl, vinyl [18] and cyclopentadienyl. [21] Used PAH growth

mechanisms vary depending of the combustion, fuel and its devolatilization components.

Nucleation

Soot nucleation is described as a phenomenon where gaseous PAHs transform into con-

densed carbon materials. This is not well-known step in soot formation according to

many researchers. Studies have demonstrated that high MW PAHs are one of, if not the
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only, precursor of soot nuclei. Moreover, these studies illustrate that soot nucleation can

form ordered or disordered structures. Several soot nucleation pathways have been pro-

posed [14]. In first of them, found by Kroto et al. [22], PAHs grow into a fullerene-like

structure. PAHs with five aromatic rings are curved and can form spherical shapes.

Sometimes fullerene growth fails and results in further growth to an onion-like structure,

which can be seen in Figure 5a [23]. In another soot nucleation pathway aromers (aro-

matic oligomers) are produced from PAH-PAH reactions (Figure 5b). Depending on com-

bustion conditions these aromers go on to form fullerene or soot. According to Homann

[23] soot is formed if unsaturated hydrocarbons react with aromers. In sub-stoichiometric

combustion conditions, many unsaturated hydrocarbons are present, resulting in soot

formation.

Figure 5. (a) Soot nucleation to an onion-like shape and (b) to disordered soot nu-
cleus [13].

Soot Surface Growth

In soot surface growth gas phase molecules attach onto existing soot nuclei. It is known

that most of the soot mass is generated during surface growth. In case of counterflow

diffusion flames, surface growth generated nearly 90 percent of soot volume, according

to Kennedy [24]. Major building block in surface growth is acetylene and HACA mecha-

nism is used in generating the mass. Part of the mass is generated via PAHs condensa-

tion onto the soot particle.

Coagulation (coalescence and agglomeration) is a phenomenon which determine soot

particle’s shape and size. Coagulation occurs due to particles’ Brownian motion. Coales-

cence and agglomeration are particle collisions with a difference in particles’ contacting

points. In coalescence, particles’ surface area is reduced due to a surface to surface

collision. In agglomeration particles collide only at one point and original surface area
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remains. Transmission Electron Microscope (TEM) images reveal that mature soot ag-

glomerates are branched in various shapes and consist of spherical primary particles.

Soot particle final shape varies depending on combustion conditions. In conditions where

several small particles are present (regions with newly incepted soot particles), branched

particles are smoothed down by surface growth, resulting in spherical particles. In post-

flame region branched chain-like particles are more likely, due to larger size of colliding

particles and lack of small particles. [13] Figure 6 is a diesel soot TEM image, where a

branched mature particle can be seen. Sintering can occur in high temperatures (> 1500

K) leading to enlarged primary particles and reduced surface area in mature particles

[25].

Figure 6.The diesel soot TEM image, showing the branched mature particle con-
sisting of smaller spherical primary particles [26].

Oxidation

Competing mechanism with soot formation is soot oxidation. Soot oxidation is primary

way of removing soot from exhaust gases, therefore it’s important to understand how it

works. Primary oxidants are O2 molecule and OH radical. Other oxidisers include NO2,

H2O, CO2 and O ion. OH radicals are more effective than O2 at high temperatures, par-

ticularly in diffusion flames where O2 concentration in the sooting region is low. O2 is the

primary oxidiser in super-stoichiometric combustion conditions. Soot oxidation can be

modeled as a collision between the soot particle and the oxidiser. [13] According to Se-

diako et al., there are internal and surface oxidation reactions. Surface oxidation controls
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oxidation of large branched mature particles, because it is difficult for oxygen to diffuse

into soot particles’ cores. [27]

2.3.3 Pathway for Soot Formation from Biomass Combustion
Solid fuels usually contain moisture and therefore the water content needs to evaporate

before combustion. Another step before combustion is devolatilization where volatile or-

ganic compounds (VOC) are devolatilized from the solid fuel. VOC consists of a vast

distribution of tars and smaller hydrocarbons. Tars are aromatic hydrocarbons and they

can be precursors of soot nucleation among smaller hydrocarbons (C2H2, C2H4, C6H6).

In a study carried out by Fitzpatrick et al. a pathway for soot formation from biomass

combustion was proposed [28]. During combustion of solid fuels, the fuel needs to dry

and devolatilize first. Devolatilizing of tar species is represented via route 2 in Figure 7.

Soot formation depends on temperature and combustion conditions. At low temperatures

and sub-stoichiometric conditions combustion is incomplete and unburned CO and VOC

appear in the exhaust gases (route 3). Under high temperature combusting conditions,

cellulose will decompose to CO and H2, while lignin decomposes to C2H2, C3H3 and PAHs

(route 1). Lignin decomposition products go on to form soot via HACA mechanism (route

1a onwards). Furthermore, tars can form soot via condensation reactions (route 2 a and

2 b). In super-stoichiometric and high temperature combusting conditions, combustion is

complete and combustion products mainly consist of CO2 and H2O.



14

Figure 7.  Pathway for soot formation from biomass combustion [28].

2.4 Modeling

CFD is a powerful tool in optimization and designing. A large amount of data can easily

be generated which could be difficult or impossible to do with experimental measure-

ments. Furthermore, a great amount of money can be saved while using CFD modeling

instead of experimental testing.

First part of CFD modeling is creating a volume or a surface for the fluid, called fluid

domain. For every flow mass and momentum are conserved by solving conservation

equations in the fluid domain. Equations in CFD are partial differential equations and

discretizing of the fluid domain is needed. The fluid domain is divided into tiny cells and

the equations are solved in every cell in every iteration. Modeling pulverized biomass

combustion is a complex process. Compared to a basic fluid flow simulation, chemical

reactions need to be modeled as well. In case of pulverized combustion, Discrete Phase

Model (DPM) is needed, which includes heat and mass exchange laws for the particles

and particle tracking.

In Figure 8, needed sub-models for pulverized biomass combustion are presented. They

all are connected to each other. The fluid flow affects particle tracks and the particles are

affected by temperature (energy equation and radiation). Particles start to evaporate and

devolatilize depending on the temperature releasing species as source terms in species



15

transport equation. Combustion is modeled according to species, temperature and tur-

bulence. In addition to these equations, conservation equations need to stay balanced.

Some species and soot absorb radiation, which affects the temperature.

Figure 8.Schematic of the needed sub-models for modeling pulverized biomass
combustion.

2.4.1 Fluid Flow
Governing equations of fluid flow have many similarities. These equations are conserva-

tion of mass, momentum and energy. All of them can be written in a general form as a

transport equation for property  as follows:

( ) + = + (1)

where  is the density of the fluid,  is any conserved intensive property,  is the velocity

in direction ,  refers to timestep,  refers to coordinates,  is the coefficient for diffu-

sion and  is the source term. The terms in the equation describe rate of change, con-

vection, diffusion and source, respectively. The general equation above can be changed

into different conservation equations by changing the diffusion coefficient appropriately

and setting  equal to 1 for mass,  for momentum and  for energy. More information

on the conservation equations can be found in the source [29, p. 24].

Another conservation equation is the species transport equation for chemical species:

+ + , = ̇ + (2)

where ,  is the diffusion velocity of species  in direction , ̇  is the reaction rate of

species  and  is a source term for evaporation and devolatilization species from

droplets or combusting particles [30]. Source term  is enabled only, when using

DPM with droplet or combusting particle injections. Species transport is not needed in
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simple fluid flow simulations, but in combustion simulations it is, due to chemical reac-

tions. Arrhenius law is used in calculation of the reaction rate and for reaction +

→ +  reaction rate for species A can be obtained from:

̇ = − (3)

where  is the molecular mass of species A,  is the stoichiometric coefficient of spe-

cies A,  is the pre-exponential constant,  is the temperature,  is the temperature

exponent,  is the activation energy,  is the universal molecular gas constant ,  and

 are rate exponents and  and  are concentrations of species A and B [29, p. 360].

Reaction rate is negative for reactants and positive for products.

Turbulence Model

Reynold Averaged Navier Stokes (RANS) is a method to directly calculate the averaged

flow field in the simulation. Turbulence is three-dimensional and random movement of

the fluid. RANS is not time dependent nor only three-dimensional, which leads to need

of turbulence models. Turbulence models calculate the effect of turbulence to the aver-

aged flow field.

In RANS calculation, the governing equations need to be averaged, in order to directly

get the averaged solution. Actually, the equations are Favre-averaged (mass-weighted

time average), due to the fluctuating density. Because of this averaging, new terms called

Reynolds stresses appear in the governing equations. In order to solve the governing

equations, Reynolds stresses must be solved first. Reynolds stresses are usually solved

according to Boussinesq hypothesis. They can also be solved with Reynolds Stress

Model, which includes additional transport equations for each independent Reynolds

Stress and one for energy dissipation. The hypothesis includes another variable needed

to be solved, the turbulent viscosity. The turbulent viscosity can be solved with turbulence

models, for example k-ε model, which uses turbulence kinetic energy  and energy dis-

sipation in turbulence  to solve the turbulent viscosity. More precise theory is found in

the source [29, p. 66].

Realizable k-ε model, by Shih et al. [31], is a turbulence model modified from standard

k-ε model. Compared to the standard k-ε, the turbulent viscosity is defined differently [32,

p. 51] and transport equation for energy dissipation in turbulence  is different. The real-

izable k-ε model is better than the standard k-ε model in flows that include vortices, ro-

tation and curvature in the flow direction. Especially axisymmetric cases with swirling

flows are predicted more accurately with the realizable k-ε model. This model also fo-

cuses on kinetic energy in the turbulence. Turbulence variables  and  can be calculated
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from equations 4 and 5. With these two new variables all independent Reynolds stresses

can be calculated.

( ) + = + + + − − + (4)

( )+

= + + −
+ √

+ +
(5)

= max 0.43,
+ 5

, = , = 2 (6)

 and  are generations of turbulent kinetic energy due to mean velocity gradients and

buoyancy, respectively.  is contribution of the varying dilation in compressible turbu-

lence to the total dissipation rate.  and  are turbulent Prandtl numbers for  and ,

respectively. , ,  and  are constants and  and  are source terms defined

by user.  is the mean rate of stress tensor. [32, p. 52]

2.4.2 Combustion Models
In Eddy-Dissipation Model (EDM) by Magnussen and Hjertager [33], combustion is as-

sumed to be mixing-limited due to high turbulence and rate of production of species can

be solved from the turbulence variables. According to EDM, the net rate of production of

species  due to a reaction , ,  can be obtained from minimum of these two equations

below:

, = , , ′ , ,
(7)

, = , ,
∑

∑ ′′ , ,
(8)

where  and  are empirical constants equal to 4.0 and 0.5, ,  and ′′ ,  are stoichio-

metric coefficients for species  and  in reaction , , , ,  and ,  are the molecular

masses of species ,  and reactants and  and  are mass fraction of reactants and

products, respectively. Chemical kinetics can be included in EDM model in ANSYS Flu-

ent by combination of EDM and Finite-rate (FR) model. In FR/EDM both reaction rate

from EDM model and from Arrhenius equation (Equation 3) are calculated and smaller
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one of these two is used. [32, p. 201] FR/EDM combustion model is used in modeling

pulverized combustion in this work.

Flamelet

Combustion simulations using complicated reaction mechanisms including several spe-

cies and reactions can be computationally expensive. A transport equation is solved for

every species in every cell every iteration. Using assumptions, thermochemistry

(transport equations for all species and energy) can be simplified to one variable, mixture

fraction. In pure fuel stream, mixture fraction is one and in pure oxidizer stream zero. In

flamelet combustion is assumed to be mixing limited. Depending on how close the spe-

cies are from chemical equilibrium, chemistry can be modeled with Equilibrium (in equi-

librium), Steady Diffusion Flamelet (near equilibrium) or Unsteady Diffusion Flamelet (de-

parting from equilibrium) model.

In Flamelet, the turbulent flame consists of several locally one-dimensional laminar

flames. Laminar flames are simulated with counterflow diffusion flames. The counterflow

diffusion flame consists of opposing axisymmetric fuel jet and oxidizer jet. Distance of

the jets can be decreased, or the velocity of the gases increased, making the flame

strained and depart from chemical equilibrium and finally extinguishing the flame. Spe-

cies mass fractions and temperatures can be calculated. Calculation can be simplified to

a one-dimensional case along the axis of the jets. Mixture fraction  decreases from one

at the fuel inlet to zero at the oxidizer jet. If the mass fractions and temperatures of spe-

cies along the axis are plotted, they can be simplified down to  and scalar dissipation

, which describes strain rate of the flame. Simplification of the chemistry allows prepro-

cessing the flamelet calculations and storing the values of ,  and its variance in look-

up tables, significantly reducing computational costs. [32, p. 250]

After calculating the diffusion flamelets they need to be embedded in the turbulent flame.

Fluctuating variables in the turbulent flame are noticed with Probability Density Functions

(PDFs). Values of variables are determined according to probabilities of PDFs, for ex-

ample average value is the value with the highest probability. The species mass fractions

and temperatures in the turbulent flame can be determined from the counterflow diffusion

flame values and PDFs of  and . PDFs are preprocessed to avoid convolutions at run

time. Detailed information can be found in the source. [32, p. 251] Flamelet is used to

model the turbulent C2H4 diffusion flame in this work.
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2.4.3 Discrete Phase
Particle Tracking

In modeling pulverized combustion two phases are present and the solid phase needs

to be modeled with the fluid flow. There are three ways for modeling multiphase flows:

Eulerian-Lagrangian method, Eulerian-Eulerian method and a probabilistic method. In

the Eulerian-Lagrangian method the fluid is considered as a continuous phase and the

particles as a discrete phase. Single particle trajectories are calculated and in case of

modeling combustion, heat and mass change laws are used to determine fuel particle

evaporation and devolatilization rates and the products are transferred into the continu-

ous phase as source terms. In order to create an accurate model, large number of parti-

cle trajectories need to be calculated. In the Eulerian-Eulerian method particles are

treated as a continuum, instead of treating them as a discrete phase. This method is

better if the particle concentration is very high, because treating particles as a continuum,

rather than single particles, is computationally lighter. The last method is probabilistic

and particle distribution in the continuous phase is calculated with a PDF.

Depending on the interaction between the phases, multiphase flows can be divided into

three categories. In first of them, called one-way coupling, the continuous phase is not

affected by the discrete phase and the particle tracks can be calculated afterwards. In

the second category, called two-way coupling, heat, mass and energy are transferred

between the phases. In two-way and four-way coupling the particle tracks need to be

modeled with the fluid flow, not afterwards, because they have an impact on the contin-

uous flow. In four-way coupling, where the discrete phase volume fraction is high, parti-

cle-particle collisions occur and need to be considered. In this work, Eulerian-Lagrangian

approach and two-way coupling are used to model the particle tracks.

Particle tracks of the discrete phase are solved by integrating Newton’s second law by

time. The force balance can be written in the following form:

⃗
=

⃗ − ⃗
+

⃗( − )
+ ⃗ (9)

where  is the particle mass, ⃗  and ⃗ are velocities for the particle and the fluid,

and  are densities for the particle and the fluid, ⃗ is the gravity, ⃗ is an additional force

(e.g. Brownian force or lift forces) and  is the particle relaxation time [32, p. 392]. The

first term on the right side is the drag force and the second gravity. Relaxation time can

be calculated as below:
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=
18

24
Re

(10)

where  is the particle diameter,  is the molecular viscosity of the fluid,  is the drag

coefficient and Re is the relative Reynolds number written as below:

Re =
⃗ − ⃗ (11)

The particle tracks are dependent on a drag coefficient, which depends on the particles’

shape. Some particles (e.g. coal) and droplets have a spherical shape, but the shape of

pulverized biomass varies. In this work a non-spherical drag law, by Haider and Leven-

spiel [34], is used in one CFD model and the correlation can be written as follows:

=
24
Re

1 + Re +
Re
+ Re (12)

where , ,  and  are functions of a shape factor  (more information in the source

[32, p. 404]), which is written as below:

= (13)

where  is the surface area of a same volume sphere and  is the surface area of the

particle. [32, p. 404] In the 100 MWth boiler CFD model a User Defined Function (UDF)

was made to introduce a new drag law for fuel particles, suggested by Clift et al. [35].

Small particles did not behave as in the real flame with the non-spherical drag law.

Heat and Mass Exchange

There are 7 heat and mass exchange laws for modeling the discrete phase in ANSYS

Fluent. In case of combusting wet solid particles, 6 of them are needed. Law 1 and 6 for

inert heating and cooling, law 2 for droplet vaporization, law 3 for droplet boiling, law 4

for devolatilization and law 5 for surface combustion (char oxidation). Law 7 is for com-

busting multicomponents (droplet particles containing several species). Laws 2 and 3

are needed if wet combustion model is activated. In wet combustion, fuel particle’s mois-

ture is noticed as an additional water droplet inside the particle.

Only one law can be active at a time. Each law is activated by particle temperature .

There are user defined boundary temperatures between the laws. Law 1, Inert heating

law, is active if  is below vaporization temperature . Once the wet solid particle is
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heated up to , law 2 is activated and stays active until  increases to boiling point

temperature  (usually 100 °C). When  is reached, water inside the particle begins

to boil and Law 3 is activated. After drying, Law 1 is activated again until devolatilization

temperature  is reached. When ≥  Law 4 is activated, and the particle begins

to devolatilize. After all VOC has devolatilized, char burnout begins, and Law 5 is acti-

vated. Finally, after char burnout, Law 6 is activated, and leftover ash is cooled. [32, p.

408-431]

2.4.4 Radiation
Radiative transfer equation (RTE) is written as follows:

(⃗, ⃗)
= (⃗) − (⃗, ⃗)+

4
(⃗ )Φ(⃗ , ⃗) Ω (14)

where (⃗, ⃗) is the radiation intensity at location indicated by ⃗ in direction ⃗,  and

are the absorption and scattering coefficients, respectively.  is the black body intensity,

= +  is the extinction coefficient, (⃗ ) is the intensity upon a point at ⃗ from all

possible directions ⃗ , Φ(⃗ , ⃗) is the scattering phase function. The first term on the right

side includes emitted intensity, the second includes absorbed and out-scattered intensity

and the last one includes in-scattered intensity. [29, p. 424]

Wavelength dependency makes solving RTE for different wavelengths computationally

expensive. Therefore, simplifications need to be used. One of them is Weighted Sum of

Grey Gases Method (WSGGM), which calculates composition-dependent absorption co-

efficients. ANSYS Fluent offers many radiation models, including Rosseland [36], P1 [36,

37], Discrete Transfer (DTRM) [38, 39], Surface to Surface [36], Monte Carlo and Dis-

crete Ordinates models [40, 41]. Discrete Ordinates (DO) model, which is often used in

combustion simulations, solves the RTE for a limited number of fixed angles, in the di-

rection of vector ⃗. Instead of ray tracing, DO model creates a transport equation for

radiation intensity and the transport equation is solved in every direction ⃗. [32, p. 159]

2.4.5 Emissions
Nitric oxide (NO) is the largest contributor of NOX emissions, there are lesser contribu-

tions from nitrogen dioxide (NO2) and nitrous oxide (N2O) as well. NOX emissions cause

smog, acid rain and ozone depletion. NOX formation is divided into thermal NOX and fuel

NOX. Some fuels include nitrogen and during combustion it reacts with oxygen producing
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NOX. Thermal NOX is produced in high temperatures when nitrogen molecules from air

decompose into nitrogen atoms, which react with oxygen producing NOX.

In ANSYS Fluent, transport equations for NO concentration are solved to predict NOX

emissions. If the fuel contains nitrogen, supplementary transport equations are solved

for the intermediate products (HCN and NH3). There is an additional model and a

transport equation for N2O. NOX emissions are usually postprocessed, based on the

combustion solution. Accurate combustion solution is needed, because thermal NOX pro-

duction increases exponentially as a function of temperature. All transport equations are

similar with the general form (Equation 1). [32, p. 323]

Soot Formation

There are five different soot formation models in ANSYS Fluent, including one-step, two-

step, Moss-Brookes, Moss-Brookes-Hall and Method of Moments models. Soot particles

absorb radiation and soot formation models can be coupled with radiation models when

using P1, DO or DTRM radiation models, this will affect the static temperature in the flow.

One-step method by Khan and Greeves [42] and Two-step method by Tesner [43, 44]

are both limited to turbulent flows and are based on empirical data. These models are

only approximations for soot formation and should only be qualitative indicators. Moss-

Brookes model [45] and its Hall extension [46] are less based on empirical data and

should provide good precision. Moss-Brookes models are available if certain soot pre-

cursor species (C2H2, C6H6) are present. In the most complicated model, Method of Mo-

ments by Frecklach [47], size distribution of the soot particles is taken into account and

the diameter of the particles evolves dynamically.

In Moss-Brookes model, transport equations for soot mass fraction  and normalized

radical nuclei concentration ∗  are solved. They can be written from the general

transport equation (Equation 1) by replacing  with  and ∗  and choosing appro-

priate diffusion coefficients. More information in the source [32, p. 361].

Source term in the normalized radical nuclei concentration transport equation can be

written as below:

= −
24 /

/ (15)

where  is the soot particle number density, ,  and  are empirical constants,  is

the Avogadro number,  is the mole fraction of the soot precursor,  is the soot
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nucleation activation temperature by Lindstedt [48],  is the density of the soot parti-

cles and  is the diameter of the soot particles [32, p. 362]. The first term on the right

side describes nucleation and the second term describes coagulation.

Source term in the soot mass fraction transport equation is written in the following form:

= + ( ) / 6 /

− √ ( ) / 6 /
(16)

where  is the soot mass concentration, , , , ,  and  are empirical pa-

rameters,  is the soot particle mass,  is the mole fraction of surface growth species

and  is the OH radical mole fraction [32, p. 362]. It is assumed that the OH radical is

the major oxidiser and the oxidation model by Fenimore and Jones can be used [49].

Terms on the right side describe nucleation, surface growth and oxidation, respectively.

Oxidation by molecular O2 can be noticed by replacing the oxidation term in the above

Equation 16 with another oxidation term presented below. The oxidation term according

to measurements of Lee et al. [50] can be written as follows:

= − , √ ( ) / 6 /

− , , / √ ( ) / 6 /
(17)

where ,  and ,  are empirical constants and ,  is the activation temperature for the

oxidation. Value of the collision efficiency  is different compared to Equation 16. [32,

p. 364]

The Moss-Brookes model is designed for methane combustion and soot particle nucle-

ation rate is proportional to acetylene concentration. In Hall extension for the Moss-

Brookes model, which is designed for larger hydrocarbons, soot particle inception is not

merely based on acetylene concentration. It’s based on a mechanism, where larger ar-

omatics are produced form acetylene, benzene and phenyl radical as follows:

2 C H + C H ↔ C H + H (R1)

C H + C H + C H ↔ C H + H +H (R2)
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The soot particle inception rate is eight times the formation rate of C H  and C H

according to Hall et al [46].

= 8 ,
,

+ 8 ,
,

(18)

where ,  and ,  are constants for inception rate and ,  and ,  are activation

temperatures for Reactions 1 and 2,  and  are mass fraction and molecular weight

for species x [32, p. 363].

Soot particles absorb radiation and have an impact on the absorption coefficient. In this

case absorption coefficient for radiating gases (CO2, H2O) is calculated with WSGGM

and absorption coefficient for the soot-gas mixture can be calculated for the sum of ab-

sorption coefficients as below:

= + (19)

= [1 + ( − 2000)] (20)

where  and  are absorption coefficients for soot and gas,  and   are constants

and  is the density of the gas mixture [32, p. 181]. Soot particles increase the total

absorption coefficient, reducing the static temperature in the fluid.

Devolatilization products of solid fuels contain CO, CO2, H2, CH4, C2H2, C2H4, C2H6, C3H8

and tars for example. Depending on oxygen concentration, these hydrocarbons oxidize

or begin to form soot. Including all devolatilization products in the reaction mechanism is

complex. CO and CO2 are dominating species in devolatilization products. Smaller and

larger hydrocarbons eventually combust to CO and CO2.  Combustion of the devolati-

lization products can be modeled using a two-step mechanism still achieving good ac-

curacy. In case of modeling soot formation, soot precursors are needed in the reaction

mechanism. C2H2, C2H4 and C6H6 are available precursors in ANSYS Fluent. In this sim-

ulation only C2H2 is used as the soot precursor. A new proposed method for integrating

soot modeling into pulverized combustion modeling is presented. In a study conducted

by Guizani et al. [51], biomass devolatilization was examined in a Drop Tube Reactor

(DTR). Major hydrocarbon species in the devolatilization products was C2H4 (4 v-%) and

total amount of C2H4 and C2H2 was approximately 5 v-%. Yield of C2H2 and C2H4 in-

creases as a function of temperature. In high temperature flame conditions C2H4 reacts
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to C2H2, which was examined in a study by Ruiz et al. [52]. On account of these studies,

the maximum amount for C2H2 is approximately 4-5 v-% if 100 % conversion is reached.
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3. METHODOLOGY

Three combustion processes were simulated in this Thesis. First a simple 2D case of

C2H4 diffusion flame was simulated. The case was simulated, because validation data

[53] was found and comparison between soot models and parameters was needed. Soot

formation in solid fuel combustion is more complex to simulate. Solid fuel is devolatilized

and devolatilization products form soot. Integration of soot precursors into the reaction

mechanism is difficult. Finally, all soot precursors were modeled as C2H2 and the amount

of soot formation is heavily depended on the amount of C2H2. The amount of soot can

be adjusted by changing the amount of C2H2 in the devolatilization products. Basis for

C2H2 concentration was also searched from previous studies.  After finding a way to in-

tegrate soot formation into pulverized fuel combustion, the full scale 100 MWth boiler was

simulated with different loads. CFD simulations of the boiler were evaluated with exper-

imental data from BC Footprint measurement campaign. Schematic of this methodology

is presented in Figure 9.

Figure 9.Schematic of the methodologies used to produce the predictive and sim-
plified soot formation model for pulverized combustion and evaluation of the

model.
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3.1 2D C2H4 Diffusion Flame

In order to fully understand soot formation modeling and effects of various settings and

parameters a simpler case with gaseous fuel was performed. One reason for simulating

exactly this burner, was the existence of validation data. Soot formation was modeled in

the C2H4 turbulent diffusion flame with ANSYS Fluent 19.1. A kinetic mechanism by PO-

LIMI [5, 54] was used to provide more accurate information of the devolatilization of small

hydrocarbons. Due to 84 species and 1698 reactions of the POLIMI kinetic mechanism,

steady laminar flamelet was used to decrease computational cost of the model. Different

soot formation parameters were used to obtain similar results with previous studies [55,

56]. Experimental tests of the C2H4 burner were carried out by Köhler et al. [53] in order

to produce high-quality data for CFD validation. Some simulations have already been

done by Köhler et al. [56] and Busupally and De [55].

Schematic of the burner and the mesh can be seen in Figure 10. Fuel inlet is a pipe with

inner and outer diameters of 2 and 6 mm, respectively. The fuel inlet is concentric to an

air inlet with a diameter of 140 mm. ANSYS Meshing was used in creating the mesh.

Due to axisymmetric nature of the burner, the simulation can be solved as a 2D axisym-

metric case and only a simple 2D axisymmetric mesh is needed. A fluid domain length

of 1500 mm and height of 500 mm was used, in order to minimize the effect of the sur-

rounding walls. In order to create sufficiently accurate and computationally low-cost

mesh, smaller cells are needed in the flame zone and larger high aspect ratio cells can

be used elsewhere. Vertical axis is divided into 30 divisions in the fuel inlet 1 mm height.

The rest of the vertical axis is divided into 125 divisions with a bias factor of 800 and the

horizontal axis into 300 divisions with a bias of 250. Face meshing method was used to

create high quality orthogonal mesh.



28

Figure 10. Schematic of the burner in a horizontal position on the left [53] and
the 2D axisymmetric mesh used in the simulation.

Default boundary conditions were used for the pressure outlet, wall and axis. Boundary

conditions for inlets can be seen from Table 2. Values for inlet temperatures and veloci-

ties are experimental data from measurements by Köhler et al. [53]

Boundary Type Values

Air inlet velocity inlet 312 K
0.29 m/s
x = 0.21

x = 0.79

Fuel inlet velocity inlet 298 K
44 m/s
x = 1

The standard k-ε turbulence model was used in modeling the turbulence. The DO radia-

tion model was used to model the radiation and the absorption coefficient of the fluid

mixture was calculated using the WSGGM. Also, interaction between the soot particles

and the radiation was considered. Due to computationally expensive kinetic mechanism,

thermochemistry was simplified down to mixture fraction by using the steady diffusion

flamelet as the combustion model. The Moss-Brookes-Hall model was used for soot

modeling with different precursor and surface growth species, oxidation models, oxida-

tion parameters and turbulence interaction modes.

Most of the material properties are included in the kinetic mechanism [54], but mixture

thermal conductivity and viscosity are polynomials from another validation report created

by Kaufmann et al. [57]. Usage of the detailed kinetic mechanism did not allow the use

of ideal gas mixing law for the mixture thermal conductivity and viscosity. Pressure-ve-

locity coupling was done with SIMPLE and pressure discretization with PRESTO! Other

Table 2. Boundary conditions for the C2H4 diffusion flame.
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fluxes were discretized with second order upwind scheme. Under-relaxation factors were

default.

3.2 Soot Integration into Pulverized Combustion

Pulverized combustion can be modeled with good accuracy by using a simplified reaction

mechanism. The simplified reaction mechanism including the C2H2 soot precursor is pre-

sented in Reactions 3-6 in Section 3.3. Pseudo-volatiles are devolatilized from the solid

fuel particles and the pseudo-volatiles are then combusted to CO and H2O. Then CO is

combusted to CO2 in this two-step reaction mechanism. Soot formation was integrated

into pulverized combustion by adding the C2H2 soot precursor into the reaction mecha-

nism and using the existing Moss-Brookes soot formation model in ANSYS Fluent. In

this chapter, basis for correct C2H2 concentration in the devolatilization products is pre-

sented. Correct C2H2 concentration is then chosen by the grounds of scientific articles,

experimental measurements and CFD modeling.

Devolatilization of woody biomass was studied by Guizani et. al. [51] in a DTR and with

simulations. Devolatilization products from the DTR experiment are presented in Table

3. Devolatilization products mainly consist of CO and CO2, but H2 and hydrocarbons as

well. CH4 and C2H4 can decompose to C2H2 in high temperatures through thermal de-

composition. Also, larger hydrocarbons may decompose to smaller ones. The average

composition among all DTR experiments is presented in Table 4. Averaged composition

of C3.5H6 can be calculated for other hydrocarbons than CH4 and C2H4. By assuming 22

% conversion from CH4 to C2H2 [58] and 33 % conversion from C2H4 to C2H2 [52, 59] and

C3.5H6 decomposition to C2H2, a 4.5 v-% concentration of C2H2 can be reached.

v-% 450 °C 500 °C 550 °C 600 °C 490 μm 640 μm 12.6 s 20.6 s

CO 49.8 58.4 61 55.1 58.5 55.4 59.9 60.6
CO2 40.6 21.9 15.1 14.2 18.3 23.4 16.2 14.6
CH4 4.78 10.4 11.9 11.9 11.1 9.32 11.4 11.9
H2 1.7 3.88 6.83 12.7 6.2 6.15 7.56 7.12
C2H4 1.71 3 4.16 4.37 4.23 4.02 4.08 4.11
C2H2 0.06 0.17 0 0.28 0.35 0.4 0 0.25
C2H6 0.27 0.6 0.42 1.04 0.83 0.73 0.42 0.99
C6H6 0.17 0.24 0.4 0.32 0.32 0.33 0.32 0.36
C3H8 0.53 1.19 0 0 0 0 0 0
CH3OH 0.03 0.02 0 0 0 0 0 0
C7H8 0.26 0.24 0.22 0.13 0.18 0.25 0.14 0.18
C8H10 0.02 0.05 0 0 0 0 0 0

Table 3. Biomass devolatilization product composition according to temperature,
fuel particle diameter and time [51].
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v-%

CO 57
CO2 21
CH4 10
H2 6.5
C2H4 3.5
Other HCs (C3.5H6) 2

There is available data for the PM emissions for the modeled Biomass Combustion Test

Rig (BoCTeR) [60]. Sub-micron PM emissions from BoCTeR are presented in Table 5.

According to Kleinhans et al. [61], PM emissions from solid fuels have a bimodal size

distribution. There is a peak between 0.1-1 μm diameter particles, which consists of BC

formed though gas phase nucleation and agglomerated ash. Another peak is between

1-400 μm consisting of unburned fuel particles. Based on experimental Salmisaari meas-

urement campaign 0.25 m-% of the PM emissions is BC (unpublished work). From these

assumptions BC concentration in the BoCTeR can be calculated and is presented in

Table 5.

aerodynamic diameter μm and Mass mg/Nm3

0.021 0.04 0.073 0.122 0.205 0.321 0.491 0.773 <1 BC

Beech wood 0.002 0.005 0.213 7.05 76.11 300.21 353.82 221.71 959.12 2.39
Bark 0.001 0.003 0.152 6.05 96.35 454.01 428.68 289.4 1274.65 3.18
SE Bark 0 0.007 0.281 9.09 169.21 594.58 487.66 235.11 1495.94 3.73

If the BC concentration is between 2.4 and 3.7 mg/Nm3 according to the experiments, as

presented in the above Table 5, the C2H2 concentration in the devolatilization products

in the BoCTeR CFD simulation can be adjusted according to this data.

3.3 2D Pulverized Fuel Flame

This simulation was performed to study soot precursor integration into pulverized com-

bustion. This CFD simulation had already been done without soot modeling by Niko Nie-

melä. The burner of the simulation is a 120 kWth BoCTeR located at Technical University

of Munich (TUM). The burner is axisymmetric which allows the use of 2D axisymmetric

mesh. Discovering a suitable method for integrating soot precursors into pulverized com-

bustion is multiple times quicker with simple 2D mesh than with the complex 3D mesh of

Table 4. Averaged devolatilization product composition among the DTR experi-
ments.

Table 5. Sub-micron particle concentration in the BoCTeR, adapted from [60], and
estimated BC content.
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the 100 MWth Boiler. Also, data for PM emissions from the burner was available. The

final mesh is a hexadominant mesh consisting 158724 cells.

Boundary conditions of the mesh are presented in Figure 11. and Table 6. The burner is

a swirl burner and the swirl is generated with swirl vanes in secondary and tertiary inlets.

Swirl burner generates a low-pressure zone inside the flame and hot flue gases begin to

flow towards the burner easing combustion. The combustion chamber has a length of 4

m and a diameter of 0.687 m. The length of the burner is 0.211 m. Pulverized fuel is

injected from Primary inlet with air as carrier gas at a temperature of 393 K.

Figure 11. Boundary conditions for the BoCTeR.

ṁ (kg/s) dh (m) Ti (%) T (K) xO2

Core inlet 0.01834121 0.02800 5.555 533 0.21
Primary inlet 0.00535337 0.00830 5.599 393 0.21
Secondary inlet* 0.00805618 0.00637 5.672 533 0.21
Tertiary inlet** 0.01225728 0.01042 6.510 533 0.21

T (K) q (W/m2) ε

Burner wall 500 0.8
Burner quarl wall 680 0.8
Chamber wall 923 1
Chamber bottom wall 0 0.8
Chamber top wall 0 0.8

P (Pa) dh (m) Ti (%) T (K)

Pressure outlet -400 0.687 5.7 973

The realizable k-ε turbulence model was used due to swirling flow. Scalable wall func-

tions were chosen as the near wall treatment because, Y+ values vary between 4.35 and

24.6. Scalable wall functions ensure that Y+ is greater than 11.225, which is the inter-

secting value of linear and logarithmic laws.

Table 6. Boundary conditions for the BoCTeR. *Tangential/axial velocity ratio is
2.13 **Tangential/Axial velocity ratio is 2.77.
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The radiation was modeled with the P1 model. The DO model is preferred, because its

accuracy can be finetuned. For some reason simulation did not seem to converge with

the DO model. The P1 model is still a valid choice for cases with optically thick fluids.

The absorption coefficient of the fluid mixture was modeled with the WSGGM, which is

a reasonable simplification between the gray gas model and the complete model.

Turbulence-chemistry interaction was done with the FR/EDM. It takes turbulence and

finite-rate chemistry into consideration and works well with two-step reaction mecha-

nisms. In pulverized combustion, devolatilization products oxidize in gas phase but char

surface oxidation occurs as well.

The soot formation was modeled with the Moss-Brookes, because the Moss-Brookes

Hall is not available if certain species (C6H6, C6H5) are not present. C2H2 was the only

soot precursor and surface growth species and it was added into the reaction mecha-

nism. The Lee soot oxidation model was chosen, because it also considers molecular

O2 as an oxidizer. Because O atom and OH radical are not in the reaction mechanism,

partial-equilibrium was chosen as their model parameter. Even if they were in the reac-

tion mechanism instantaneous model parameter should only be used if their concentra-

tions are accurately predicted. Turbulence interaction was noticed according to temper-

ature/species PDF mode. Interaction between the soot particles and the radiation was

considered as well.

The amount on combusting particles is large and they affect the continuous flow, be-

cause mass and energy are transferred between the phases. Eulerian-Lagrangian parti-

cle tracking and two-way coupling need to be used. The DPM was used in modeling the

particle tracks. Interaction between the combusting particles and the radiation was con-

sidered. Drag for small particles was modeled with the spherical drag law and the non-

spherical drag law with shape factor of 0.8 was used for large particles. Effect of turbu-

lence was predicted with discrete random walk model and random eddy lifetime. The wet

combustion model was used with a liquid fraction of 0.0472, which is the volume fraction

of H2O inside the combusting particle. The combusting particles are injected using a

surface injection type. One particle stream is injected from each cell face from the chosen

surface. Mass flow of the injection is divided evenly between every stream.

The amount of soot formation can be adjusted by changing the amount of C2H2 in the

devolatilization products. The effect of C2H2 amount on soot formation was studied by

changing the mole fraction of C2H2 in Reaction 3. Ultimate and proximate analyses,

measured at Eurofins Labtium Oy, are presented in Table 7. Volatile fraction was meas-

ured in a DTR at Tampere University (TAU). The composition of the pseudo-volatile can
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be calculated from the ultimate and the proximate analyses. Its molecular formula is

C0.306H0.475O0.217N0.0014. The pseudo-volatile is the devolatilization product, which devo-

latilizes from the combusting fuel particles. The pseudo-volatile reacts further to smaller

intermediate devolatilization products.

Ultimate analysis, DAF Proximate analysis

Carbon (m-%) 50.1 Moisture (m-%) 6.6
Hydrogen (m-%) 5.9 Ash (m-%) 0.9
Oxygen (m-%) 42.8 Volatile matter (m-%) 88.0
Nitrogen (m-%) 0.24 Fixed carbon (m-%) 4.5
Sulphur (m-%) 0 Lower heating value (LHV) as received (MJ/kg) 17.19

Reaction for the pseudo-volatile combustion can be written as follows when  = 0.04:

= =
+ + (21)

C . H . O . N . + 0.1329 O

→ 0.266 CO + 0.0201 C H + 0.217 H O + 0.0007 N
(R3)

Molecular mass of the pseudo-volatile is 7.657 kg/kmol and its standard state enthalpy

is -3.995e+7 J/kmol. The reaction mechanism in the simulation consists of 4 reactions.

It includes the reaction above for the pseudo-volatile combustion, combustion reactions

for intermediate products (CO and C2H2) and a reaction for char combustion.

CO + 0.5 O → CO (R4)

C H + 1.5 O → 2 CO + H O (R5)

C(s) + 0.5 O → CO (R6)

Parameters for the reaction mechanism are presented in Table 8. EDM parameters in

Reaction 4 were halved to better predict slow combustion of CO. Reaction 6 is a surface

reaction limited by chemical kinetics and diffusion. C1 is a diffusion rate parameter. Pa-

rameters for char combustion in Reaction 6 were measured at TAU. The char was cre-

ated in a DTR and the combustion kinetics were measured in a Thermogravimetric An-

alyzer (TGA) (unpublished work). Detailed information about surface reactions in the

source [32, p. 426].

Table 7. Ultimate and Proximate analyses for industrial pellet (IP).
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Arrhenius parameters EDM parameters Rate exponents
A Ea (J/kmol) A B Fuel O2 C1

R3 2.30E+11 15000 4 0.5 0.2 1.3
R4 2.24E+12 1.70E+08 2 0.25 1 0.25
R5 2.53E+11 1.63E+08 4 0.5 0.4 1.23
R6 0.00028004 4.00E+07 2.00E-12

IP powder was photographed against white background and size distribution of the par-

ticles was calculated with a MATLAB script which uses machine learning to recognize

perimeters of the particles. If the perimeter is circular, the particle is recognized as a

sphere and sphere-equivalent diameter is calculated. If the perimeter is rectangular, the

particle is recognized as a cylinder. The size distribution of the powder is presented in

Figure 12. The distribution is modeled with 20 discrete diameters in the simulation.

Figure 12. Used size-distribution of the IP powder in the BoCTeR in the simu-
lation.

The whole size distribution was divided into small combusting particles with diameter

under 180 μm and into large combusting particles with larger diameter. Small and large

particles have different devolatilization parameters, presented in Table 9. Devolatilization

kinetic parameters used in this work have been studied by Niko Niemelä et al. [62] Vol-

atile fraction of the combusting particle, presented in Table 9, was measured in a DTR.

In a standardised method for measuring the volatile fraction of solid fuels, the fuel is

exposed only to a temperature of 900 degrees of Celsius [63]. In the DTR fuel is exposed

to a higher temperature and the heating rate is considerably faster, which imitates flame

conditions better. The volatile fraction increases as a function of temperature and heating

rate. The volatile fraction measured according to ISO 18123:2015 is only 84.1 m-%.
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Table 8. Parameters for the reaction mechanism.
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Small Large

Sphere-equivalent diameter (μm) <180 >180
Density (kg/m3) 700
Cp (J/kgK) 1500
Vaporization temperature (K) 400
Volatile fraction (m-%) 94.2
Binary diffusivity (m2/s) 4.00E-05
Particle emissivity 0.9
Particle scattering factor 0.9
Swelling coefficient 0.9
Burnout stoichiometric ratio 1.33
Combustible fraction (m-%) 4.6
Heat of reaction for burnout (J/kg) 9203314
Reaction heat absorbed by solid (%) 100
Devolatilization Model:
Single rate

A (1/s) 5880 102
Ea (J/kmol) 4.272E+07 2.4784E+07

Combustion model:
kinetics/diffusion-lim-
ited

C1 2.00E-12
A (1/s) 0.00028004
Ea (J/kmol) 3.995402E+07

More material properties are presented in Table 10. Not presented material properties

were Fluent default values.

Mixture Individual species

Density (kg/m3) ideal-gas
Cp (J/kgK) mixing-law piecewise-polynomial
Thermal conductivity (W/mK) ideal-gas-mixing-law kinetic-theory
Viscosity (kg/ms) ideal-gas-mixing-law kinetic-theory
Mass diffusivity (m2/s) kinetic-theory
Absorption coefficient (1/m) WSGGM
Scattering coefficient (1/m) 0.003

Pressure-based steady state axisymmetric swirl solver was used in the simulation. Cou-

pled scheme was used in pressure-velocity coupling. Gradient discretization was done

with least squares cell based method, pressure was discretized with PRESTO!, turbulent

kinetic energy and dissipation rate were discretized with first order upwind and others

were discretized with second order upwind. Also, pseudo-transient under relaxation was

used.

Table 9. Material properties of the IP combusting particles.

Table 10. Material properties for the species mixture and individual species.



36

3.4 100 MWth Boiler

This simulation was performed to generate information about soot formation, which could

help to generate the BC Footprint together with the experimental data from the boiler.

The boiler is used to generate hot water for district heating, by a local energy company

Helen Oy. Two symmetrical 50 MWth swirl burners are on the roof of the furnace. Com-

bustion air is fed in three stages into the furnace. The area of the pre-combustion cham-

ber is sub-stoichiometric at full load. Masonry pre combustion chamber maintains high

temperature near the burner and eases ignition and combustion of pulverized fuel. Walls

of the furnace and the empty pass are at a temperature of 383 K in the simulation, which

is slightly above boiling point of water. The simulation was conducted with full load and

partial 30 MWth load. Mass flow rates for both loads are presented in Table 11.

P (MWth) 100 30

mfuel (kg/s) 5.817 1.745
mair (kg/s) 43.880 15.333
mrecirculated flue gas (kg/s) 12.102 2.918
LHVas received (MJ/kg) 17.19
lambda 1.36 1.59
Pre-combustion chamber lambda 0.64 1.12

Calculation mesh of the 100 MWth boiler consists of approximately 3 million polyhedral

cells and was done with ANSYS Fluent meshing workflow. Schematic of the surface

mesh is presented in Figure 13. The pre-combustion chamber and the burner above

contain very fine mesh, in order to capture fine details in the combustion. Burner geom-

etry is not presented due to confidentiality reasons. The area of the flame in the upper

furnace is filled with small cells as well. The boiler is symmetrical, thus the simulation

can be done using half of the boiler.

Table 11. Mass flow rates for the simulations.
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Figure 13. Polyhedral calculation mesh of the boiler. The simulated boiler ge-
ometry consists of the burner, the pre-combustion chamber, the furnace, the

porous media and the empty pass.

The burner is not manufactured by Valmet Technologies Oy and the correct 3D model

of the burner was not available due to confidentiality agreements. The 3D model of the

burner was created as accurately as possible. The simulation is sensitive to the burner

geometry and first created geometry was not suitable, thus the simulation did not con-

verge. The geometry was modified to get similar flow from the burner as in the real burner

and to reach convergence. Boundary conditions for the boiler are presented in Table 12.

ṁ (kg/s) T (K) x x x

Air inlets 27.99 324.05 0.174 0.029 0.025
Wood dust 2.910 298.15

T (K) q (W/m2) ε

Pre-combustion chamber 0 1
Burner 0 1
Tertiary wall 0 1
Furnace top 383 0.8
Furnace 383 0.8
Furnace bottom 383 0.8
Porous media 383 0.8
Empty pass 383 0.8

P (Pa) T (K) x x x

Pressure outlet 0 959.43 0.043 0.136 0.118

Used sub-models were same as used in modeling the BoCTeR, excluding Standard wall

functions as near-wall treatment and DO model for modeling the radiation. Y+ values

need to be between 30 and 300 when using standard wall functions and they are well

Table 12. Boundary conditions for one 50 MWth burner.
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within the range. The P1 radiation model was changed into the DO model due to its

accuracy, which can be increased. The same IP fuel is used in the 100 MWth boiler and

its properties are presented in Tables 7 and 9. One difference in the fuel is its size distri-

bution. The 100 MWth boiler uses considerably coarser fuel. The size distribution was

divided into 30 discrete sphere-equivalent diameters, each having equal mass fractions.

The size distribution is presented in Figure 14. Because of the larger size of the furnace,

particles’ residence times are longer and larger particles can be combusted.

Figure 14. The size distribution of the IP powder used in 100 MWth boiler.

A UDF drag law was used in modeling the particle tracks. Without the UDF drag law, the

smaller particles fly against the pre-combustion chamber walls immediately after injec-

tion. The UDF drag law helps to keep particles in the flame region, where they are in the

real flame.

NOX emission were modeled with the NOX model included in ANSYS Fluent. Thermal

and fuel NOX were noticed. Thermal NOX model parameters, O and OH concentrations,

were set to partial-equilibrium, since instantaneous option was not available, because O

and OH are not included in the reaction mechanism. 70 % of the fuel nitrogen was in-

cluded into the volatiles and remaining 30 % into the char. Conversion factor from nitro-

gen to NO was set to 90 %. The nitrogen in the char is converted straight to NO while

the volatile nitrogen is converted through intermediate species HCN and NH3. Partition

fractions for NH3 and HCN are 95 % and 5 %, respectively. BET surface area was set to

100000 m2/kg. This configuration was calibrated with the BoCTeR and woody biomass

(unpublished work).
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Between the furnace and the empty pass, there is a tube bank heat exchanger. The heat

exchanger is not noticed in the 3D geometry nor in the mesh, but it is noticed as porous

media. Heat transfer in the porous media is estimated to be 4 MW at full load. The porous

media is modeled as a 4 MW heat sink (negative source term). At partial load the power

of the heat sink is expected to decrease in a linear fashion. There is a pressure drop

through heat exchangers as well. At full load pressure drop is estimated to be 30 Pascal.

Pressure loss factors for the heat exchanger were calculated with the help of ANSYS

user guide [64, p. 693]. Pressure loss factors remain constant for different loads, but the

pressure loss is a function of density and velocity, thus the pressure drop decreases at

partial load.

Results of the Salmisaari boiler CFD model are compared with the results from the

Salmisaari measurement campaign. Samples were taken from the bottom of the furnace

at all loads, but samples from the top of the empty pass were taken only at full 100 MWth

load. The sample flow was taken with a heated and diluted probe (eDiluter Pro, Dekati

Ltd) from the boiler to aerosol measuring devices. The sample was measured with an

ELPI+ (Dekati Ltd) and the BC content with an aethalometer (Magee Scientific Inc). A

cyclone with a cut-off diameter of 7 µm was placed between the hot probe and the

eDiluter Pro. Normally the cut-off diameter is 10 µm, but due to heating and currents it is

7 µm in this case.
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4. RESULTS

4.1 Effects of Different Settings and Parameters

Effects of different settings on soot formation are presented in this Section. Equations

15-17 are used by Moss-Brookes-Hall model to determine the rates of nucleation, sur-

face growth, coagulation and oxidation from soot precursor and surface growth species’

mass or mole fractions. These fractions can be directly calculated from chosen species

or by user-correlation. In the user-correlation, curve fitting is used to determine the mass

fractions of the precursors. The fuel, the number of carbon and hydrogen atoms in the

fuel and molecular weight of the precursor is noticed by the polynomial user-correlation.

The real C2H4 flame had a lift of height of 26 mm in the experimental measurements,

which the CFD model was not able to simulate for unknown reason. Due to this inaccu-

racy, velocity of the gas is smaller, because it begins to burn closer to the burner. Be-

cause the fuel is combusted earlier all modeled values peak earlier, which can be seen

in Figure 16a and b. In a CFD model by Busupally and De [55], the inlet velocities were

tuned to match the experimental data, resulting in more accurate results. Also, UDFs

were used.

The closest result was achieved with user-correlation using 26 g/mol molecular weight

of C2H2 molecule. Temperature and soot volume fraction on the symmetry axis are plot-

ted in Figure 15a and 15b. Experimental data is compared to the simulation data with

instantaneous and partial-equilibrium oxidation model parameters. This parameter de-

fines how OH concentration is calculated, and instantaneous option is recommended if

OH concentration is accurately predicted. Equilibrium approach seems to overshoot and

the instantaneous approach to undershoot the experimental values. Still the simulation

matches experimental data reasonably well. One reason to undershooting of the instan-

taneous approach is over prediction of OH radicals. Radial OH mole concentration on

100 mm from the inlet using instantaneous model parameter is presented in Figure 15d.

Increased OH mole fraction results in increased oxidation of soot which decreases soot

volume fraction in the mixture. The location of the soot is not estimated as good as the

magnitude, but the soot volume fraction peaks approximately 200 mm further from the

burner compared to simulation. Figure 15a and 15b show that when the amount of soot

increases, temperature decreases. This is due to increased absorption coefficient of the

soot-gas mixture according to equations 18 and 19. Even more soot particles are present
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absorbing radiation and decreasing temperature. Underpredicted axial velocity on the

center line of the burner is plotted in Figure 15c.

Figure 15. Temperature and soot volume fraction along center line using dif-
ferent oxidation models in Figures a and b. Axial velocity along the center line

using instantaneous oxidation model in Figure c. Radial OH mole concentration
on x = 0.1 m with instantaneous oxidation model in Figure d.

The effect of the soot precursor and surface growth species definition is presented in

Figure 16. Soot volume fraction multiplies significantly compared to the user-correlation

when calculating the species mass fractions directly from available species. Simulation

with directly calculated mass fractions does not represent the actual burner very well.

Soot volume fractions with different species definition is presented in Table 13. The table

shows maximum values of soot volume fractions and their ratio to the experimental

value. Using directly calculated mass fractions, values of soot volume fraction are multi-

ple times higher than the experimental value. Similar soot volume fraction maximum val-

ues were achieved by Busupally and De [55], while using partial-equilibrium OH ap-

proach (Orange continuous line in Figure 16a).
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Figure 16. The effect of species definition on the soot volume fraction along
the center line with equilibrium and instantaneous OH model parameters in Fig-

ures a and b, respectively.

Species definition Soot volume fraction (ppm) Ratio

Experimental 0.46 1.0
Correlation (Inst.) 0.26 0.6
C2H2 (Inst.) 1.99 4.3
All (Inst.) 4.39 9.4
Correlation (Equi.) 1.41 3.0
C2H2 (Equi.) 4.53 9.7
All (Equi.) 7.82 16.8

Other soot model settings affecting to the soot volume fraction are turbulence interaction

mode, soot oxidation model and process parameters. Above simulations were pro-

ceeded with mixture fraction based turbulence interaction, Fenimore-Jones oxidation

model [49] and default process parameters, since they provided the closest result. Tur-

bulence interaction has a little effect on the soot volume fraction. Using Lee oxidation

model [50], soot volume fraction is multiplied compared to Fenimore-Jones oxidation

model.

The purpose of this validation case was to test how different settings and parameters

affect the soot formation. It was noticed that species definition and the oxidation model

have the largest impact on the magnitude of soot volume fraction. These results will be

the starting point of the larger case even though we have a more complicated combustion

process and different fuel. Soot formation is different for biomass, since various hydro-

carbons are volatized from the solid fuel.

Table 13. Soot volume fraction with different species definitions.
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4.2 Soot Integration into Pulverized Combustion

In a real flame some tars begin to form soot and some tars decompose into smaller

hydrocarbons, depending on the temperature and oxygen concentration. Some smaller

hydrocarbons combust to CO, CO2 and H2O while part of the hydrocarbons form soot in

fuel rich conditions. The whole spectrum of devolatilized hydrocarbons was simplified

down to C2H2. Soot formation was modeled with the Moss-Brookes soot formation model

and C2H2 soot precursor. Simulations were performed with different amounts of C2H2 in

the devolatilization products. The correct amount of C2H2, which is needed to produce

equivalent amount of soot with the real flame, varies between 4 and 5 mol-% according

to the BoCTeR CFD model. The relation between soot concentration and C2H2 mol-% is

presented in Figure 17.

Figure 17. Soot concentration in the flue gases as a function of C2H2 concen-
tration in the devolatilization products.

Contours of the soot concentration in the BoCTeR are presented in Figure 18. Maximum

amounts of soot are in the flame, where the oxygen concentration is low, and the tem-

perature is high. After the flame, part of the soot is oxidized, and the rest is spread evenly

equalizing the soot concentration field. Most of the soot is oxidized at the end of the

flame, where the temperature is high increasing the soot oxidation rate. As the temper-

ature decreases towards the outlet, the oxidation rate of soot also decreases, and the

final amount of soot stabilizes.
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Figure 18. Soot concentration in the BoCTeR with different C2H2 mole frac-
tions in the devolatilization products.

A simulation with the Salmisaari IP size distribution was also done in the BoCTeR, with

a result of increased amount of unburnt fuel and increased soot concentration. Particle

size seems to have an impact on the soot concentration. However, the effect of the fuel

particle size on particulate emissions have been studied by Franco and Costa [65] and

significant difference on PM emissions was not observed. Still the PM emissions varied

as a function of fuel particle burnout and residence time. The fuel particle size used in

100 MWth boiler, is far too large for the 120 kWth BoCTeR, which is presumable. Never-

theless, according to the CFD simulation and the study by Franco and Costa, PM emis-

sions seem to decrease as the residence time increases and the fuel is more completely

combusted.

4.3 100 MWth Boiler

In this Section, results regarding the combustion and the fluid flow are presented. The

results are compared with the values from Valmet DNA, which is the automation system

of the heating plant. Result regarding BC are presented in the next Section and com-

pared with the experimental data.

The data from Valmet DNA, provided by Helen Oy, includes thermal power, tempera-

tures, emission levels and pressures. A measuring point for temperature is right after the



45

furnace at the bottom of empty pass. According to Valmet DNA, average values for tem-

perature after the furnace during the measurement campaign are 490 Celsius at 30 MWth

load and 701 Celsius at 100 MWth load. The temperature profile in the boiler from the

CFD model is presented in Figure 19. At partial load the temperature in the simulation at

the temperature measuring point is similar, but at full load the temperature is nearly 90

degrees higher. The temperature measurement from the boiler does not have radiation

correction, thus the real temperature is higher than the measured value. Therefore, the

temperature profile at full load is closer to real temperatures than at partial load. Reason

for slightly lower temperatures in the empty pass at partial load, could be incorrectly

defined heat sink at the porous media between the furnace and the empty pass.

Figure 19. Temperature contour in the boiler with partial 30 MWth load and full
100 MWth load.

Velocity profiles in the boiler are not measured, but the swirl burners are designed to

generate a backflow inside the swirl. Due to the backflow, hot flue gases flow towards

the burner, which heats the fuel and improves combustion. Axial velocity profiles in the

boiler are presented in Figure 20. The axis of rotation is located vertically in the middle

of the burner. A strong backflow is generated with both loads in the CFD model, which

can be seen from the dark purple color after the burner.
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Figure 20. Axial velocity contours in the boiler. Dark purple color shows the
backflow inside the swirl.

O2 mole fraction is presented in Figure 21. At full load the pre-combustion chamber is

designed to be sub-stoichiometric and excess air is injected after the pre-combustion

chamber from tertiary inlets. Air staging is used to reduce NOX emissions, but at the

same time BC emissions might increase due to sub-stoichiometric conditions. In the Fig-

ure 21, sub-stoichiometric pre-combustion chamber is nearly black (0 v-% O2) and the

O2 concentration increases after tertiary inlets (6-8 v-% O2). Remaining O2 is consumed

in the char combustion and the mole fraction of O2 is 5.0 v-% at the outlet at full load. At

partial load air staging differs from full load air staging. Nearly all air is injected from the

primary and the secondary inlets and lambda is higher. Increased lambda and different

air staging increases O2 concentration, which is 6.8 v-% at the outlet. The mass flow for

wood dust carrier gas remains rather constant between the loads. O2 concentration is

measured from the flue gas by Valmet DNA and the average O2 concentrations are 7 v-

% for 30 MWth load and 4.8 v-% for 100 MWth load.
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Figure 21. O2 mole fraction in the boiler at different loads.

NOX emissions in the boiler are presented in Figure 22. Thermal NOX increases expo-

nentially as a function of temperature. Temperatures at 100 MWth load are higher, which

increase amount of thermal NOX. However, major part of the NOX is from fuel NOX. NOX

emissions from Valmet DNA were 227 mg/Nm3 6% O2 at full load and 230 mg/Nm3 6%

O2 at partial load on average during the BC Footprint measurement campaign. Equiva-

lent values in the simulation are 198 mg/Nm3 6% O2 and 175 mg/Nm3 6% O2, respec-

tively. High NOX concentrations can be seen at areas where char burnout occurs. Nitro-

gen in the char is directly converted to NO, as presented in Section 3.4. By using simple

flue gas analysis, maximum amount for fuel NOX can be calculated if 100 % of the nitro-

gen in the fuel is converted to NO. Maximum amount for fuel NOX is 629 mg/Nm3 6% O2

and the modeled values are well below. The burner geometry affects the flow field and

mixing of air with the fuel particles, which can affect the temperature. Small inaccuracies

in the temperature near the burner can explain difference in NOX concentration. The

formation of thermal NOX is minimized with burner design and air staging.
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Figure 22. NOX emissions in the boiler with full and partial loads.

CO is an intermediate product in the reaction mechanism and its mole fraction is pre-

sented in Figure 23. CO concentration in the flame is quite similar between the loads,

but the profile varies due to different flow fields. Due to different flow fields the fuel is

devolatilized differently. At full load the flame is wider and shorter and at partial load it is

longer and narrower. CO is almost completely combusted in the furnace and outlet con-

centrations are 16 ppm at 100 MWth and 0.16 ppm at 30 MWth in the simulation. In the

real boiler amounts are similar, but opposite between the loads. Reason for higher CO

concentration at full load could be the EDM parameters in Reaction 4. The parameters

were halved from default values in order to better predict slow combustion of CO. The

residence time at full load is shorter compared to partial load, thus the CO has less time

to combust resulting in higher concentration at the outlet.
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Figure 23. CO mole fraction near the burner.

The boiler must be designed so that the particle residence times are sufficient in order

to guarantee complete combustion. With partial load, flow velocities are slower, which

increases residence times and complete combustion is more likely reached. The boilers

are planned to run on full load primarily, thus the boiler should be designed to reach

complete combustion with shorter residence times as well. Char mass fractions of dis-

crete particle tracks are presented in Figure 24. Char mass fraction starts from 6.2 m-%

and increases up to 79.3 m-% as the particles devolatilize. After the devolatilization, char

combustion begins, and char mass fraction begins to decrease towards 0 m-%. If com-

plete combustion is reached, left over mass consists of ash, instead of char and ash.

With partial 30 MWth load all discrete particle sizes reach complete combustion. With full

100 MWth load the largest particles reaching full load have a sphere-equivalent diameter

of 603 μm. The largest particle size of 783 μm reaches char conversion of 93.1 m-%.

Overall char conversion at full load was 99.7 m-% and 100 m-% at 30 MWth load in the

simulation. At full load unburnt fuel particles can be seen in the actual boiler from a win-

dow on top of the empty pass. The 99.7 m-% char conversion results in 1.5 m-% of char

among fly ash. Fly ash samples from the boiler were examined by Helen Oy and the

amount of carbon was 4.8 m-% at full load and 5.2 m-% at 30 MWth load on average. At

30 MWth load, there is a quite large difference. Some differences between fly ash sam-

ples and calculated fly ash carbon mass fractions may be explained with soot formation.

Fly ash can contain small proportions of BC. Fly ash samples were gathered from the
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baghouse filters, where nearly all PM is filtered. This could be verified, by examining fly

ash samples from the boiler more precisely. If particles are pure carbon, they are BC and

if particles consist of ash as well, they are Unburned Carbon (UC). Also, size distribution

and morphology of BC and UC varies. BC particles formed from gas phase nucleation

have a diameter less than 1 μm and UC have a diameter larger than 10 μm. The amount

of BC and UC can be examined from their bimodal size distribution [56]

Figure 24. Particle tracks as a function of char mass fraction. At 30 MWth load
the largest 783 μm particles combust completely. At 100 MWth load 603 μm par-
ticles combust completely and 783 μm particles have a char conversion of 93.1

m-%. Overall char conversion at full load is 99.7 m-%.

Ash deposits have been noticed on the masonry walls of the pre-combustion chamber.

According to the CFD model a great amount of char is combusted on the pre-combustion

chamber walls, presented in Figure 25. According to ISO 540:2008 [66], the ash has a

deformation temperature of 1440 degrees Celsius. Figure 26 presents temperatures of

the smallest particles, which are up to 1457 Celsius near the pre-combustion chamber

walls. This high temperature may explain the ash deposits on the masonry walls. Tem-

perature of the masonry walls reach 1041 degrees of Celsius.
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Figure 25. Char combustion rate on the boiler walls at full and partial loads.
High temperatures on the walls may cause fouling and slagging as the ash is

deformed.

Figure 26. Fuel particle temperature below and the pre-combustion chamber
wall temperature above. Some particles reach temperatures up to 1457 Celsius,

which is above the ash deformation temperature of 1440 Celsius.

4.4 Black Carbon in 100 MWth Boiler

One fundamental assumption in this soot formation mechanism might be false. As stud-

ied by Guizani et al. [51], the composition of devolatilization products varies as a function

of temperature, residence time and fuel particle size. In higher temperatures tars are

cracked into smaller hydrocarbons and more soot precursors are present. This was con-
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firmed on account of our own Chemkin Pro simulations, presented in Figure 27. Accord-

ing to Chemkin Pro simulations C2H2 concentration of 2-3 v-% in the devolatilization prod-

ucts is more likely in conditions, which imitate Salmisaari boiler. For this thesis it was

decided to compare results between 3 v-% C2H2 100 MWth case and 2 v-% C2H2 30 MWth

case. Also 3 v-% C2H2 30 MWth results are presented, to show the need for temperature

dependent devolatilization.

Figure 27. C2H2 concentration in the devolatilization products, in conditions
imitating the Salmisaari boiler according to the Chemkin Pro simulation.

With constant C2H2 concentration in the devolatilization products the CFD model is able

to predict soot concentration with reasonable accuracy at full load, but the model can not

predict soot concentration as a function of thermal power.  Soot concentration contours

are presented in Figure 28. At full load soot concentration was measured from the bottom

of the boiler (B in Figure 28) and from the top of the empty pass (E in Figure 28). At full

load the model is able to predict increasing soot concentration between the measuring

points B and E. The minimum soot concentration at the bottom at full load is 1.25 mg/Nm3

and it increases up to 2.25 mg/Nm3 towards the empty pass. Corresponding values from

the experimental samples are 90 and 219 mg/Nm3, respectively. At partial loads meas-

urements were performed only from the bottom, thus the concentration at the outlet is

unknown. In the model the soot concentration at the bottom at 30 MWth load is 2.0

mg/Nm3 and it remains constant after the measuring point. At full load soot is flown via

shortest route towards the outlet, which explains increasing soot concentration. This flow

circles high oxidation rate area at the left side in the furnace in Figure 28c. At the left side
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in the furnace in Figure 28c, there is higher temperature (Figure 19) increasing soot ox-

idation rate (Figure 30) and decreasing soot concentration.

Figure 28. Soot concentration between different loads and C2H2 concentra-
tions in the devolatilization products. Soot concentration is exaggerated with 3

v-% C2H2 at partial load. Relations in soot concentrations in b. and c. corre-
spond with the experimental measurements.

Soot concentration data from the experimental measurements is presented with the mod-

eling data in Figure 29. Based on the experimental data, soot concentration slightly var-

ies according to thermal power. In the CFD model soot concentration dependency on

thermal power is highly exaggerated with constant C2H2 concentration in the devolati-

lization products. With different C2H2 concentrations between the loads, similar relations

between the measurements can be observed. Based on the CFD model and the exper-

imental data, soot concentration slightly increases towards the top of empty pass com-

pared to the bottom at full load. The CFD model and the measurements differ by one

order of magnitude, but it can be considered as an acceptable result. At 30 MWth soot

concentration is higher at the bottom compared to full load according to the experimental

measurements and the simulation. Also, soot concentration at the bottom at 30 MWth is

lower compared to concentration at the empty pass at 100 MWth.
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Figure 29. Soot concentrations from the measuring points B and E according
to the CFD model and the experimental measurements on the left. Enlarged bar
chart of the experimental values on the right. Increase between B and E is well
modeled at full load. Concentrations in CFD are one order of magnitude higher.

The effect of different loads and C2H2 concentrations on soot oxidation rate is presented

in Figure 30. Soot oxidation rate increases as a function of temperature, which was pre-

sented in Equation 16. Uneven temperature contour might be a result of the self-made

burner geometry used in the simulation. High temperature on the front side of the furnace

(Figure 19) increases soot oxidation and soot concentration decreases towards the bot-

tom (Figure 28). On the back side of the furnace oxidation rate is lower due to lower

temperature, resulting in higher soot concentration. On the back side the distance to the

empty pass is also shorter and high concentration soot flows pass the high oxidation rate

area.

Figure 30. Rate of soot oxidation between different loads and C2H2 concentra-
tions in the devolatilization products. Majority of the soot is oxidized near the

flame front in high O2 concentration and temperature. At full load oxidation oc-
curs in a broader area due to higher temperature.
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5. DISCUSSION AND CONCLUSION

Three combustion processes were modeled in this thesis and the soot formation was

studied. Detailed data from the C2H4 diffusion flame was available whereupon a CFD

model was done. It was studied which parameters affect the soot formation the most.

Larger scale CFD models also had experimental data containing PM emissions, temper-

atures and fuel analyses for boundary conditions and evaluation. A soot formation mech-

anism for pulverized combustion was created according to literature, tested with a 120

kWth BoCTeR and fine-tuned according to the PM emissions data and Chemkin pro sim-

ulations. The mechanism was then used in a 100 MWth boiler and the results were com-

pared with experimental data.

Results of the detailed C2H4 diffusion flame CFD model had some inaccuracies with the

experimental results. Due to erroneous velocity profile and incorrectly predicted flame lift

off, all results had small discrepancy. Still the model was able to predict the magnitude

of formed soot with correct parameters. Nevertheless, nucleation and surface growth

species and oxidation model were discovered as the most sensitive parameters for soot

formation.

The presented soot formation mechanism for pulverized combustion is extremely sensi-

tive to amount of devolatilized C2H2 which can be noticed from the results of BoCTeR

CFD model (Figures 17 & 18) and Salmisaari boiler (Figure 28). Soot formation increases

exponentially as a function of devolatilized C2H2. Concentration of C2H2 in woody bio-

mass devolatilization is close to 0, but in high temperature (1600-1700 K) and low oxygen

conditions, the released tars and hydrocarbons react and form C2H2 soot precursors. A

reasonable C2H2 concentration was estimated based on literature and Chemkin Pro sim-

ulations, using a detailed reaction mechanism (114 species,1999 reactions) in a perfectly

stirred reactor model.

Temperature dependency and chemical kinetics in devolatilization need to be noticed in

order to produce accurate results. Without taking previous dependencies into account

the Salmisaari simulation results are quite close to experimental results at full load, but

partial load results have large differences. Simulations with different devolatilization com-

positions between the loads correspond better with the measurements. The model was

able to predict the minimum soot concentration area at the bottom of the furnace and

increasing soot concentration towards the top of the empty pass. The model was able to
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predict relations in soot concentrations between the measuring points and the loads (Fig-

ure 29), after the devolatilization composition was changed according to temperature.

CFD model of the Salmisaari boiler was made in order to better understand the experi-

mental measurements. Visualizing the temperature, flow and soot concentration fields

has been helpful in explaining differences in PM and BC concentrations between the

measuring points and loads. Temperature contours help to determine where some par-

ticles are nucleated.

A secondary finding has to do with fouling and slagging of the boiler. Ash deposits on

the masonry pre-combustion chamber were noticed in the actual boiler. In the CFD

model the temperature of the particles is close to the ash deformation temperature and

the char combustion rate is high on the pre-combustion chamber walls. The model also

predicts temperatures, velocities and species concentrations well in the boiler.

ANSYS Fluent soot formation models contain infinite amount of different setting combi-

nations, because users can create their own functions and change parameters as they

wish. The pulverized combustion soot formation model needs more optimization in order

to more accurately model soot formation. UDF or optimized parameters were not used

in this CFD model.

Future work for this thesis could be performing another CFD simulation for the Salmisaari

boiler with more accurate reaction mechanism and composition of the devolatilization

products. Chemical kinetics need to be more precisely considered. The mechanism

could also be used in modeling other pulverized combustion devices with different fuels

to demonstrate its suitability. If the mechanism is proved proficient, it could be used in

evaluating BC emission from different fuels in different pulverized combustion devices.

The combustion processes could also be fine-tuned to emit less BC emissions.
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