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"And he has Brain."

"Yes," said Piglet,"Rabbit has Brain.”
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Summary

The wide spread use of coal as an energy source gave rise to an increase of
research activity in the area of pulverised coal combustion and gasification. Many
studies have been performed in order to improve the efficiency of the coal use in
industrial facilities. '

In accordance with three main purposes of this study the investigations are
described in three parts:

The first part (see chapter 3 and partially chapter 4) describes the characteristics
of the measuring system, with which important parameters of coal combustion (and
possibly gasification) can be determined, together with the methods to interpret the
output data of the measuring system.This system has an independent value and can
be applied in other research as well. A description of the main features of a shock
tube technique, rarely used in coal research, is included in this part.

The second part (see chapter 4) describes the theoretical and experimental
investigation of the particle combustion of real coals with a particle size around
6 pm. There it is also demonstrated that a shock tube can be used as a tool for coal
characterisation. The strong influence of volatiles on the process of coal combustion
has been demonstrated.

The third part (see chapter 5) describes the theoretical and experimental
investigation of the particle ignition of real coals with particle sizes around 6 and
70 pm. Attention has been paid to the phase of ignition (homogeneous,
heterogeneous or mixed) and the specific role of volatiles in coal particle ignition.
In order to introduce a general approach to the problem of ignition an attempt has
been made to connect ignition properties of coal with its combustion behaviour.

A shock tube is used as a tool for a fast (within 100 us) creation of hot gas
conditions with gas temperatures from 600 to 2500 K and gas pressure about 8-10
bar.

Non-interactive diagnostic methods based on infrared (IR) emission have been
worked out to measure the particle surface temperature, relative number
concentration of coal particles and the detection of the gaseous combustion
products.

A simple methode to measure the relative particle size is based on the IR two
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wavelength pyrometry (the author did not find an application of this method in
carlier literature} showed complete agreement with laser extinction measurements.
Emission spectroscopy measurements using the background radiation from hot
particles as a reference source demonstrated a good applicability of this method for
diagnostics of the combustion products.

It has been shown that simultaneous use of the method based on the IR
measurements of the particle size decrease, "burnout method” and the method
based on the IR measurements of the particle temperature, "energy balance
method", together with the emission spectroscopy method form a useful compact
diagnostic system for pulverised coal combustion investigation.

It has been found that for small particles (about 6 um) and a partial oxygen
pressure higher than 1 bar heterogeneous combustion occurs in the regime of "rough
sphere” kinetics. The true reaction order measured under these conditions is very
close to 0. When the partial oxygen pressure is lower than I bar the combustion is
limited by diffusion. A good agreement between the evaluated diffusion limit and
the experimentally measured combustion rate confirms the validity of the methods
used.

A comparison of the combustion rate measured by the "burn out method” with the
energy release during combustion measured by the "energy balance method" as well
as the measured lack of volatile matter in the gas volume demonstrates a strong
influence of the homogeneous combustion in a thin layer near a coal particle on the
energy balance of the combustion. In the heat balance a value of the combustion
heat should be used higher than the one which corresponds to heterogeneous
combustion with carbon monoxide production. Polish coal, which has a volatile
content higher than in Illawara coal reveals a higher rate of heat release.

For modelling of the combustion process kinetic values of both the burn out and
the heat release rate have been used. A model based on this approach shows a
good agreement with the experiments. As is measured in the experiment and
confirmed by the model a decrease of the particle size due to combustion prevents
a particle temperature run-away after ignition. Thus combustion after ignition
occurs in the reaction controlled regime rather than in the diffusion controlled one.
If the particle temperature reaches a plateau this plateau occurs not due to the fact
that combustion becomes limited by diffusion but due to the dynamical equilibrium
of a burning particle.

As has been found in the experiments, ignition of small coal particles (about 6 pm)
occurs in two different ways. The "usual" ignition, with a constantly rising
temperature, is predictable by the combustion model based on the data of
combustion experiments performed in this work. Another kind of ignition is calied
"delayed” because it occurs with some delay after the creation of the hot gas
conditions and when the particle temperature plateau is already reached. This
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ignition is influenced by the amount of coal injected into the system. As is shown
in the study the "delayed" ignition occurs due to the accumulation of heat in the gas
due to the volatile matter combustion in the gas volume. The gas temperature
interval where the transition from the "usual” to the "delayed” ignition occurs is
between 1200 and 1300 K. The experiments demonstrate that the particle
interactions give rise to a decrease of the gas temperature limit for ignition while
the ignition particle temperature remains the same (within accuracy of the
experiments). Both types of ignitions can not be classified as a pure heterogeneous
or pure homogeneous ignition. Ignition is of the mixed type where volatile matter
combustion has a big influence on the processes at the surface. Another argument
for this scenario is the observation that a minor hydrodynamical effect of the shock
tube influences the "delayed” ignition strongly.

Experiments with big coal particles (about 70 um) show that the measured particle
temperature corresponds to the temperature of the hot shell around the particle.
This shell is heated by volatile matter combustion. Combustion of volatile matter
in the vicinity of the coal particle give rise to a relatively fast heating of the particle
and its heterogeneous ignition. Ignition in this case, as in the case of small particle
ignition, is of the mixed type.

Thus the hypothesis that ignition of big particles occurs homogeneously and of small
particle heterogeneously is not confirmed completely. Processes in the volume as
well as at the surface have a big influence on each other.
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Samenvatting

De veelvuldige toepassing van kolen als energiebron heeft het onderzoek op het
gebied van poederkoolverbranding- en vergassing doen toenemen. Veel studies
zijn gewijd aan het effectieve gebruik van kolen in industrie.

Dit proefschrift is verdeeld in drie onderwerpen, analoog aan de doelstellingen
van het werk :

Het eerste gedeelte, zie hoofdstuk 3 en een gedeelte van hoofdstuk 4, beschrijft
de experimentele opstelling waarmee parameters worden bepaald die belangrijk
zijn voor poederkoolverbranding en mogelijk -vergassing. Tevens wordt aandacht
besteed aan de gebruikte methoden om de meetresultaten te interpreteren. Het
gebruikte meetsysteem is ook toepasbaar in ander experimenteel onderzoek.
Verder worden de belangrijkste eigenschappen van de schokbuistechniek -een
techniek die zelden wordt gebruikt in kolenonderzoek -in dit gedeelte beschre-
ven.

In het tweede gedeelte, zie hoofdstuk 4, wordt de theoretische en experimentele
studie van de verbranding van poederkool met een deeltjesgrootte van 6 um
beschreven. Hier wordt tevens aangetoond dat de schokbuis bruikbaar is voor
kolenkarakterisering. De grote inviloed van vluchtige bestanddelen op het
verbrandingsproces wordt vastgesteld.

Het derde gedeclte, zie hoofdstuk S, behandelt het theoretische en experimente-
le onderzoek naar de onisteking van poederkool met deeltjesgrootten van 6 en
70 wm. Er wordt met name aandacht besteed aan het type ontsteking (homo-
geen, heterogeen of een combinatie van beide) en de invloed van vluchtige
bestanddelen op de ontsteking. Om een algemene beschriving van het ontste-
kingsprobleem te introduceren, is gepoogd de ontstekings- en verbrandingseigen-
schappen van de kool met elkaar in verband te brengen.

In de experimenten is een schokbuis gebruikt om in zeer korte tijd (<100 us) de
gewenste gascondities te cre€ren, met gastemperaturen instelbaar tussen 600 en
2500 K en gasdrukken van & tot 10 bar.

Om de deeltjestemperatuur, de relatieve deeltjesconcentratie en gasvormige
verbrandingsproducten te meten zijn diagnostieken ontwikkeld die zijn gebaseerd
op infrarood (IR) emissie metingen. Deze meetmethode geeft geen verstoring



van het verbrandingsproces tot gevolg.

Een eenvoudige methode om de relatieve deeltjesgrootte te bepalen met behulp
van IR twee golflengten pyrometrie (de auteur heeft geen toepassing van deze
methode in de literatuur gevonden) toonde een volledige gelijkenis met laser
extinctie metingen. Met spectroscopische emissiemetingen die gebruik maken
van achtergrondstraling van hete deeltjes als referentiebron kunnen verbran-
dingsgassen worden gedetecteerd. Tevens wordt aangetoond dat het gebruik van
de meting van de afname van de deeltjesgrootte ("burnout-methode”) gecombi-
neerd met de meting van deeltjestemperatuur ("energiebalans-methode") een
bruikbaar en compact meetsysteem oplevert om poederkoolverbranding te
bestuderen.

Voor kleine deeltjes (ongeveer 6 um) en een partiéle zuurstofdruk hoger dan 1
bar blijkt heterogene verbranding plaats te vinden in het gebied van de zg.
“rough sphere’-kinetiek. De werkelijke orde van de reactie die wordt gemeten
onder deze condities ligt zeer dicht bij 0. Bij partiéle zuurtsofconcentraties lager
dan 1 bar wordt de verbranding diffusiebepaald. Een goede overeenstemming
tussen de berekende diffusielimiet en de experimenteel bepaalde verbrandings-
reactiviteit bevestigt de juistheid van de gebruikte methoden. Een vergelijking
van de verbrandingsreactiviteiten gevonden met de "burnout-methode” en met de
"energiebalans-methode” toont aan dat er cen sterke invloed is van homogene
verbranding in een dunne schil dichtbij het deeltje op de energiebalans. Deze
conclusie wordt versterkt door het feit dat geen vluchtige bestanddelen in het
gasvolume gemeten zijn. In de warmtebalans moet voor de verbrandingswarmte
een waarde worden ingevuld die hoger is dan de waarde die wordt gebruikt voor
heterogene koolstofverbranding tot koolmonoxide. Bij verbranding van Poolse
poederkool, welke een hoger vluchtigheidsgehalte bezit dan de lllawara kool,
komt meer warmte vrij t.g.v. homogene verbranding.

De kinetische waarden die worden gevonden met bovengenoemde methoden zijn
gebruikt om het verbrandingsproces te modelleren. De modelberekeningen zijn
goed in overeenstemming met de experimentele resultaten. Zoals is gemeten in
experimenten en is bevestigd in modelberekeningen, voorkomt de afname van de
deeltjesgrootte t.gv. verbranding een run-away van de deeltjestemperatuur na
ontsteking. De verbranding na ontsteking vindt dus meer in het reactie- dan in
het diffusiebepaald gebied plaats. Als de deeltjestemperatuur niet verder meer
toeneemt, dan gebeurt dit niet doordat de verbranding diffusiegelimiteerd is,
maar door het dynamisch evenwicht van het verbrandende deeltje.

De experimenten tonen aan dat de ontsteking van kleine deeltjes (ongeveer 6
pm) op twee manieren plaatsvindt. De "gebruikelijke” ontsteking, met een steeds



xii

oplopende temperatuur, is te voorspellen met het verbrandingsmodel dat is
gebaseerd op data van verbrandingsexperimenten. Een ander type ontsteking
wordt "vertraagd" genoemd, omdat deze ontsteking plaatsvindt enige tijd nadat
de gascondities zijn gecre€erd en op het moment dat het plateau in de deeltjes-
temperatuur reeds is bereikt. Deze ontsteking wordt beinvloed door de hoeveel-
heid poederkool die in het systeem is ingebracht. Zoals wordt aangetoond vindt
de "vertraagde" ontsteking plaats door ophoping van warmte in het gas t.gv. de
verbranding van vluchtige bestanddelen in het gasvolume. De overgang van
"gebruikelijke” naar "vertraagde" ontsteking ligt in het gebied van gastemperatu-
ren tussen de 1200 en 1300 K. De experimenten tonen aan dat de deeltjesinter-
acties de gastemperatuurlimiet voor ontsteking doet afnemen, terwijl de deeltjes-
temperatuur bij ontsteking hetzelfde blijft (binnen de nauwkeurigheid van de
metingen). Beide typen ontsteking kunnen noch als zuiver heterogeen, noch als
zuiver homogeen worden bestempeld. De ontsteking is een combinatie van beide
typen, met een grote invioed van de verbranding van vluchtige bestanddelen op
opperviakteprocessen. Een ander argument voor dit scenario is de observatie dat
een klein hydrodynamisch effect van de schokbuis de "vertraagde" ontsteking
sterk beinvipedt. Experimenten met grote kooldeeltjes (ongeveer 70 upm) laten
zien dat de gemeten deeltjestemperatuur correspondeert met de temperatuur
van een hete schil rond het deeltje, die wordt opgewarmd door verbranding van
vluchtige bestanddelen. Deze verbranding in de buurt van het deeltje zorgt voor
een relatief snelle opwarming van het deeltje en zijn heterogene ontsteking. Het
type ontsteking is in dit geval, zoals bij de ontsteking van kleine deeltjes, een
mengeling van homogene en heterogene processen.

Zo is de verondestelling dat het type ontsteking van grote deeltjes homogeen is
en van kleine deeltjes heterogeen, niet volledig bevestigd. Processen in het
volume en aan het oppervlak hebben een grote invloed op elkaar.
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Chapter 1

Introduction

The study of coal goes back to ancient times. In China coal was already used as a
fuel thousands years ago. The first coal researcher in Europe was possibly
Theophrastus, a pupil of Aristotle, who became head of the Lyceum in Athens in
323 B.C and who wrote a book on minerals including coal: De Lapidus.

The wide spread use of coal in the new time gave rise to an increase of research
activity. Many studies have been performed in order to improve the efficient use of
coal in industrial facilities. In the sixties though, because of the availability and the
low cost of petroleum, the use of coal and the research in this area were reduced.
Nowdays, the situation has changed and interest in coal research grows because of
limited oil and gas reserves. Coal resources on the other hand are significantly
bigger and can help to fill an energy gap until new energy sources are found and
developed.

The main possibilities to use coal are: liquefaction, gasification and direct
combustion, The last two methods usually use powder coal with particle diameters
less than 100 ym. When blown into a furnace, coal particles burn forming flames
which resemble flames produced by oil combustion. In case of coal though, it is
difficult to predict the combustion behaviour of pulverised coal flames from the
chemical and physical coal properties only. Flame characteristics in burners, such
as flame front separation distance, directly influenced by the ignition delay time or
time of burn out, depend on the operation conditions (heating rate of the injected
coal particles, amount of oxygen present and so on) and are different for different
coal types. Such uncertainty forces one to use theories manipulating a number of
empirical fitting parameters for each particular situation. This makes them
inappropriate for use in general practice.

In order to base theories on the actual fandamental mechanisms of the combustion
of a coal particle it is important to obtain a correct physical description of the
processes, which actually occur during the coal particle combustion. The influence
of the characteristics of an installation, which is used for study and characterisation,
has to be minimal. For example, a very fast creation of the external conditions in
the gas can prevent an influence of the heating procedure history on the coal
combustion behaviour. This was one of the reasons to use a shock tube for this
experimental work (see chapter 3).

As mentioned by many researchers (see more in chapter 2), the knowledge of the
volatile matter influence on the process of combustion and ignition acquired by
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conventional techniques is limited. Experiments with shock tubes have very often
been performed with chars and not with real coals. Volatile yield and subsequent
ignition depend very much on the way in which coal particles have been heated up.
A long "heating history" of the conventional laboratory installations makes it
difficult to find the real influence of the coal particle itself on the mentioned
processes. Thus the current study is oriented more to the investigation of real coals
rather than chars.

The sizes of the particles, which are used in this study, are in the regions of 70 um
and 6 gm. The data on the ignition behaviour of the big coal particles obtained in
the experiments are relevant for direct use in existing pulverised coal installations
and give fundamental information on the phase of ignition. The data obtained in
the experiments with the small coal particles give information on the actual
combustion characteristics (see more in chapter 2) of coal. A direct application of
the combustion behaviour of the small coal particles can also find a direct
application in modern alternative energy production installations like coal fired
magnetohydrodynamic (MHD) generators. An investigation of collective behaviour
of small coal particles in clouds can introduce significant knowledge concerning
mine safety. The propagation of a detonation wave after explosions in mines
involves clouds of the coal dust particles from the floor of the mine gallery with the
subsequent ignition of them. The Mach numbers of the propagating detonation
waves in mines as well as heating rates of coal particles (10° to 10° K/s) are close
to those achieved in the shock tube. Both direct data on collective coal dust
behaviour and characteristics of individual coal particles are very important for
description of this detonation process.

As time passes, more and more attention is paid in industrial combustion systems
to pressurised combustion. This takes place either in order to intensify the
combustion process, for example in fluidised bed combustors and gasifiers such as
the Integrated Coal Gasification Combined Cycle installation in Buggenum The
Netherlands, for thermodynamical reasons, for example in industrial gas turbines,
or to shift the reaction kinetics in a desirable direction. Laboratory research is
performed mostly under atmospheric pressure. The shock tube technique gives a
possibility to obtain data on coal combustion behaviour under high pressures.
Generally speaking a shock tube is a very flexible experimental apparatus with
variable and well controlled initial gas conditions.

Diagnostic instruments and methods are an important part of any experimental
scientific work. Measurements under shock tube conditions require some special
characteristics of the measurement tools such as a high rate of receiving and storage
of data and the noninteractivity of measurements themselves. Fast visible and
infrared optical methods have been chosen in order to introduce as less distortion
in the system as possible. The author tried to develop a compact measuring system
on the basis of known and newly developed methods for the diagnostics of the coal



Chapter 1 3

clouds. The control of gas conditions of the chemical shock tubes is very well
established. A small development of it has been performed based on modern
computational techniques.

This study has three main purposes.

First (counting in order of performance) is the creation of a compact measuring
system with which important parameters of coal combustion (and possibly
gasification) can be determined. Such a system should also have an independent
value and be applied in another research.

Second is theoretical and experimental investigation of the particié ignition of real
coals. Attention has been paid to the phase of ignition (homogeneous,
heterogeneous or mixed) and the specific role of volatiles in coal particle ignition,
An attempt has been as well made to connect ignition proprieties of coal with its
combustion behaviour in order to introduce a general approach to the problem of
ignition.

Third is theoretical and experimental investigation of the particle combustion of
real coal. It has to be demonstrated that a shock tube can be used as a tool for coal
characterisation. Attention should be paid as well to the influence of volatiles on
the process of coal combustion.
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Chapter 2

General remarks and evaluations of
coal combustion and ignition behaviour

The combustion of pulverised coal involves two major processes: devolatilization
with the subsequent combustion of volatiles in the gas volume (homogeneous
combustion) and combustion at the particle surface (heterogeneous combustion).
These two processes can be simultaneous or sequential. The combustion of a single
coal particle is determined by many factors as it is outlined by several authors in
{1] - [6] and depends on, e.g.:

- Coal particle size

- Coal content of volatile matter

- Ambient pressure and temperature

- Heating rate

- Moisture content of the coal and gaseous environment

- Pore diffusion

- Surface area available for chemical reaction

- Reactions with various reactants

In this chapter a review of the combustion and igntion processes, as well as a
discussion of factors which are essential for the investigations of the work presented
here, is given. Apart from the data known from literature, some simple evaluations
in order to illustrate classical results, are presented.

2.1 Combustion at the particle surface

The characteristics of chemical reactions at the coal/char particle surface are
discussed in detail in various works [5]-{10]. For the isothermal particle the reaction
rate per unit of external surface R, can be presented in the Arrhenius form as
follows:

R,=A(Py'exp(-E,/T,) , 21

where A is the reaction coefficient, P, the partial pressure of gaseous reactant
(oxygen) at the surface, n the apparent reaction order, E, the activation energy and

T, the particle temperature. Here and below the activation energy is given in
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degrees Kelvin, which corresponds to the activation energy given in Joules as E,-
R,, where R, is the universal gas constant.

The fact that combustion of coal particles can occur within three regions of
limitation is now well established. Under low temperature conditions, combustion
is controlled by reaction at the external particle surface as well as inside the
particle. At higher temperatures, pore diffusion begins to play a significant role in
control of particle combustion, And at even higher temperatures the rate of
combustion will be limited by transport of oxygen to the particle surface. Transition
regions between these zones also have to be taken into account. The actual
temperature regions, within which those conditions are realised, depend very much
on the size of coal particles and the type of coal.

Zone I  [ROUh | 7 pe T Zone 1
Sphere
n=1 n=m | n=(m+1)/2 | n=m

Ea=0 [Ea=Ep| Ea=Ep/2 Ea=Ep
rate

M—

l 1/:Fp

L=0 0<L<«] I<L<a a<<L

Figure 2.1. Rate controlling regimes for heterogeneous
coal/char combustion

The classical graphical presentation of these zones can be found in many
publications and books [S], [10], [11], [12]. Fig. 2.1 presents a modification of it
adapted to the experiments discussed in this work. It shows schematically the
reaction rate in logarithmic scale as a function of the reverse particle temperature
in different temperature regiones with the changing apparent reaction order n,
activation energy £,, oxygen penetration depth L and the constant true reaction
order m and true activation energy E,. Keeping the usual classification of zones, it
is more convenient to start the analysis from Zone HIL
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2.1.1 Zone Il

In this zone the reaction rate at the particle surface is so high, that oxygen is burnt
completely at the external surface of the coal particle and combustion is limited by
oxygen transfer towards the particle surface from the surrounding gas. As is shown
in [2] and [5], if particles are treated as spheres and there is no relative movement
between gas and particle then the resuiting flux 4, of oxygen, calculated per unit
of mass of carbon, is equal to the reaction rate at the particle surface and is given
by:

h,=yD(e,-e.)/a ,
D=D(P,/P)(T,/T)'”, (22)

7=MC/M02v ,

where ¥ is the stoichiometric factor, v the mole ratio (for combustion of C to CO
v = 1/2 and to CO, v = 1), M, and M, the molecular weight of C and O,, D the
diffusion ceefficient, D, the diffusion coefficient at some standard pressure (P;) and
temperature (7p), P the pressure, T, the gas temperature, a the particle radius, p,
and p,, the partial density of the gaseous reactant (oxygen) at the surface and in
the gas volume (far away from the particle). If the mass transfer limits the reaction
at the particle surface then the reaction rate in Zone Il R,y = h,, with p; = 0
reveals linear dependence on the oxygen concentration and the measured activation
energy E, is equal to zero. Combustion in this Zone is determined rather by gas
conditions than coal characteristics.

Let us consider a small evaluation which presents limits for combustion controlled
by diffusion under conditions used in this work:

Example 1. Diffusion control. Using standard conditions for the diffusion coefficient
from [1} one can find that at a gas temperature of 1500 K, a pressure of 8 bar and
an oxygen density of about 2 kg/m? in the case of combustion to CO, the values of
the reaction rate limited by diffusion are about 20 kg/m? s for a particle size
(diameter) of 6 pm and about 2 kg/m? s for a 60 pm particle. Using the data on the
particle reaction rate for different coals, reviewed in [8}, one can find that a small
particle is controlled by diffusion when its temperature is higher than 2500 K for
most kinds of coals. The same temperature for a big particle is 1400 K.

It shows that small particles are controlled by processes at the particle surface itself,
rather than in the gas volume, in a significantly wider region of temperatures than
for big ones. Thus the use of small coal particles is preferable, if one wants to
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investigate the coal combustion determined by coal itself.
2.1.2 Zone II

Zone 1I represents the case when the particle combustion is not controlled by
diffusion to the particle surface any more. The process which plays the most
significant role in this case, apart from chemical reaction itself, is pore diffusion
within the particle. The penetration depth of oxygen L in the particle in this case
can be defined as i

I<L<a, (23)

where [ is the mean free path of oxygen molecules in the gas phase.

Because of the fact that depth of oxygen penetration into the particle and hence the
total reaction surface in this zone is controlled by reaction itself, the true order of
reaction m and the true activation energy are different from apparent measured
values related to the external surface.

As is shown in [11] and [13] the true order of reaction is related to the apparent n
one as n=(m+1)/2 and measured values for the activation energy are twice as low.
The apparent reaction rate (R,;) in this case can be written according to [11] as
follows:

me 1/2
r.D,Ayel "exp(-E, /T,) 24)

R )
m+1

'pll

=2Np1|:rp

where N, is the number of pore mouths per unit of external surface, r, the mean
pore radius and D, the diffusion coefficient for oxygen in the pores.

The evaluation of the temperature regions, within which the limitations of the Zone
II are valid, will be performed later.

2.1.3 Zone 1

The regime denoted as Zone I, is the regime in which diffusion to the particle
surface, as well as within the particle itself, is very fast and does not control the
chemical processes at the external and internal particle surfaces. It means that
penetration length in this case is
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L»a . (25)

Mechanism of the chemical reaction in Zone I, as summarized in [10] and [11}, is
controlled by chemical adsorption and desorption.

Chemical adsorption is proportional to the frequency with which molecules collide
with the particle surface. Not all collisions though, result in the adsorption. The
fraction of these molecules that have enough energy to penetrate the adsorption
barrier with activation energy E, is characterised by the Arrhenius exponential
factor, exp(-E_/T). And even those molecules can be oriented not in the good
direction, so the steric factor s should be taken into account. Keeping in mind that
only free active sites can be used for the adsorption process and combining all
factors mentioned above one can write the rate of the chemical adsorption (R,,,)
as

B sP.exp(-E,/T),)

e - E k- 2.6
pad (21:RngM02)1/2 (=) @6

where P, is the partial oxygen pressure and v, is the coverage of the active sites.
From equation (2.6) it is seen that the order of the adsorption reaction with respect
to oxygen concentration is one.

If the diffusion rate of oxygen to the particle surface, as well as adsorption, are very
fast and all active sites are covered by oxygen, then the controlling mechanism of
the combustion is desorption of products from the particle surface. The rate of
desorption R, as given in [10] and [11] is:

2R T,Z exp(-E,/T),)

pdes N Azhp > 2.7)

where Z, is the number of active sites per unit area of surface, N, Avagadro’s
number, A, Planck’s constant and Ej, the desorption activation energy.

From equation (2.7) it is seen that the order of desorption reaction with respect to
oxygen concentration is zero.

Thus if the particle combusts under conditions of Zone I, the true reaction order
is the same as measured and lies between 0 and 1. The apparent activation energy
in this case is also equal to the the value of the true activation energy.
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2.1.4 "Rough sphere" kinetics

A special case of coal particle combustion is the combustion in a "rough sphere”
regime [10}, [11]. Combustion in this particular subregime takes place when there
is enough oxygen at the particle external surface but the penetration depth within
the particle does not exceed one oxygen mean free path,

0<L<l. ~ (2.8)

In this case, the general approach based on Fick’s law is not valid any more and
according to [13] and [10] reaction occurs at the outer particle surface and in the
pore "mouths". Pores are "locked" by not high enough value of pore diffusion and
combustion occurs in a shrinking regime.

The true order of reaction as well as activation energy in this case are equal to the
apparent one and the kinetics described in the subsection 2.1.3 for Zone I is also
valid here.

2.1.5 Apparent behaviour of the coal particle

Burning in different zones coal particles reveal different apparent behaviour. A
summary of these processes is presented in fig. 2.1:

Combustion in Zone III occurs at the surface with apparent activation energy E,
equal 0 and the apparent order of reaction n equal I. The particle burns at constant
density, and decreasing radius.

Combustion in the "Rough sphere” subregion takes place at the surface and a very
thin near-surface region with the apparent order of reaction and the activation
energy equal to real values (n=m, E,=E,). The particle burns at a constant density
and changing radius.

Combustion in Zone I occurs in the particle volume with partial oxygen
penetration through pores. The real value for the activation energy is half of the
apparent (E, =EP/2) and the reaction order is related to real one as n=(m+1)/2.
The particle burns at changing density and constant radius.

Combustion in Zone I is not limited by diffusion and the place inside of the coal
particle revealing real values of the reaction order and activation energy (n=m,
E,=E,). The particle burns with changing density and constant radius a.



General remarks and evaluations 10

2.1.6 CO and CO, production at the particle surface

The main aspects of the CO and CO, production are outlined in a number of
articles (see e.g., [1], [11], [14] and [15]). If there is enough oxygen at the particle
surface the combustion reaction proceeds as follows:

C+0,=C0, ,
2.9)
2C+0,=2C0 .

The ratio of carbon monoxide to carbon dioxide was measured for granules of
graphite and coal char in [15]. The oxidation of CO to CO, in the gas volume was
suppressed using the inhibitor phosphoryl chloride. Over the temperature range 700
- 1200 K the mole ratio was given by:

co
o 2500exp(-6244/T,) . (2.10)

2

At a temperature of about 1200 K this ratio is about 12 which shows that under
even higher temperatures the reaction of oxygen with CO, production can be
neglected.

Still the oxidation of carbon monoxide in the gas volume can significantly influence
the processes at the particle surface, first by additional heating of the particle and
second by changing of the particle combustion mechanism completely. As shown in
[14] in case of big particles (about 100 pm) and rather high temperatures (2000 -
2500 K), carbon monoxide produced in the diffusion limited regime of combustion
at the surface can completely block the oxygen access to it. In this case combustion
proceeds through reduction of carbon dioxide forming carbon monoxide at the
particle surface and subsequent oxidation of CO in the gas volume:

surface. CO,+C=2C0 ,
2.11)

gas:  2C0+0,-2CO0, .

As outlined in [14], further increase of temperature from 2500 - 3500 K leads to
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dissociation of oxygen and reaction at the particle surface occurs as follows:

C+0~CO . (2.12)

Further increase of temperature gives rise to carbon sublimation and the same
reaction (2.12) occurs in the gas volume.

2.2 Combustion in the gas volume

Combustion in the gas volume occurs due to reaction of oxygen with carbon
monoxide which is produced during surface combustion and with volatile matter
emitted from the particle during the devolatilisation process.

The process of volatile combustion can take place before, simultaneously and after
combustion at the particle surface. This depends strongly on particle size,
temperature, devolatilisation rate, type of coal and ambient conditions. There are
a number of reviews on devolatilisation and its influence on combustion and
ignition of coal particles(e. g., [3], [4], [16], [17]). Though, due to the extreme
complexity of the process, it is still not well understood.

2.2.1 Devolatilisation kinetics

It is usual to consider devolatilisation as a first order single reaction [16] according
to:

k,=(@v/dn/(v"-v) (213)

where k, is the reaction rate coefficient, V the amount of volatiles released up to
time ¢ and V" the limit of ¥ after large ¢. It is shown in [17] that a change of heating
rate changes this coefficient drasticly, e.g. at 1100 K, its value differs for three
orders of magnitude when the heating rate changes from 1 to 10° K/s. Furthermore,
different amount of volatiles can be emitted from the particle under the different
heating rates applied. The amount of volatiles taken from the uitimate analysis,
usually performed under low heating rate conditions can be a factor of two lower
than one with rapid heating. The reason for this is, that the real process occurs as
a combination of a large number of reactions, which can be considered roughly
independent [18]. Therefore
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a, jdt =k V-V, 16

k;=kyexp(-E,/T))

where subscript { denotes one particular reaction in which amounts of volatiles V;
is produced in time t, k,; is the pre-exponential factor, E, the activation energy and
V| is the limit of V..

During heating the particle passes several different regions where different sets of
reactions become more important. The model proposed in [18] succeeds in
explaining the difference between experimental data for high and low heating rates.
Thus applying single-reaction parameters, using particular sets of reactions for
particular cases, one can correctly describe the combustion process.

Apart from the uniform devolatilisation volatiles can also be released in jets [19].

2.2.2 Regimes of volatile combustion

Different regimes of combustion of volatiles have been observed in a number of
works, e.g., the method of direct observation of a coal particle evolution has been
performed on the flat flame burner [19], [20]. The Fourier Transform Infrared
method (FT-IR) has been used in an entrained flow reactor [21] and the analysis
of collected char samples after different residence time with simultaneous gas
temperature measurements has been performed in a one-dimensional pulverised
coal flame [22].

Fig 2.2 illustrates two different regimes of combustion with a displaced and an
attached flame for a big and a small particle respectively. The mechanism of
displacement of the reaction zone from the particle surface can be found in [22]
and [23].

The lack of oxygen at the particle surface, especially during diffusion controlled coal
combustion, gives rise ito the Faraday combustion regime. Volatiles being
evaporated from a particle burn in the gas volume and block access of oxygen to
the surface (see fig. 2.2). In this case no heterogeneous reaction occurs, This regime
is characteristic for big particles. The combustion zone is supplied by volatiles from
the particle surface and with oxygen by diffusion from the gas volume. Position of
the reaction zone is determined by the equality of mass fluxes to the reaction zone
and stoichiometric conditions in it. In this case there are only volatiles from the left
hand side of the reaction zone and oxygen and combustion products from the right
side (see fig. 2.2).

The smaller the particle size the more oxygen can reach the surface (2.2). If the
particle size is smaller than a certain critical value [22] particles experience
simultaneous homogeneous and heterogeneous combustion and heterogeneous
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combustion is controlled by a chemical reaction rate. The value of the critical size
found in [22] is about 65 pm and for 15 um particles heterogeneous combustion is
significant.

More detailed analysis of this problem will be presented later in this work.

Combustion zone

oxygen
volatiles -

Big particle

products
—

oxygen

P Tl

Small particle

Combustion zone

Figure 2.2. Position of bomogencous combustion
for big and small coal particles

2.2.3 Volatile composition

As reported by different authors {10}, [19], [24], [25] the volatile composition
depends on the coal type as well as on the process of devolatilisation itself.

It has been confirmed experimentally, e.g. in [19] in the flat flame burner
experiments, that bituminous coal volatiles contain large fractions of soot producing
heavy hydrocarbons, while lignite volatiles are composed mainly of CO, CO,, H,,
H,O and light hydrocarbons. While in installations with not extremely high heating
rates (10° - 10* K/s) volatile composition includes carbon oxides, in shock tube
experiments [10], {25] with a heating rate of about 10° K/s volatiles are mainly
composed of light hydrocarbons, It has been found in [10] that methane, ethene and
ethyne made up between 60 and 90 % of the total low molecular weight volatiles
with little observed effect of the particle size on the volatile composition.
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2.3 Ignition

Research on ignition started already more than 150 years ago. Since that time the
amount of works, which have been written on the subject is innumerous. The
ignition mechanisms are discussed in detail in [4], [8], [13], [22], [26], [27] and [28].
Not so much time has passed though since a new break-through in the
understanding of the ignition process of coal particles was made. It is accepted now
that ignition can occur in several stages depending on the coal nature, particle size,
heating rates and ambient conditions. Ignition can be heterogeneous, homogeneous
or of mixed type. Usual analysis of heterogeneous ignition are based on Thermal
Explosion Theory (TET) proposed by Semenov and presented, e.g., in [28]. The
case of homogeneous ignition is less settled and represented by several theories, like
TET, Chain Explosion [30] and Adiabatic Condition [27] et al.

2.3.1 TET analysis of a single particle and heterogeneous ignition

TET analysis is valid for heterogeneous as well as homogeneous ignition. Because
the application of TET is relatively easy for heterogeneous ignition, an illustration
of TET in this subsection will be performed for ignition at the particle surface.
A coal particle of mass m,, situated in the gas environment experiences cooling or
heating due to the heat transfer to the gas volume (Q ) and heating due to energy
release of the chemical reaction (Q,) [4]. In the simplest case, radiation cooling
from the particle is considered to be small. Time-dependent temperature behaviour
of the particle in this case is governed by:

aTr
mpcprtp=Q+_Q- , (2.15)

where c,,, is the particle specific heat capacity.

Usually the ignition period is considered to be rather short, so the change of mass
during it is neglected.

Differentiating equation (2.15) with respect to time and applying equation (2.15)

again one can obtain
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T, _[dQ,} [dQ,]
'»"par BTl
a 4T, ) 4T (2.16)
0.0)
m_¢

The classical definition of (TET) ignition in this case is the fulfilment of following
two requirements:

0.0 . (2.17)
and
4. 1921 (2.18)
dTp dTp

If the total reaction rate is given by equation (2.1), then

Q.=RH.A,,
. (2.19)
Q =x-L "A? ,
a

where H, is the heat of combustion, 4, the particle surface and x the heat
conductivity.

To find the partial pressure of oxygen at the surface, the term of mass flux from
equation (2.2) should be set equal to the reaction rate from (2.1), and the gas law
has to be applied:

h, =R (220)
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& rRT . (2.21)

P.=_"
s Moz g r

Example 2. O-T diagram. To understand the process of ignition it is convenient to
make a Q-T diagram (Q, and Q. as a function of T). In order to do that we will
use real data for reaction rates reviewed in [25]: 4 = 6.94 kg/(m? s kPa), n = 1, E,
= 10843 K. For reaction to CO H,_ has been chosen to be equal to about 10 MJ/kg
[7], total pressure P = 800 kPa, partial oxygen pressure Py, = 300 kPa, x = .09 J/m
K [29] and particle size ¢ = 30 pm.

The particle is considered to be a perfect sphere.

The result of these evaluations is presented in figs. 2.3 and 2.4. The heat generation
term from equation (2.19) is presented by Q,-curve (see fig. 2.3). The
corresponding partial oxygen concentration at the particle surface, normalised by
the partial oxygen concentration in the bulk of the gas, is presented in fig. 2.4.
When the particle temperature is not high (7, < 1000 K) the reaction rate and heat
generation are low (see fig. 2.3) and there is enough oxygen at the particle surface
(see fig. 2.4). This is the reaction controlled regime of combustion. A further
increase of the particle temperature gives rise to an increase of the reaction rate
and heat generation (fig. 2.3) and, hence, more effective oxygen burn-out (fig. 2.4).
The regime, in which the oxygen concentration at the particle surface is low, is
controlled by diffusion. Usually ignition represents a transition process from the
reaction controlled regime to the regime controlled by diffusion.

The straight lines I, IT and III represent the term Q from equation (2.19) with
different bulk gas temperatures, T,, = 600 K, 900 K and 1000 K. The points of
intersection between I-line and Q,-curve present the first ignition requirement
(2.17). Point A1 is the point of a stable equilibrium. An originally cold particle will
be heated not higher than the temperature in this point. Any infinitely small
increase of the particle temperature will give rise to the faster increase of the
cooling term than the term of the heat generation. Thus a particle will be cooled
back to Al. Point B1 is the point of an unstable equilibrium. If the particle has
been heated up by any external heat source but the heat conductivity from the bulk
gas, the heat generation will prevail and the particle will be heated up to the next
point of the stable equilibrium, C1.

Line II (fig. 2.3) with higher gas temperature has only two intersections with Q,-
curve. Point A2 is the unstable point where both (2.17) and (2.18) conditions are
fulfilled. Hence, this is the ignition point. Point C2 is similar to C1.

If the gas temperature is even higher then a classical ignition does not occur at all
and the particle leaps directly to point C3 in the diffusion controlled region, which
is similar to C1 and C2.

Fig. 2.5 presents time-dependent temperature behaviour of a single coal particle
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Figure 2.3, Variation of beat generation (Q,) and heat loss (Q)
with temperature for 8 singie coal particle (30 um)
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Figure 2.4. Normalized oxygen concentration at the particle surface
as a function of temperatore for & single coal particle (30 pm)
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Figure 2.5. Temperature of & single coal particle (30 ym) as a function
of time for different gas temperatures

calculated under the same conditions as in fig. 2.4 using equation (2.15) for three
values of the bulk gas temperature. The additional data for the specific particle heat
capacity c,,, and density p, have been taken from [30]. Reasonable values for this
evaluation are: c,,, = 1500J/kg K and p, = 1200 kg/m>. The coal particle mass has
been calculated under an assumption of an ideal spherical particle:

4,
m,= 311:a %0, - (2.22)

Curve I (fig. 2.5) represents the case with reaction controlled combustion and
without ignition. Curve II is the classical ignition case and curve III is the transition
to the diffusion controlled regime of combustion without classical ignition.

It is not always possible to find a point of classical ignition. Fig. 2.6a shows the Q-T
diagram similar to fig. 2.3. The conditions, under which this evaluation has been
performed, are the same as of fig. 2.3 but for smaller particle size. In this case a =
1 pm. There is no possible Q -line, which is tangential to the Q, -curve. This can be
seen more clearly in fig. 2.6b, which presents first derivatives of heat generation and
cooling terms as function of particle temperature. As soon as there is no
intersection between those two curves (see fig. 2.6b), there is no tangential point in
fig. 2.6a.

Fig. 2.7 is similar to fig. 2.4, but for 1 pm particle. As has been mentioned in 2.1.1,
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Figure 2.6 8. Variation of beat generation (Q,) and beat loss (Q)
with temperature for a single coal particle (1 pm)
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the border between reaction and diffusion controlled areas is shifted to high
temperature region.
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Figure 2.7. Normalized oxygen concentration at the particle surface
as & function of temperature for 8 single coal particle (1 ym)

2.3.2 Prediction of ignition temperature from TET analysis

Combining equations (2.1), (2.17), (2.18), (2.19), and taking into account the fact
that oxygen partial pressure at the surface at the moment of ignition is almost the
same as in the gas volume, one can derive that

oo

T,,-T,

AP )Y exp(-E, /T, )=x-£—= |
' a

(2.23)

APYE X
—2Pexp(‘Ep/Tp,i) =E s

pi

where T, and T, are particle and bulk gas temperatures at the ignition point.
Simple substitution of the first equation in {2.23) into the second one gives
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1
T, 1_[1-41,}, d 2.24)
EP EP

and in the case that E, is large comparing with the particle temperature:

Tw.z ’

Equation (2.24) shows that if the particle and gas temperature at the ignition point
are known, the activation energy can also be determined. This gives the opportunity
to derive an activation energy from an ignition experiment.(see, e.g., [25]).

To find the dependence of the ignition temperature on the particle size one should
substitute T),; from equation (2.25) into the first equation in (2.23), which gives

, (2.26)

const, a (P, )" =(T_,) exp 5
e L@y lE,

Cooling to the gas volume per unit of particle surface is more efficient for small
particles than for big ones (see (2.19)). Thus one should expect, that the bulk gas
temperature at ignition for small particles will be higher. This can be seen from
(2.26). Because of the greater influence of the exponent a decrease of the particle
size gives rise to the increase of the ignition gas temperature. When decreasing the
particle size, one can reach the point where no ignition occurs (see fig. 2.6a).
Because of the decrease of the reaction rate with the decrease of the partial oxygen
pressure (see equation (2.1)) and from equation (2.19), the influence of the partial
oxygen pressure on the ignition gas temperature is similar to the one of the particle
size. The exact theoretical analysis of the particle size and partial oxygen pressure
influence on the ignition temperature, as well as the experimental evidences of it,
are reviewed in [4].

2.3.3 Homogeneous ignition: adiabatic condition

The usual assumption is, that homogeneous ignition occurs in the case of "large”
and "slowly" heated particles [4]. Up to now there are not enough data on the exact
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mechanism of homogeneous ignition of small coal particles. It is also not completely
understood wether it is overlapping with heterogeneous one.

The "adiabatic” criterion has been used in [27] to determine homogeneous ignition
of a pyrolizing coal particle. The criterion of ignition in this model is that the the
spacial temperature gradient is zero at the particle surface. This model is too
elaborate to present here in detail.

The influence of oxygen concentration in this case is quite opposite to the case of
heterogeneous ignition. Citing from [27] the explanation for this effect is as follows:
" As the oxygen concentration is increased, the stoichiometric surface moves toward
the particle surface...” "For the same reaction temperature the surface temperature
increases which in turn causes the liberation of more volatile and hence involves
more heat transfer to the particle surface. Then the reaction has to liberate more
heat. This is achieved through an increase of the reaction temperature which is
represented by the ignition temperature according to the adiabatic ignition
criterion”.

The influence of the particle size on the ignition temperature for homogeneous
ignition is similar to the heterogeneous one. Citing further from [27]: "With a
decrease in the particle size the gas phase reaction rate as well as the pyrolisate
liberation rate are decreased. This in effect brings the reaction surface closer to the
particle surface and consequently the GIT (Gas Ignition Temperature) is increased".
1t is also shown in [27] that the ignition mechanism can change from heterogeneous
ignition for small particles to homogeneous for big ones.

2.3.4 Homogeneous ignition: ignition position

Experimental results, discussed in [4], support a model where ignition occurs at a
point remote from the surface. To evaluate this position let us consider the
following example:

Example 3. Distribution of volatile and oxygen concentrations around the coal particle.
The following assumptions should be taken into account: the flow around the
particle is spherically symmetrical, volatiles are produced at the particle surface and
diffuse to the surroundings, oxygen diffuses from the surroundings to the particle
and the term Dp, where p is gas density, is constant through the gas volume, which
is the case for not too great variations of temperature (see equation (2.2)). The
diffusion of different species without reaction in the volume (before ignition) is
described in, e.g. {14] and [22] as:
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19,2 .
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2.27)
o,
IijV}}"DQW 3

where I; is the flux of a component j of the gas, r the distance from the particle
centre, v the radial flow velocity and Y the mass fraction of a gas component j. For
the specific cases of gase mixtures the subscript j becomes: N2 for nitrogen, O2 for
oxygen and V for volatiles.

If the devolatilisation rate at the particle surface is R, one can employ the mass
continuity equation in the form:

eri=R,a’. (2.28)

Mass conservation requires:

Yp,+Yy, Y, =1 (2.29)

and for the fluxes at the particle surface s:

Tools=Tny =0, Y, | =R, . (2.30)

The analytical solution in this case is

Yo=Y gexp(-E) , ¥, =1-(1-Y})exp(-E) ,

R,a’
De

(2.31)
=

1
.

The superscript (=) indicates the correspondent values in the bulk gas far from the
particle.

Fig. 2.8 is a graphical representation of Y, and Y, distributions calculated from
equation (2.31) for a 50 um coal particle which is similar to what is presented in [4].
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It does not represent any particular kind of coal. The values, which have been used
for the calculations, are: D=510° m%*/s, p=1 kg/m’ and R,=1 kg/(m’ 5). One can
expect that ignition occurs near the point where concentrations of volatiles and
oxygen are stoichiometric. Fig. 2.8 in this case presents the ignition zone when this
ratio is 1:1 (which can be of course very different in reality). The mechanism,
through which ignition occurs at the point remote from the particle surface, can be
for example radical chain.
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Figure 2.8. Position of the ignition zone with respect
to the particle surface

2.3.5 Chain ignition

Chain ignition is considered in [4] as another possible mechanism of homogeneous
coal particle ignition. There are different mechanisms of chain ignition {31]:
- Chain isothermal explosion, when the branching mechanism of the
radical production causes a thermal explosion under constant
temperature conditions. The usual presentation of this process can be
found in [13] and is given by the following kinetic equation:

dC,
7~ fC8C (232)

where n, is the rate of chain generation, f the rate constant of
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branching, g the rate constant of chain termination and C, the
concentration of an active product (radicals).

Ignition conditions are reached in this case if f-g > 0

- Chain thermal explosion, when the conditions of isothermal
explosion or usual thermal explosion would not be fulfilled if not for
the mutual influence on each other

- Degenerate explosion, when the reaction is at once auto-catalytical
and branching. Branching in this case occurs due to inter- or intra-
molecular reactions. '

2.3.6 Clouds of particles

A mutual influence of coal particles is practically very well known due to explosions
in mines and grinding-mills. As has been shown in [4] and [32] a cloud of particles
can be treated as a unit in which the effect of heat generation from single particles
accumulate. Thus the total heat generation rate will increase with particle
concentration and the heat loss rate decreases with increasing cloud size due to the
decrease in surface-to-volume ratio, It has been shown that the drop in ignition
temperature can be 100 - 200 K. The expression for ignition temperature in this
case [4] is

x/a
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1+R2Dc/azQp ( )

(const)T 57" =

where a is an empirical power index, R the cloud radius and D, the cloud density.
For the case of a dilute cloud ignition characteristics are the same as for a single
particle and the ignition temperature for small particles is higher than that for big
ones.

In a dense cloud though, the influence of particle size on ignition is exactly reverse.
The cloud can be assumed to be dilute if R’D_/a’ pp << 1. Applying this criterium
for the experiments presented in this work with a reactor volume of about 7 70~
m’ in case of small (< 6um) coal particles, one can estimate that an amount of
introduced into the system should not exceed 10°® kg. This is not very realistic value
for the experiments in this study. Thus according to the theory presented an
influence of the particle size and the cloud density on the ignition temperature
should be observed in the experiments.
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2.4 The fundamental basis for current research

The short review presented above introduced a small part of coal research related
to coal combustion and igniton problems.

The part of this research, which is understood best, is heterogeneous combustion
and ignition. The zone theory is very well established and a number of theories,
which are valid within a particular Zone is worked out. Problems which occur in
research on heterogeneous combustion are more specific and even practical than
general. Most of the experimental works performed with traditional installations
(big particles and normal pressures) represent coal particle combustion under
conditions of Zone I1I or II (see fig 2.1}. Experiments with coal burning under these
conditions either do not give any information on coal characteristics (Zone I, mass
transfer limitation) or give information only on apparent characteristics (Zone 11,
apparent activation energy and reaction order) of coal which are not the same as
true ones. Experiments under high pressure and with small particles can occur
under conditions in the rough sphere subzone and give us information directly on
the true coal combustion characteristics. Extension of experimental data by using
an alternative technique such as a shock tube is needed to complete the
understanding of the combustion mechanism in different zones. A development of
such a technique can be used to build up a laboratory unit for regular coal tests,
The understanding of homogeneous combustion and ignition is far less complete.
Their mechanisms and influences on heterogeneous combustion and ignition should
be questioned in more detail. This concerns such problems as the position of the
volatile flame with respect to coal particle, a role of volatile combustion in the heat
particle balance, the phase and type of coal ignition.

Another problem, which needs further experimental support is the problem of the
particle interactions in the cloud.
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Chapter 3

Experimental

According with [1] and [2] two main requirements in order to investigate coal
particle combustion can be stated as follows: creation of adequate physical and
chemical conditions and development of the measuring technique.

The hot gas conditions have to be created in a time much shorter than the
characteristic time of interest. For example, if the time for a small (less than
6pm) particle to be burnt out completely is about 71-10 ms (usual for these
experiments), the time for the creation of hot gas conditions must be at least 10
times shorter,i.e. of the order of 100 us. Coal particles have to be suspended
homogeneously in the gas. The gas and particle temperatures have to be well
defined. All those requirements can be met in the experiments with a shock
tube.

3.1 Shock tube technique

The shock tube technique, which has been used here, has advantages and
disadvantages in comparison with the usual methods applied to the investigation
of coal combustion behaviour. The usual techniques are described, e.g., in {3], [4]
and [5]. They make use of thermal gravimetric apparatus, fixed-bed and
fluidised-bed reactors, entrained flow reactors, flat flame burners and drop tubes.
The shock tube coal research applications are described in many papers. For
example, in [6] a shock tube has been used in order to investigate the thermal
decomposition and hydrogenation of coal dusts. In [7] a shock tube has been
used to produce hot coal combustion gases for an MHD generator. A usual
application of a shock tube is to investigate ignition behaviour of coal particles,
see, e.g., [2] and [8-10]. Shock tubes also have been used for coal and char
combustion experiments in, e.g., [2], [12-14].

3.1.1 Shock tube arrangement

The main advantages of the shock tube technique are an almost instantaneous
{dozens of microseconds) creation of the hot gas conditions and a possibility to
work in a wide range of the gas temperatures (600 - 2500 K) with a wide variety
of gases and mixtures with partial pressures from 0 till 10 bar. The main
disadvantage is a rather short time available for measurements (about 6 ms),
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which means that if one is interested to cover the complete process of
combustion, one is bound to work either with rather small particles (< 10 um)
or with particles prepared in advance with other installations with different times
of residence under particular conditions.

The experiments, presented here, are carried out in a 13 m long shock tube with
a diameter of .224 m. The scheme of it with some basic diagnostics is presented
in figure 3.1. For the experiments the test section is filled with oxygen, nitrogen
or their mixture. The original (filling) pressure in the test section before the
experiment can be varied between 25 and 310 mbar. The driver gas is helium or
a helium-argon mixture at a pressure of 17 bar for all experiments. The speed of
the incident shock is measured by means of the two piezo-electric transducers
indicated in figure 3.1. The main measurements are carried out in a shock tube
cross section at 0.04 m from the end plate. There the following basic
experimental arrangement has been installed: a set of optical windows which are
used for infrared diagnostics on different wavelengths and temperature
measurements, and a pressure transducer, which indicates the arrival of the
shock waves and hence, the moment when the hot gas conditions are created.

diaphragm aspiration
phrag piratt pressure transd.
sectlon\ AN P

-
P

-

-

front plate

windows

. . 4
driver section ]
’ IR diagnostics

Vs
7

rs
plastic diaphragm vacuum chamber

Figure 3. 1. The experimental scheme

The procedure 1o create a shock wave is performed in a following sequence (see
fig. 3.1):

-The test section is filled with the test gas under pressures as mentioned
above

-The driver section is filled with the driver gas under pressures as
mentioned above
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-The diaphragm section is filled with the same gas as in the driver section
but under a pressure, which is two times lower

-The vacuum chamber is evacuated down to a pressure of 1 10 torr

-Several seconds before the experiment the aspiration system introduces
the pulverised coal in the test section of the shock tube ‘
-The plastic diaphragm is being ruptured and the gas flows from the
diaphragm section to the vacuum chamber
-Because of the high pressure difference the two metal diaphragms of the
diaphragm section are being ruptured in succession and the incident shock
wave, formed by the presure difference in the driver and in the test

section, propagates through

the test section originates.

L
front plate
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Figure 3.2. Distance-time (x-t) disgram

Fig. 3.2 is a distance-time (x-t) diagram of the shock tube, where the position of
shock waves, rarefaction waves and medium interface are plotted horizontaily
and the corresponding time after the rupture of diaphragms is plotted vertically.
After rupture of the diaphragm the incident shock wave travels to the right in
the direction of the end plate with the velocity ¢;, forming a supersonic flow of
test gas behind it with a velocity 4, The parameters of this gas are as follows:
the gas temperature T, is about 500 - 700 K and the pressure p; is about 2 bar.
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The test gas is followed by the driver gas. Fig. 3.2 shows the medium interface
between the driver and test gas, going to the right. Simultaneously the
rarefaction wave travels to the left in the direction of the front plate. The
incident shock reflects from the end plate and forms the reflected shock. The
test gas after the reflected shock is motionless and forms a stagnation region. It
has parameters as follows: the gas temperature T, is between 600 and 2500 K
and the gas pressure p, is 8 - 10 bar. As has been found in the experiment and in
calculations [15], when the reflected shock meets the medium interface it reflects
partially, resulting in an additional pressure wave travelling to the end plate.
This leads to a small temperature (about 50 K) and pressure (about .5 bar)
increase which has no significant influence on the coal combustion behaviour but
can strongly affect ignition experiments (see following chapters). The stagnation
conditions are terminated by the arrival of the rarefaction wave, reflected from
the front plate. The total time ¢, available for the experiment is about & - 7 ms.
The experiments have been performed under the conditions created by the
reflected shock. Post incident shock conditions like the density p, the
temperature T, the pressure p; and the gas velocity u; are calculated from the
measured velocity shock ¢; and the gas conditions before the shock. In order to
do so, the conservation laws of mass, momentum and energy together with the
equation of state can be written as follows [16}:

Q€ =9;(¢;~uy) 3.1
Pyt roéz =p;+o(c;~u), 3.2
2 —u V2
PR (3.3)
2 ! 2
h=h(p.e) , (34)

where the subscripts 0 and ¢ denote the corespondent values before and behind
the shock, p is the gas density, i the gas enthalpy and p the gas pressure. Using
the gas law it is enough to know two gas parameters in order to determine the
enthalpy. They are either the pressure and the density or the pressure and the
temperature. The dependence of the enthalpy on the pressure and temperature
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has been used from [17]. Unfortunately an analytical solution of the equations
above is possible only for an ideal gas. Approximate analytical solutions, used,
for example in {2], can lead to an error of several hundred degrees K in the
determinating of the gas temperature.

After reflection of the incident shock from the end plate the shock obtains a
velocity ¢, and, according to the condition on the wall, makes the gas behind it
to stop. Post reflected shock conditions like density p, and temperature T, are
calculated from the conditions behind reflected shock.

g,(c,+u)=e.c, , (3.5)
Pt (C, +ui)2 =p,* Q;C,-g [ (3'6)
2 2
B+ (c,+uy) <h +f’,_ ’ (3.7)
i 2 r 2

where the subscript r denotes the corresponding values behind the reflected
shock. To make this system of equations complete one should use equation (1.4).
A numerical computer program to calculate the gas conditions of interest has
been made.
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Another program to model the time dependent gas behaviour in the shock tube
has been worked out in cooperation with the Institute for High Temperatures of
the Russian Academy of Sciences (IVTAN, Moscow). It is described in details
elsewhere [18]. A comparison of the pressure in the test section at the cross
section of the measurements calculated in this program and the measured one is
presented in fig. 3.3. The time behaviour of the calculated and measured
pressures demonstrate a qualitative similarity. The quantitative difference oceurs
due to the fact that the characteristics of the gas which is used in the calculations
correspond to the characteristics of the ideal gas. The most important
phenomena, which occur during the experiment and which have been illustrated
in fig. 3.2, can be observed from the experimental curve in fig. 3.3. These are the
arrival of the incident and reflected shocks and the passage of the second
reflection. The reason for the second reflection to arrive faster in the
calculations is due to the fact that the ideal gas is heated to a higher
temperature in comparison with the real one, resulting in a faster travelling
shock wave.

high pressure volume

knife >

————— - - - —— | - —— o ———————— -

membranes

Shock tube wall

Figure 3.4. Aspiration system

An additional problem, while using a shock tube in pulverised coal combustion
study, is the construction of an aspiration system. Fast photography, used in the
preliminary experiments on this shock tube, demonstrated that an injection
systems, in which the coal is situated on a small plate in the test section, see e.g.
{2} and [7], gives a nonuniform coal cloud. This can introduce additional
difficulties in the interpretation of the measurements. Thus the system, which has
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been used in this work is closer to the ones described in [13] and [14]. It is
characterised by the introduction of the coal particles as a cloud before the
arrival of the incident shock wave. Fig. 3.4 presents the aspiration system, used
in this work. The coal is situated between two plastic membranes. Just before
the experiment the knife, moved pneumatically, cuts through the membranes. At
this moment the pressure in the test section of the shock tube is about 50 - 300
mbar. The static pressure in the high pressure volume of the aspiration system is
4 bar. Due to the pressure difference the coal particles are being blown into the
test section of the shock tube and form there a cloud. Several seconds after this
the experiment starts.

3.1.2 Particle behaviour in the shock tube

The particles, injected in the shock tube, undergo high acceleration and heating.
They are being accelerated by the gas flow behind the incident shock and
decelerated by the stagnated gas behind the reflected shock. Taking into account
Bernoulli’s and Stoke’s laws one can write an equation for the acceleration of a
spherical particle as follows:

(3.8)

where u is the difference between the particle and gas velocities, F, is the drag
- force, Cp, the drag coefficient (order of magnitude 1), p, the gas density and ny
the gas viscosity. A characteristic value for the velocity difference u in this
experiment is 10° m/s, for the gas density pg=1 kg/m’ and for the viscosity about
510° kg/m s (see [19]). The first term in the equation for the drag force is at
least 5 times bigger than the second one for the particle radius a equal to 3 um.
Taking into account only the first term in the equation for the drag force one
can write for the characteristic time t, for the particle to accelerate the
following equation:

(39
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The ratio of the particle density pp to the gas density pg is usually about 1¢°. The
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characteristic time 1, calculated for a 3 um particle is about I0 us and for a 30
pm one it is 10 times longer. Those times are much smaller than times resolved
in the experiment. Thus the relative movement of the particles with respect to
the gas can be neglected. ‘

The time t, for a particle to be heated up can be evaluated from equations
(2.15) and (2.19), setting the term Q, of the reaction heat release equal to 0.
The equation for t, can be written as follows:

0= tarlml (3.10)
K

It needs about 100 us for a 3 um particle to be heated to the gas temperature.
And this time is much smaller than the characteristic time of the experiment.
The similar value but for a 30 wm particle is 100 times higher and is longer than
the characteristic time of the experiment. Because of this fact the big particles
can hardly be used in the combustion experiments.

3.2 Experimental techniques

There are three main experimental techniques used in this experiment. They are
the two wavelength infrared (IR) pyrometry, the extinction technique and
emission spectroscopy. The main features of these experimental techniques
together with their direct experimental arrangement are outlined in this section.
A more detailed description of them concerning signal evaluation and their
application to the experimental methods is given in the next chapters. A
schematical representation of the positioning of the experimental tools
positioning on the shock tube is given in fig. 3.5.

3.2.1 IR two wavelength pyrometry

The two wavelength pyrometry has been used in various works in order to
determine the temperature of solid clouds, dispersed in a gas phase. In [20] and
[21], for example, it has been used for the temperature measurements of burning
pulverised-fuel particles. Single particle temperature measurements using this
technique have been performed in [22] and [23].

The IR pyrometry (1 in fig. 3.5) deals with the light emitted from the cloud of
coal particles in the shock tube through the quartz window and converged by the
spherical mirror directly on the IR silica beam splitter. After the splitter the light
is poing through the narrow band IR filters to the IR photocells. It is very
important to choose the filters in a way that no gas line emission will be
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detected by the detectors. The wavelengths, used in this work, were 1.36 and 2.2
pm, which are the same as the ones, used in [23]. The intensity of the particle
continuum emission obeys Planck’s law and can be written for two different
wavelengths 1 and 2 as follows:

CT ] b, (3.11)

11,2 =Awel,3exp{-— 1
1,2%p

where A,, is the preexponential factor in Planck’s law, €, , the particle emissivity,
A;, the pyrometrical wavelengths, C the second constant in Planck’s law and
Al , the spectral width of the filters.

1

r% 1. IR pyrometry

2 a,b. Extinction

2a<

3 a,b. IR spectroscopy

shock 3a O
tube 3 O O{ photocells
T
i{ f mirrors
chopper
1 ' — filters
aser 2b

Figure 3.5, The experimental tools positioning

The coal particles have been considered to emit as a grey body, with ¢; = €, A
cloud, consisted of the "grey" particles, is not necessarily grey. Evaluations of a
deviation of the cloud emission from the grey body emission will be performed
in the next chapter. A calibration of the pyrometrical system with a band lamp
removes an uncertainty in determination of 4, and AA,,. From the ratio of the
intensities derived from equation (3.11) at two different wavelengths a particle
temperature can be calculated. Determination of the calibrated band lamp
temperature has been performed within 20 K of accuracy.



Experimental 38

In case of an optically thin cloud the preexponential factor A,, is proportional to
the total radiation surface, which means to the number of particles multiplied by
the radiating surface of a single particle, seen from the measuring system. It is
not possible to determine the absolute value of 4, from equation (3.11) but it is
possible to measure its relative change in time, which will correspond to the
change in time of the effective radiation surface (ERS).

322 Arrangement of the extinction measurements

Laser extinction methods have been applied to investigate the behaviour of soot
particles in shock tube experiments in [13] and [14]. This method is based on the
extinction of the laser light, transmitted across the shock tube. It has been used
for burnout measurements in pulverised particle combustion.

A detailed presentation of the application of the extinction arrangement to
burnout measurements is given in chapter 4. Extinction measurements in this
experimental work have been performed using a He-Ne laser with the
wavelength of 3.4 pm. The choice of the wavelength has been determined by
several factors: a possible combination of the extinction measurements with IR
pyrometry (see chapter 4), a low dependence of the extinction coefficient on the
wavelength (see chapter 4 and [2]) and availability of the experimental devices.
This wavelength is very close to the wavelength of the hydrocarbon absorption
and emission. Because of this, extinction measurements have been used only
after the fact has been established, that there is no volatile matter in the gas
phase (see chapter 4). A schematic representation of the arrangement for the
extinction measurements is presented in fig. 3.5 (2 a and b). It consists of a He-
Ne laser, a chopper, quartz windows and an IR detector. The amplitudes of the
chopped signal before and during experiment have been compared in order to
measure extinction.

3.2.3 Arrangement of the IR emission spectroscopy

IR spectroscopy is widely used in investigations of flames, see e.g. [24], and
dispersed phase combustion investigations, see e.g. [14].

Emission spectroscopy has been applied in these experiments in order to indicate
the presence of carbon monoxide, carbon dioxide and hydrocarbons in the
gaseous phase in reaction volume. The emission spectroscopy technique, used in
these experiments, consists of IR photocells and narrow band spectral filters. The
photocells with filters have been situated directly behind the shock tube windows
{(see fig. 3.5). The windows are made of ZnSe, a material which is transparent in
the IR spectral region of interest. The wavelengths have been chosen in spectral
regions, where particular gaseous species of interest have a strong absorption



Chapter 3 39

line in comparison with spectral lines of other gases (especially water vapour),
The chosen wavelengths are: 3.46 um for hydrocarbons, 426 um for carbon
dioxide and 4.70 um for carbon monoxide (see [24] and [25]). All of them
correspond to vibrational-rotational spectral bands. Because of the fact that the
rotational structure is not resolved by these spectral measurements the lines are
treated as simple vibrational. The spectral width A4 of the narrow band filters,
used in these experiments have been equal to .2 um. The validity of the chosen
wavelengths for emission spectroscopy have been checked in experiments with
pure carbon monoxide, carbon dioxide and propane and revealed a strong
emission signal coming from the shock tube, when hot gas conditions have been
reached. In order to check the sensitivity and to calibrate the complete
experimental spectral arrangement, a special calibrating device for absorption
spectroscopy has been designed. It is shown in fig. 3.6.

to T“mp to Pumf saphire windows
] M IR detector
to / \

power

supply / u ] filter

u I:] chopper
Ar ]\ CO, CO,, propane
W ribbon O-ring

Figure 3.6. IR czlibration device for spectroscopical measurements

The calibrating device consists of two chambers: a chamber with a light source
and a chamber with a test gas. A tungsten ribbon, heated by electric current, has
been used as a light source. To prevent fast oxidation of the ribbon the chamber
of the light source has been evacuated and filled with 10 forr of argon. The test
gas chamber is separated from the light source chamber and the external
detecting system by IR-transparent sapphire windows. The detection system
consists of a chopper and an IR detector with a narrow band filter. Gases, which
have been used in the calibrations are carbon monoxide, carbon dioxide and
propane. A ratio of the transmitted light intensity (/) to the incident one (/) is
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a function of the absorbing gas pressure (p,) and the length of the light path
through the absorbing gas (I,) (see , e.g., [26]) and can be written as follows:

1
L=exp(-A,p,L,) (312)

where 4, is a pressure coefficient. ,

The results of the calibration are presented in fig. 3.7 in a logarithmic scale. The
graph of CO, absorption obeys equation (3.12) for pressures lower than 100 torr.
The saturation of the CO, graph can be explained by the fact that the spectral
width of the filter is bigger than the line width. It can cause about 30 % error in
the measurements of the gas concentration under normal pressures. This error is
lower for higher pressures, where the spectral line is significantly more

broadened. Such a saturation has not been observed for the calibrations with CO
and propane.

signal, a.v.

0 200 400 600 800

pressure, torr

Figure 3.7. Calibration curves for CO, CO, and Bydrocarbon

Another source of error is an influence of the negative absorption [26] due to
the high population of the high vibrational levels. A calculation performed in
[27] for 0~1 vibrational transition, 4.7 pm transition shows that at the gas
temperature of about 300 K the population of the first level is about 3.261 10°
times lower than of the zero level. A similar calculation shows that at the gas
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temperature of about 1500 K the population of the first level is about 13 % of
the zero level. Thus the influence of the negative absorption can be neglected
within these frames of accuracy. Similar calculations, which give accuracies from
5 - 10 % are valid also for carbon dioxide and propane. These suppositions are
considered to be satisfactory for the measurements performed in order to
. indicate the existence of a particular substance in the gas phase.

3.3 Coal samples
3.3.1 Coal characteristics

Analysis of the coal, which has been used in these experiments, is presented in
table 3.1. The coal has been ground, sieved and analyzed at the European
Centre for Coal Specimens (SBN). The finest Polish and Ilawara coals (< 6 pm
in diameter) have been used in the burn ocut experiments. The big Polish and
Canadian coals (< 70 wm) have been used in the ignition experiments. Before
the experiments the big coal has been sieved additionally to obtain a fraction
between 44 and 62 pm. The value for coal density, which have been used for
calculations in this work, is about 7200 kg/m’. This value has been obtained in
private communication with Mr. A. van der Veen at SBN. 95 % of the finest
coal has a size less than 6 um. Distribution tests for the Polish coal have been
run at Hosakawa Micron using coulter counter technique. This distribution is
presented in fig. 3.8. An agglomeration of the coal particles is responsible for the
presence of particles with sizes higher than 6 um. The problem of agglomeration
is solved by the injection system, used in the experiment, and the rupture of
agglomerates by the incident shock (see, e.g. [2]). The particle size distribution
for the small particles for both coals is assumed to be linear (see fig. 3.8) with
the maximum diameter equal to 6 um and the minimum diameter equal to 2 um.
The linear distribution of the coal particle size is apparently a characteristic of
the grinding device and the sieving procedure.

3.3.2 Particle mean size
It is possible to introduce different values for a mean particle size. Considering a

particle number distribution as f(x,) with particle diameter x, the total number of
particles N can be written as
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COAL SAMPLE: 236P042
MINE: PARYZ
COUNTRY: POLAND

PROXIMATE ANALYSIS ASH VOLM FIX-C CALVAL
(% WEIGHT) DRY DRY DRY (MJ/kg) DRY
32.94

3.50 41.40 55.10

ULTIMATE ANALYSIS (DRY) C H N S CI O-dif
7770 5.66 186 0.96 0.05 10.30

(% WEIGHT)

COAL SAMPLE: 217AU24
MINE: ILLAWARA
COUNTRY: AUSTRALIA

PROXIMATE ANALYSIS ASH VOLM FIX-C CALVAL
(% WEIGHT) DRY DRY DRY (MI/kg) DRY
14.42 3036 65.22 34.49
c H N s CI oO-dif

ULTIMATE ANALYSIS (DRY)
(% WEIGHT)

76.60 4.18 136 0.30 0.04 3.10

COAL SAMPLE: 256CA39
MINE: COAL VALLEY
COUNTRY: CANADA

PROXIMATE ANALYSIS ASH VOLM FIX-C CALVAL
DRY DRY DRY (MJ/kg) DRY
28.16

(% WEIGHT)
10.90 34.80 54.30

ULTIMATE ANALYSIS (DRY) C H N S CI O-dif
(% WEIGHT) 70.03 4.65 096 0.20 0.01 13.25

Table 3. /. Analysis of coal used in this study
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N;f%xf(xp)dxp , (3.13)

where d,,. and d,,,, are the minimum and the maximum particle diameters. Then
the mean linear particle diameter d, the mean square particle diameter d,,
related to particle surface, and the mean cubic particle diameter d,, related to
particle volume or mass can be written as follows:

dm
[ T,
i A

d
e 2
4= Lm flx,)xpdx, (3-14)
S
.
ma 3
. [ renias,
Y

The values calculated for small particles (< 6 pm) using the linear distribution,
presented in fig. 3.8, are as follows: d; = 4.3 pm, d, = 45 pm, d, = 4.6 um. Most
of the measurements, performed in this work, are proportional to the particle
surface, which means that the mean square particle diameter suites the
measured values the best. A small correction to this value though can be
introduced. Due to reaction at the particle surface the particles are being heated
proportional to their surface (see equations (2.17)-(2.19)) but cooled only
proportional to their linear dimension. This introduces a spread in the particle
temperature as a function of the particle size. Bigger particles will have higher
temperature. Due to the characteristics of the two wavelength pyrometry the
particles with higher temperature will have bigger influence on the temperature
and effective radiation surface measurements, because of exponential
dependence of the intensity on the particle temperature in Planck’s law (see
equation (3.11)). A corrected value for a mean particle diameter d, can be
calculated on the basis of equation (2.17)-(2.19) and (3.11) as follows:
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max C 1,12
L exp{- A(—-)]x,,f(x )
» T + by p/ P
e"p['?’g‘“%)}df: = a,,;;,) ©(3.15)
_H.R 1,1 1
G e AP

where T, is the measured particle temperature and , represents the
temperature spread due to combustion. Computer calculations of the mean
radiative diameter have been performed with variables in equation (3.15) set to
usual values for these experiments as follows: QO = 10 Mi/kg, R, = 1 kg/(m’ s),
k=.1J/(m’sK), T, = 1500 K, T,, = 2000 K and with the linear distribution
from fig. 3.8. The obtained value of d, is equal to 49 wm. All calculations
involving particle size for small coal particles (< 6 um), performed in this work,
are related to this value as a mean particle diameter. Apparently it varies with a
change of the heat release. But a comparison of the mean square diameter with
the mean radiative one shows that the change lays within 10 % of accuracy.

A size distribution for big particles (< 70 um) does not play any significant role
in

this work (see chapter §).
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Figure 3.8 Particle number distribution
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Chapter 4.

Methods and results of combustion experiments

A description of experimental methods, based on measurement techniques and
experimental tools which were outlined in subsection 3.2, as well as the results
obtained are presented in this chapter. Because of the reasons mentioned in
subsection 3.1, experiments on combustion have been performed only with small
particles with a diameter less than

6 um,

4.1 Experimental methods

Reaction rates of coal particle combustion have been measured in two different
ways: through direct measurements of change in particle size (method of burnout)
and through measurements of energy release due to combustion ( energy balance
method). Both methods are based on two wavelength infrared pyrometry,
introduced in subsection 3.2, and have been performed simultaneously and spatially
coherent. Besides, an attempt to measure the CO and CO, release during the
combustion process has been made using infrared emission spectroscopic technique
(see subsection 3.2).

4.1.1 Burnout measurements

The burnout measurements have been performed with the use of infrared
pyrometry and yield a value of relative burnout (see subsection 3.2). As has been
mentioned in subsection 3.2, in case of optically thin clouds, the value which is
obtained in experiments as the pre-exponential factor in Planck’s law (see equation
(3.11)) is the effective radiation surface. It is proportional to the single particle
surface and the total number of particles seen by the detector.

To prove the fact that the total number of particles stays practically unchanged and
not disturbed (e.g., by unexpected gas movements in the shock tube) during the
time of the measurements, experiments with nitrogen have been performed. Fig. 4.1
presents the results of two coal experiments with nitrogen and with a nitrogen-
oxygen mixture, performed at comparabie (within 50 K) gas temperatures. Both
effective radiation surface and particle temperature curves are presented as a
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function of time. The steep rise of the temperature in both figures corresponds to
the arrival of the reflected shock and hence to the starting point when the stable
hot gas conditions are set. As has been shown in subsection 3.1 the temperature of
a small (< 6 um) particle follows a change of the gas temperature within a hundred
of microseconds. In the nitrogen experiment, the particle temperature stays close
to the temperature of the gas, while in the experiment with the nitrogen-oxygen
mixture it is higher than the gas temperature, obviously due to the heat release
during combustion (see fig. 4.1).
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Figure 4. 1. Particle temperature and ERS time dependence for
experiments with N, and N,-O, mixture

The change of the effective radiation surface in time also reveals quite different
behaviour. In the nitrogen experiment, the value of the effective radiation surface
stays almost constant, while for the oxygen-nitrogen mixture it decreases
significantly. In the nitrogen experiment the single particle surface does not change
because no combustion occurs. Thus the constant behaviour of the effective
radiation surface shows that no significant change in the total particle number for
at least 5 ms after shock arrival takes place.

Therefore, the change of the effective surface of radiation in the experiments with
the oxygen-nitrogen mixture reveals the real change in the surface of a single
particle with a constant total number of them exposed for measuring devices.

A relative change in a single particle size relates to an effective radiation surface
(ERS) changing as
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a(t) _ | ERS(r) 4.1)
a(0) JERS(O) '

where the particle radius a and ERS are given as a function of time ¢ and 2(0) and

ERS(0) are the correspondent values at t=0.
Fig. 4.2 shows time dependence of the ERS and particle radius for the same case

of oxygen-nitrogen experiment presented in fig. 4.1.
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Figure 4.2. ERS and radius a time dependence for
experiments with N, and N,-O, mixture

In order to find the reaction rate of combustion the following assumptions should
be taken into account: a particle is a perfect sphere and combustion occurs only at
the particle surface with the constant density of the particle. The validity of the last
assumption will be discussed later.

In this case one can write that

d_;"f_ R A 42)

where for perfect sphere A, = 4x@’ and m, is determined by equation (2.22). Using
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these assumptions, the equation for the particle combustion rate can be rewritten
as follows:

R =QQP , (43)

Assuming further that the maximum of the relative radius curve (see fig. 4.2)
corresponds to the original particle size before combustion and the slope of the
curve represents the first time derivative of the particle radius, one can find the
reaction rate of combustion (R,).

The problem of mean particle sizes has been discussed before in subsection 3.3. A
mean radiative size (mean diameter) equal to 4.9 pm in case of small particles has
been chosen for the measnrements presented here. During combustion though, the
particle distribution can change, e.g. due to the faster burn-off of the small particles.
To evaluate an influence of the distribution change on the relative particle size
measurements, a small program has been made. Let us assume that the particle
temperature, measured in the experiment and assigned to the temperature of
particles of the mean radiative size, is the same for particles of all sizes. Before
combustion begins this assumption only represents the definition of the mean
radiative size and during combustion the deviation of the particle temperature from
the mean value is considered to be the second order effect compared to the
complete burn-off effect of the smallest particles in the distribution. The total ERS
as a function of time can be presented in this case as a sum of all particle surfaces
as follows:

ERS(t) =Xf Aaa,; , (44)

where f; is the statistical weight of particles with radius between a,,(0) and a,,(0)
+ Aa. According to equation (4.3) the change of the particle size can be written as

da, () R, “5)
dt e,

The change of the particle size is independent on the particle size and therefore the
particle distribution changes. The system of equations (4.4)-(4.5) has been solved
numerically for values of R, = I kg/m’s, p, = 1200 kg/m’ and particle distribution
presented in subsection 3.3.
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Simulteneously a calculation of the burnout of mono-sized 4.9 um particles under
the same conditions has been performed. The results of these calculations are
presented in fig. 4.3. The relative particle size behaviour in time for both cases is
rather close to each other and the difference lays within accuracy of the
measurements.
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Figure 4.3, Relative particle size bebaviour in time for monosized (4.9 ym)
particles and with particle distribution (according fo 3.3)

The actual cloud of particles is not necessarily optically thin. Treating the emitting
particle cloud as a grey body, with the emissivity of each single particle equal to I,
one can introduce a dimensionless emissivity factor for a cloud n, which is the total
surface of all particles emitting in the direction of the detector divided by the total
surface of the gas volume exposed to it multiplied by the extinction coefficient ,,.
An experimentator should arrange an extinction experiment in such a way that an
acceptance angle of the optical detection system is smaller than the scattering angle
of the first diffraction maximum (see, e.g. [1]). The acceptance angle of the optical
scheme in the experiments presented in this study is equal to .028. The minimum
difraction angle (for the shortest wavelength 1.34 gm) is equal to .045. This means
that the condition of extinction measurements is fulfilled.

The extinction coefficient shows the fact that the real extinction surface can be
bigger than the real particle surface due to Mie scattering on the particle (see, e.g.,
[1]). Calculations of the extinction coefficient for coal particles can be found, e.g.
in [2]. Calculations of the extinction coefficient for this study have been performed
by F. Commissaris [3] on the basis of [1] and [4] for a coal particle with a = 2.4
um. Results of these calculations are presented in fig. 4.4 as a function of the
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wavelength. At the wavelengths about 1.3 - 2.2 um the value of O, is about 2.4 -
2.6. An expression for the dimensionless emissivity factor can be written as follows:

n=nS,I0, . 4.6)

where n is the number density of particles, S, the cross-section of a single particle
and / the length of the emitting chamber. One can easily see that the emissivity here
is closely related to ERS, because it is proportional to the number concentration
of particles and the single particle surface.

A, um

Figure 4.4, Particle extinction coelficient as function
of wavelength (radius a=2.4 pym)

Particles emit from their actual surface and absorb by the surface which is bigger
than their actual surface by the factor Q,, . Therefore the total emissivity of the
cloud can be written as

H
nfflexp{-;x]dx:_l_u-e-n) , (47)

where x is the coordinate along the optical axis. The measured value of interest is



Chapter 4 53

the total emissivity normalised on the initial total emissivity. The first derivative of
the emissivity with respect to time is

d(nz/no) _ p /o)
dt d

(4.8)
I B
1-exp(-ny)

where the subscript (0) mentions the initial value of a corresponding term. From
the equation (4.6) n /n, is equal to ERS(t) / ERS(0). Thus, factor B gives the
relation between the real measured normalised ERS and calculated one for the
optically thin cloud. The similar kind of relation but for the particle size is given by
the square root of B. When the calculations of the slope are performed when
particles are partially burned, the cloud can be optically thin and the exponent of
the changing emissivity in the factor § will be close to 1 (see equation (4.8)).
The emissivity of a cloud has been measured by means of extinction of He-Ne laser
light on the wavelength 3.4 gm. The ratio of the extinction signal (/) to the signal
without extinction (/) is given by

= —exp(-n) 49)

g

With cloud emissivity in the beginning of the experiment n, measured in such a
way, initial value of factor B can be calculated. Fig 4.5 presents the simultaneous
time dependent curves of both the chopped extinction (top graph) and ERS-
pyrometry (lower graph) curves for burning particles. These two methods show
complete similarity of the measured values. Factor B calculated from a series of
extinction graphs for different experiments is about 1.3-1.5. Because of the
mentioned similarity between extinction and two wavelength pyrometry
measurements only the later ones have been used mostly in this work.

Thus the calculations of the reaction rate of combustion from the experimental data
have been performed as follows: ERS graphs have been converted to present the
change of the particle size with the aid of equation (4.1), the slope of the latter
graphs has been measured and multiplied by square root of the factor B. Finally the
reaction rate has been calculated from equation (4.3). Because of the change of the
particle temperature during the process of combustion, the calculated reaction rate
has been related to an average value of the temperature obtained for each interval
of the calculations.
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Figure 4.5. Chopped extinction (top graph) sad ERS-pyrometry (lower graph)
curves for buraing cosl particles (radius a=2.4 um)

A detailed analysis of the pyrometrical measurements of particle clouds is given in
[5]. In an evaluation of experimental errors the fact that "grey" particles can make
not "grey” cloud has to be taken into account. Fig. 4.4 shows a dependence of the
extinction coefficient on wavelength. Difference in the value of the extinction
coefficient gives different values of the total emissivity of the cloud for .34 and 2.2
pm wavelengths of the two wavelength IR pyrometry (see equation (4.7)). Taking
into account the deviation of the particle cloud emissivity from the "grey" body
emissivity one can evaluate an accuracy of the particle temperature and burnout
measurements.

For the temperature range of interest the particle temperature measurements lay
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within 50 K of accuracy. This has also been confirmed in the experiments with a
nonreactive medium (nitrogen) and coal particles. In the absence of combustion
when the radiative cooling does not play a significant role the gas particle
temperatures should be equal. The gas temperature has been measured by a
method presented in subsection 3.1.1. The particle temperature measured with IR
twowavelength pyrometry. The difference between the gas and particle temperatures
lays within 50 X interval.

An uncertainty of the burnout measurements due to the fact that the cloud is not
"grey” lays well within the expermental error.

Other two factors which can influence these measurements are the fact that a part
of radiation scattered from the particles which are not directly exposed to the
detection system can be received by detector and change of the extinction
coefficient 0, due to the particle burnout. The first effect gives rise to a decrease
of the extinction coefficient and the second effect to an increase of it. Experiments
with coal particles of different sizes in a nonreactive medium showed that a
difference between the particle and gas temperature measurements still lay within
50 K interval. Experiments in order to measure an uncertainty of the burnout
measurments have not been performed. But a variation of the extinction coefficient
between 1.5 and 2.5 gives rise only to < 10 % error in the burnout measurerments.

4.1.2 Energy balance method

To illustrate the energy balance method we shall use the data of the experiments
presented in figs. 4.1 and 4.2, Fig. 4.6 gives time dependencies of the particle
temperature for the experiment with nitrogen and for the one with oxygen-nitrogen
mixture, Apart from the particle temperature graphs, the gas temperature,
calculated as has been shown in 3.2, for each shock is presented. As mentioned
before, there is almost no difference between the particle and the gas temperatures
in the nitrogen experiment. In the experiment with the oxygen-nitrogen mixture
though, these temperatures differ substantially. This difference is related to the heat
released during the coal particle combustion.

The analysis of the energy balance method is strongly related to the TET analysis
presented in section 2.3. To acquire an equation of time-dependent coal particle
behaviour, considering that combustion occurs only at the particle surface, one
should assemble equations (2.15) and (2.19) as follows:

m_c ﬁ=[R H. -x TP_T“JA . (4.10)
dt ‘ ’
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Figure 4.6, Particle temperature measured with IR pyrometry and gas
temperature calculated from the shock wave velocity
for experiments with N, and Ny-O, mixture

The term of the radiation cooling is considered to be small in comparison with the
term of the cooling by heat conductivity. A simple evaluation to prove this fact can
be performed. Assuming that the particle emissivity is close to 1 the term of the
radiation cooling W,,, can be calculated as follows : W,,, = oT,* W/m’, where o =
5.7-10°® [6). If the particle temperature is 2500 K and the gas temparature is 1500
K then for a particle with the radius about 3 uym W, = 2.2 MW/m’ while cooling
due to the heat conductivity is about 30 MW/m". Cooling by radiation plays a more
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significant role for big particles and higher temperatures.

When thermal equilibrium between the particle and the gas is established, the time-
dependent particle temperature graph becomes flat and the first derivative of the
particle temperature with respect to time becomes zero. Making the left side of
equation (4.10) zero, one can write for R;;:

L3
Ry=—2(T,T) . (4.11)

If the energy production per unit mass during combustion and the heat conductivity
of the gas are known, the energy balance method gives us a possibility to obtain the
value of the reaction rate of coal particle combustion simultaneously with the
measurements of the corresponding value from using the burnout method. Or
reversing the problem, using both of these methods, one can acquire information
on the heat release during the particle combustion.

If the time for a particle to establish thermal equilibrium is long enough, then the
particle can be partially burnt and the new value of 4, obtained from the burnout
method, should be used in the calculations.

The value for H, has been chosen equal to 10 Ml/kg (from, e.g., [7]), which
corresponds to the surface combustion of C to CO. The values for the heat
conductivity have been taken from [6] and their values as a function of temperature
represented in table 4.1. The temperature, which has been chosen to calculate the
values of the heat conductivity is an average of particle and gas temperatures.

4.1.3 Emission spectroscopy method

Several difficulties arise during the use of emission spectroscopy of gases containing
emiting particles. The main one is that it is impossible to separate the gas emission
and the background continious emission of coal particles at one wavelength from
each other. The measured signal depends on several processes: emission from the
gas volume, emission from particles, absorption in the gas volume and absorption
and scattering by particles. This compels us to use this method in this work mostly
to indicate the existence (or non-existence) of some gas species in the gas volume.
The usual procedure is illustrated in fig. 4.7. Several signals are measured
simultaneously: two signals with the particle surface pyrometer (at 1.34 and 2.4 um
in the scheme of fig. 4.7) and signals from emission spectroscopy ( e.g, at 4.7 and
4.3 pm in the scheme). From the pyrometer signals the particle surface temperature
and ERS are calculated (see subsection 4.1.1 and 4.1.2). This gives us a possibility
to calculate the particle radiation at the wavelengths of the spectral lines, using
Planck’s law for the wavelengths of interest. The comparison of the signal measured
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at these lines and the calculated one, gives an indication of the existence of the
particular gas component. One should take into account the fact that there are no
gaseous products of the combustion or devolatilisation formed in the very beginning
of the experiment. Thus the calculation and measured curves should be identical in
the beginning. Fig. 4.8 illustrates a comparison of these curves for CO (at 4.7 pm)
in the experiment with the oxygen-nitrogen mixture, which is also presented in figs.
4.1 and 4.2. It shows time resolved behaviour of the radiation measured at the
wavelength of CO-emission, the continious background calculated from the
simultaneous pyrometrical measurements and their difference. The non-zero
difference between these two curves indicates the production of CO during
combustion.

Some evaluations to make a further analysis can be performed.

One can treat the emitting particles as a grey body with an emissivity factor for a
cloud given by equation (4.6). The intensity of the particle radiation in a spectral
interval without absorption (Z,) in this case can be found similar to equation (4.7):

1- _
IP =Ibp( erP: "l)) ,

(4.12)

where 4 and C are the first and second Planck’s constants, the A wavelength of
measuring device, AA the spectral width of the measuring device, 1, , black body
radiation intensity in the spectral interval AX at the particle temperature and (1-
exp(-n))/Q., the total emissivity of the cloud.

The gas is considered to radiate only from the gas volume with temperature T,. In
this case the intensity of the gas radiation with self-absorption is (e.g. from [8]):

L=1, (1-exp(-x)) ,

(4.13)
1, =aexp - ¢
e AT,

84,

where y is the dimensionless gas absorption coefficient, /,, the black body radiation
intensity in a spectral interval at the gas temperature and 8 A the spectral line width.
8 4 should be changed into AA if the spectral line width is greater than the spectral
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width of the device, which is the case here (see section 2.2). The term (1 - exp{-n})
is the total gas emissivity factor.

To simplify the equations we will consider that the spectral line width is greater
than the spectral width of the device. When emitting particles are dispersed in the
absorbing and emitting gas volume one can write for the total intensity (Iy) in a
spectral interval:

{
dx
Iy =f [Ib,in *&,gx]ew{(x +n) ?] -
9 124

(4.14)
I”””Qida’gx( )
e am— T ) I
i*n

where x is the coordinate along the optical axis.

As mentioned before the total intensity (/) is measured in the experiment while the
particle radiation term ([,) is calculated from the measurements on other
wavelengths. The ratio of the total intensity of the radiation received by the
detector to the intensity from the particles without absorption is

n+ﬁx
Iy, _ I, (1-e(ew)

P

I, x*n (1-e™) 4.15)
Ths g €| L1
Jj AT, T,

bp

where equations (4.12) and (4.13) have been used to find the ratio of black body
radiation at particle and gas temperatures and the subscript (0) indicates that the
corresponding value is taken in the beginning of the combustion. The value of n can
be found in the way which has been explained in subsection 4.1.1. Thus equation
(4.15) gives a possibility to calculate the gas absorption coefficient. Applying the
calibrations presented in section 2.2 one can find the partial pressure of the
absorbing components.

The difficulty, which can arise here is that too much gas, which is being formed
during combustion, can make the gas volume at the wavelengths of interest
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completely "black” and no further gas production can be measured. In this case the
data, which can be obtained, give the minimum value of the produced gas density.

4.2 Experimental results

Dependencies of the combustion rate measurements on the particle temperature
and partial oxygen pressure, as well as experimental results of the emission
spectroscopy measurements are presented in this section.

4.2.1 Dependence of the combustion rate on temperature

The experiments to determine dependence of the combustion reaction rate for the
small (<6 pm) particles of two different kinds of coal (Polish and Illawara) in pure
oxygen have been performed. Two different methods: energy balance method and
burnout method, have been applied in both cases. The results of both methods
applied are presented in fig. 4.9 for Polish and fig 4.10 for 1llawara coal. The graphs
are of the Arrhenius type with the reverse particle temperature on the horizontal
axis and logarithmic scale for the reaction rates on the vertical axis. All curves in
the both graphs are linear, which means that the Arrhenius type of reaction rate
expression (see equation (2.1)) is valid. In both cases though, there is a difference
between the reaction rate measured from burnout and energy balance methods (for
Polish coal this difference is rather significant). The possible nature of this
difference is discussed later in this chapter.

4.2.2 Dependence of the combustion rate on the partial oxygen pressure

Experiments to determine a dependence of the combustion reaction rate on the
partial oxygen pressure for the small (<6 pm) particles of the two different coals
(Polish and Hiawara) in the oxygen-nitrogen mixture have been performed. Two
different methods: the energy balance method and the burnout method have been
applied in both cases. In order not to introduce the additional difficulties in the
calculations of the reaction rates the experiments have been performed in such a
way, that the particle temperatures of different measurements were as close to each
other as possible.

Fig. 4.11 presents an Arrhenius plot of the reaction rates for experiments both in
pure oxygen and oxygen-nitrogen mixtures calculated from the burnout method for
Illawara coal. The partial oxygen pressure has been varied from .4 to about 10 bars.
No significant difference for the reaction rates as a function of oxygen pressure can
be seen in this case. On the other hand, the same type of graph but for the energy
balance method, shows a difference in the reaction rates measured in nitrogen
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Figure 4.11. Arricnius plot of combustion rate based on burn out method for
experiments with Illawars coal (a=2.4 um) in O, and Oy N, mixtures
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oxygen mixtures and pure oxygen (see fig. 4.12). The same type of difference in the
reaction rate behaviour depending on the method used reveals itself in the
experiments with Polish coal, where the partial oxygen pressure has been varied
between .3 - 10 bars.

To present the reaction rate behaviour more clearly, the value of the reaction rate
in each case of the experiments with oxygen-nitrogen mixtures, measured either by
burnout or energy balance method, has been divided by the corresponding value of
the reaction rate in pure oxygen at the same particle temperature (see, e.g, figs. 4.11
and 4.12). This value can be found for both Illawara and Polish coal from the
original Arrhenius plot.

Fig 4.13 presents the reaction rate behaviour for Polish coal, measured using the
two methods mentioned above, as a function of partial oxygen pressures. For the
burnout method applied there is a slight decrease of the reaction rate with decrease
of oxygen concentration. The same decrease in case of energy balance method
applied is growing much faster. For partial oxygen pressure higher than one bar
though, both methods show almost no dependence of the reaction rate on oxygen
concentration.

Fig. 4.14 shows the similar combustion rate behavmur but for Illawara coal. The
nature of it will be discussed later in this chapter.

4.2.3 Influence of an inhibitor on the combustion reaction rate

As has been mentioned in [9], [10], the combustion of volatiles (more generally
hydrocarbons and carbon monoxide) react through radicals and the reactivity is
strongly influenced by inhibiting additives like freons. To find a possible role of
‘volatile matter in the combustion process a small amount of freon (TF) (less than
1 % in pressure) has been added in the combustion experiments with oxygen-
nitrogen mixtures and Polish coal.

The result of the reaction rate measurements for these experiments, using the
energy balance method is presented in fig. 4.15 as a function of the partial oxygen
pressure in comparison with the experiments without freon additives. For the partial
oxygen pressure higher than 1 bar no difference between the values of the reaction
rate obtained in these two cases has been found. For the partial oxygen pressures
lower than 2 bar, the decrease of the reaction rate for the experiments with freon
additives starts earlier and goes faster than in experiments with the pure oxygen-
nitrogen mixtures. .
Thus the inhibitor additives influence the combustion process. The possible
explanation for this influence will be given later in this chapter.
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42.4 Carbon monoxide, carbon dioxide and volatile matter production in
pulverised coal combustion experiments

As has been mentioned earlier, the emission spectroscopy methods used in this
experiment have mostly an indicative character, though it is still possible to perform
some quantitative evaluations.

A part of the combustion experiments have been accomplished with these
spectroscopic measurements in order to find the possible existence of the
combustion products and volatile matter in the gas volume. The analyses of these
measurements have been performed using the scheme presented in subsection 4.13
and illustrated in figs. 4.6 and 4.7.

Fig. 4.16a presents time behaviour of the intensity of the CO, emission line in
comparison with the calculated behaviour of the continuum emission of the particle
cloud only (without absorption) on the same wavelength. The obvious difference in
these two curves indicates the existence of carbon dioxide in the gas volume.
Spectroscopical measurements on the wavelength of the hydrocarbon emission have
been performed simultaneously and in the same experiment with the measurement
presented in fig 4.16a. The result of these measurements is presented in fig. 4.16 b
in comparison with the calculated behaviour of the particle cloud emission.
Practically no difference can be found between these to curves, which indicates that
no hydrocarbons are present in the gas volume.
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Another pair of simultaneous measurements is presented in figs. 4.17a and b in the
same way as in figs. 4.16 a and b. These measurements have been performed to
indicate the carbon monoxide and carbon dioxide existence in the gas volume. Both
indications are obviously positive. To estimate an amount of both products in the
gas volume the procedure described in subsection 4.1.3 has been applied. The
results of the partial pressure as a function of time is presented in fig. 4.18. Carbon
monoxide and carbon dioxide partial concentrations rise simultaneous, which means
that the carbon dioxide production takes place in the vicinity of the coal particle.
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Figure 4.18. Partial pressure of CO and CO, as a function of time
calculated from the emissfon spectroscopy measurements

4.3 Discussion of experimental results

In this chapter a zone, within which coal particle combustion occurs, is defined.
Some qualitative as well as quantitative evaluations to determine the combustion
mechanism in terms of Combustion Zones (see chapter 2) is performed. A
comparison of the results obtained with a simple model is provided.

4.3.1 Diffusion limit

It is very important to find out wether the combustion is limited by the chemical
reaction at the particle surface (or in the close vicinity of the particle surface) or
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by the diffusion transport of oxygen towards the reacting particle.

Such calculations can be performed in a way , which is similar to evaluations
presented in example 1 in subsection 2.1.1. Figs. 4.19a and b present the comparison
of the experimental results from figs. 4.9 and 4.10 with the calculated curve of
diffusion limit as a function of temperature. Data, which are used here, present the
results of experiments with Polish (fig. 4.19a) and Illawara (fig. 4.19b) coal particles
in pure oxygen with both energy balance and burn-out methods applied. The oxygen
pressure in these experiments has been almost constant at about 8 bar, while the
particle temperature has varied from 7600 K to 2600 K and the gas temperature has
been changed from 1200 K to 1600 K. The diffusion coefficient D is a function of
the gas temperature (see equation (2.2)). A mean value of it has been calculated
for each experiment on the basis of a temperature, which is the average between
the temperatures at the particle surface and far from the particle. The mean
particle size for these calculations has been 2.5 pm. The chemical reaction at the
particle surface is considered to be combustion of C to CO. To calculate the
diffusion limit, oxygen density at the particle surface p, in equation (2.2) has been
equal to 0. The final curve for diffusion limit in figs. 4.19a and b is an
approximation of the calculated data. As is seen in figs. 4.19a and b, all
experimental data lay well below the diffusion limit. It means that the measured
combustion rates in the experiments with pure oxygen are determined by the
chemical reaction at the particle surface (or in the close vicinity of the particle).
In the experiments with oxygen-nitrogen mixtures the particle and gas temperatures
have been altered not too much (see, e.g., fig. 4.12), while the partial oxygen
pressure has been changed from .3 bar to 10 bar. Figs. 420 a and b present a
comparison of the experimental data with the calculated diffusion limit curve as a
function of partial oxygen pressure with the experimental data. To avoid
complications with both changing temperature and partial oxygen pressure, the real
values of the measured combustion rates (rather than dimensionless ones presented
in figs. 4.13 and 4.14) of all experiments with oxygen-nitrogen mixtures have been
put in a graph as a function of the partial oxygen presssure while the diffusion limit
has been calculated as follows: an average value of the particle temperatures for all
oxygen-nitrogen experiments have been calculated, the corresponding value of the
diffusion coefficient has been taken and the diffusion limit has been calculated from
equation 2.2. This procedure can be considered to be rather accurate for a such
kind of evaluations because most of the experimental data lay within temperature
difference of 150 K.(see ,e.g., fig. 4.12). Both figs. 4.19 and 4.20 show that there is
no experimental point above the diffusion limit, which means that the combustion
rates are determined not incorrect. For the partial oxygen pressures lower than 1
bar all experimental points measured by both methods, mentioned above lay on the
curve of the diffusion limit. This shows that for this region of the partial oxygen
pressure the combustion rate is limited by diffusion. For the experiments with the
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partial oxygen pressure higher than 7 bar the limitation mechanism becomes the
chemical reaction.

Thus the conditions of Zone IIl (see chapter 2) are fulfilled only for the
experiments with an oxygen partial pressure below I bar. It is still to be found to
which Zone the rest of the experimental results belongs to.

4.3.2 Chemical control of combustion

As shown above if the partial oxygen pressure is high enough, combustion is
controlled by chemical reaction at the particle surface (or in the close vicinity of it}.
Evaluations in order to define the combustion regime more precisely can be made.
These evaluations are similar to ones performed in [10], [11]. But some preliminary
conclusions can be already made from the qualitative analyses of the experimental
data.

The main characteristics of the coal particle combustion within Zones I and I are
presented in subsections 2.1.2 and 2.1.3. Within Zone II, a particle combusts in a
shrinking mode and reveals the apparent reaction order n, which is connected with
the true one m as follows: n = (m + 1)/2. As is seen in figs. 4.1 and 4.2 particles
actually combust with decrease in particle size. This change of the particle radius
corresponds to the real combustion. Experiments in nitrogen (see, e.g., fig. 4.1) have
shown that neither significant swelling or non-combustion shrinking occurs. With the
first condition for combustion within Zone II fulfilled, it is still difficult to imagine
that this Zone is applicable for our experiments. Figs. 4.13-4.15 show that the
measured order n of the reaction is close to zero for the partial oxygen pressures
higher than 7 bar. The corresponding value for the true reaction order m would be -
1, which is hardly possible for the coal combustion kinetics.

'Combustion in Zone I, on the other hand, can reveal the true order of reaction
equal to the apparent one, but it occurs in the shrinking regime, which is not the
case in our experiments.
This leaves us with one more possibility of the “rough sphere” combustion, which
occurs with the decrease of the particle size and reveals the true order of reaction.
In order to verify this hypothesis evaluations, performed in [2] and based on the
analysis of [11},]12] and [13], should be applied to the results of this experiment. As
is shown in chapter 2, combustion occurs in the “rough sphere” zone if the
penetration depth of the oxygen molecules within the particle pores is smaller than
the mean free path in the gas mixture. Taking into account that our previous
analysis was based on the macro characteristics of the gas, such as diffusion
coefficient D, we shall use the connection of it with an expression for the mean free
path as follows (see, e.g. [14]):
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mean"f ?
(4.16)
BRTX
Vmeanz M ’

where V.. is the mean square velocity of the molecules, T, gas temperature and
M molecular weight of the gas mixture. One can write for the mean free path /; for
equation (4.16) that

M (4.17)

RT,

For further calculations the following values have been chosen: M = 30107
kg/mole, T, = 2000 K and D = 410°° m’/s (see [15]). The value of the mean free
path /; calculated in such a way is equal to about .14 pm.

The depth of penetration of the oxygen molecules into the particle, until the oxygen
molecules will be consumed by reaction, can be evaluated for the "rough sphere”
combustion as follows (see [11]):

L - ‘Dpeﬁl; ’ (4.18)
2RPI"

where D, is the diffusion coefficient in pores, p, the oxygen density at the particle
surface, 6 the porosity of the coal and R, ,, the measured reaction rate per unit of
external surface.

For the combustion region with chemical control at the particle surface the value
of the oxygen density at the particle surface can be assumed to be equal to the
value of the oxygen density far from the particle (see subsection 4.3.1). If the pore
diameter is smaller than the mean free path for the gas molecules, which is the
case for high bituminous coal (see, e.g. [2]), Knudsen diffusion occurs. The pore
diffusion coefficient D, in this case can be calculated similar to equation (4.16) but
with the value of the mean free path / set equal to two radii of the pore 2r,. The
relation between D, and D is given by:
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D =D_P . (4.19)

Using equation (4.19), equation (4.18) can be rewritten as follows:

L - | Debr, (4.20)
Rp,m

For high bituminous coal an average value of the porosity 8 = .7 and of the pore
radius r, = 140 ? wm. In this experiment an average value of the measured
reactionrate R, ,, =3 kg/m’ and of the oxygen density p, = 2 kg/m’. The depth
of the oxygen penetration L,, calculated in such a way, is .06 um. This value is
smaller than the value of the mean free path calculated above. Thus, the criterium
for the "rough sphere” combustion formulated in subsection 2.1.4 is fulfilled. The
measured values of the activation energy E, and reaction order n correspond to the
real ones.

4.3.3 Influence of volatile matter

As mentioned in chapter 2, volatile matter produced during devolatilisation, as well
as carbon monoxide produced during surface combustion, can burn in the gas phase
and change the energy balance significantly. The difference between combustion
rate measurements with the burnout and energy balance method presented in
subsection 4.2.1 can be explained by the influence of the homogeneous combustion.
The experiments with inhibitor (see subsection 4.2.3) confirm this conclusion.

As described in chapter 2, the volatile combustion can occur at the particle surface
or in the gas volume far from the particle. The change of the particle size during
combustion shows that there is enough oxygen at the particle surface and the
volatile flame should be attached to the particle.

In order to see an influence of the homogeneous combustion figs. 4.9 and 4.10
should be recalculated in terms of the difference 47 between the particle
temperature 7, and the gas temperature T, , which is proportional to the
combustion rate R, and the heat of combustion H, (see equation (4.11)). Figs. 4.21
a and b present this recalculation for both types of coal used in the experiments.
The temperature difference, found from the energy balance method, represents the
values measured directly. The combustion rates acquired by the burnout method,
which corresponds to the heterogeneous combustion, have to be multiplied by the
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heat of combustion H_. Two different values of it are used here: 10 MJ/kg for the
combustion of C to CO at the particle surface and 30 MJ/kg, which represent the
total combustion heat of the coal (compare with table 3.1). Figs. 4.21 a and b show
that the heat of combustion H, taken as 10 MJ/kg provides the particle with
sufficient energy to be heated to the temperature differences measured in the
energy balance method only in the experiments with Illawara coal. Even in this case
the values of the combustion rate calculated from the burnout method lay somewhat
lower than the combustion rates calculated from the energy balance method. The
use of the value 30 MJ/kg for the heat of combustion H, gives a better
correspondence between the data acquired by the energy balance and burnout
methods for Polish coal. The use of the value 30 MJ/kg for the heat of combustion
H_ for Illawara coal makes all points of the burnout method situated much higher
than the points of the energy balance method. The value of the combustion heat
which can produce the best fit between two methods lays somewhere between those
two values closer to 10 Mj/kg. This means that the heterogeneous combustion only
is not sufficient to explain the experimental facts and the homogeneous combustion
plays a big role in the combustion process of the small particles. This has been also
shown in the calculations performed in [16]. An influence of volatiles can be
expected to be higher for a coal type with higher volatile content. One can see in
fig. 4.21 a, that for Polish coal with higher volatile content (see table 3.1) the points,
calculated from the burnout experiment with H, equal to 30 MJ/kg, lay very close
to the points acquired by the energy balance method. The points of the burnout
method but for Illawara coal with lower volatile content (see table 3.1) lay close to
the points of the energy balance method if a lower value of the heat of combustion
is used. This means that devolatilisation, and hence the homogeneous combustion
close to the particle surface, of the Polish coal particles has been going faster with
higher energy release in the volume.

Another experimental fact proves this point. The emission spectroscopy
measurements showed no volatile matter existence in the gas volume which means
that the volatile matter combusts close to the particle surface. The fact that not only
CO but also CO, is present in the gas volume gives an idea that some combustion
of CO and volatile matter also takes place.

In order to make this point clear some evaluations have to be performed. The
problem of homogeneous flame attachment is closely related to the problem of
defining the ignition position presented in subsection 2.3.5. If the ignition occurs
close to the particle surface it is reasonable to think that the subsequent combustion
will occur at the same region or even closer to the surface. In order to evaluate this
position one can introduce a characteristic combustion radius r, from equation
(2.31) as follows:
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2
, R (4.21)
< .DQ

If the calculated characteristic combustion radius r, is smaller than the particle
radius g, the volatile flame is attached to the particle surface. The devolatilisation
rate R, is not a well defined value because of the reasons presented in section 2.2.
As an approximation in order to evaluate how big this value is we shall use an
equation for a single order reaction as follows from [17}:

m E
R, =_1Adexp{-_"} ,
S, T, (4.22)

—dwn?
SP-4m ,

where m, is the mass of volatiles in the coal particle, 4, the preexponential factor
and E, the activation energy. For an evaluation the volatile mass can be taken equal
to half the particle mass m, (see equation (2.22)). A, is equal to 1.34 10° s E, is
equal to 8917 K (see [17]) and T, is equal to 2500 K. The value of the
devolatilisation rate R, calculated in such a way is equal to 1.9 kg/m’ s. The value
of the diffusion coefficient D, which corresponds to the chosen temperature 7, is
equal to 970 m’/s (see [15]). The usual value of the gas density p is 2.5 kg/m’.
The characteristic cornbustion radius r,, calculated from equation (4.21), in this case
is .05 pm. This is smaller than the particle radius and thus, the volatile flame is
attached to the particle surface.

If the volatile combustion occurs in the thin layer at the particle surface then the
heat of combustion goes to the particle more efficient than if combustion would
occur far from the particle. In order to evaluate the layer thickness A, one can
assume that the volatile matter released during devolatilisation with the combustion
rate R, burns completely with the combustion rate R, in this layer. If the layer is
thin then one can write that

dna 2A,Rv =4dng sz
and then

R, (4.23)
B

For the evaluation of the combustion rate of the volatile combustion R, the data of
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the quasiglobal mechanism of the hydrocarbon oxidation from [18] is used. An
expression of the combustion rate can be written as follows:

E
R, =AvTvkexp{-?ﬁ][Fuel]‘[Oxidizer]" , (4.24)

v

where A, is the preexponential coefficient, T, the combustion temperature, k the
order of the temperature dependence, [Fuel] the fuel concentration, [Oxidizer] the
oxygen concentration, E, the activation energy, ¢ the reaction order with respect to
the fuel concentration and b the reaction order with respect to the oxygen
concentration.

In order not to introduce unnecessary confusion the system of units used in this
equation is the same as the one used in [18] except for activation energy. This
system is cm-s-mole-Kelvin. The unit, used for activation energy, is K. Using
propane for a fuel in these calculations the data for equation (4.24) from [18] are:
A, = 8610k =0,b = 1.65,c =.1 and E, = I5181. The concentration of the
volatile matter in the reaction zone can be written from equations (2.31) and (4.21)
as follows:

[Fuel] = ; (1-(1-Y,"exp(-E) ,
pr

(4.25)
r

£=—,

where M, is the molecular mass of propane. The concentration of the volatile
matter is calculated at the particle surface. The data used in equation (4.24) usual
for this experiment are: T, = 2500 K, [Fuel] = 1.410° and [Oxidizer] = 3110°.
The combustion rate of the volatile matter R,, calculated from equation (4.24), is
equal to 1.470° kg/m’ s.

Using the value of the devolatalisation rate R, calculated from equation (4.22), one
can find from equation (4.23) that the thickness of the layer A, is 1.4 um. This value
is a factor two smaller than the particle size. This means that the volatile
combustion occurs in a relatively thin layer near the particle surface and the heat
released in it influences essentially the heat balance of the particle, which is in good
agreement with the experimental data acquired.
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4.34 Comparison of experimental results with a model

As is shown above the combustion rate calculated from the burnout method does
not correspond to the combustion rate calculated from the energy balance method.
The reason for this is the combustion of volatiles in the gas volume. Thus the
combustion rate, calculated from the burnout method represents the real particle
burnout while the combustion rate calculated from the energy balance method
represents the energy release during the particle combustion. Equation (4.11) has
been used in order to calculate the value of the combustion rate measured by the
energy balance method. In order to find the value for the energy release rate per
unit area of the particle surface the combustion rate R, should be multiplied by the
heat of combustion H, from subsection 4.1.2. The rate of the energy release Ry can
be written as follows:

Rp=Ag(PYexp(-Eg/T) , (4.26)

where Ay is the preexponential factor and E; the activation energy.

The reaction order » is changing from # for the reaction controlled regime (the
oxygen partial pressure higher than  bar) to I for the regime controlled by the
mass transfer (the oxygen partial pressure lower than I bar).

The values of the preexponential factors A and A; and the activation energies E,
and E, calculated from the experimental data obtained, are summarised in the
table 4.2. The reaction order r has been assumed to be 0 (see, e.g., fig 4.20).
For the creation of the model one has to take into account the fact that in equation
(4.2) for the burnout and in equation (4.10) for the energy release different values
for the combustion rate should be used. A simple numerical model proposed here
is based on the following equation for change of the particle size:

da(t) _R(T,) 427)

dt e,

and for change of the particle temperature:

aro 3 {RE« O]
dt a(t) e,¢, a(t)
with | (4.28)
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Figure 4.22 8,b. Comparison of the measured coal particle tempersture with
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The surface combustion rate R, is governed by equation (2.1). The energy release
rate is governed by equation (4.26). The values of heat conductivity x as a function
of temperature are given in table 4.1. The value of density p,, used is 7200 kg/m’
and the value of heat capacity is 2000 J/kg K. The reaction order in the chemically
controlled regime of combustion has been taken equal to 0. The values of
preexponential factors and activations energies for both types of coal are used from
table 4.2.

The comparison of the model and experimental results for both types of coal,
presented in figs. 422 a and b, shows a good correspondence between the
calculated and measured values. The value of the particle temperature in the
stationary situation T, when the first derivative of the particle temperature with
respect to time is 0, is given as a function of the gas temperature T,. As it is seen
from figs. 4.22 a and b, a relatively slow growth of the particle temperature in the
beginning is followed by a fast raise of it starting from some value of the gas
temperature. Apparently this effect corresponds to the particle ignition. Combustion
in this case can still occur in the reaction controlled regime because of the particle
burnout. This will be discussed in more details in the following chapters.

The difference between two curves in figs. 4.22 a and b shows an influence of the
volatile matter in the process of ignition and combustion.
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Temperature, K

Thermal conductivity, W/m K

1000 0.0677
1100 0.0732
1200 0.0786
1300 0.0836
1400 0.0891
1500 0.0945
1600 0.0999
1700 0.1054
1800 0.1112
1900 0.1171
2000 0.1230
2100 0.1292
2200 0.1359
2300 0.1435
2400 0.1514
2500 0.1606
2600 0.1711
2700 0.1836
2800 0.1979

Table 4. 1 Gas thermal conductivity

A, kg/m?s

see equation (2.1)
with n=0 at P,=8 b

E, K

see equation (2.1)
with n=0 at P,=8 b

Ag, MI/m?® s

see equation (4.26)
withn=0 at P-8 b

Eg, K

see equation (4.26)
with n=0 at P,=8 b

Illawara

2550 = 690

12600 = 550

+
~J

29

8230 £ 520

50

+
~3

7075 £ 315

10140 £ 560

Table 4.2 Hlawara and Polish coal characteristics
calculated from experimental data.
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Chapter 5.

Results and discussion of ignition experiments

This chapter deals with the results of ignition experiments performed with big (<
70 pmYy and small (< 6 um) particles. For more information on particle sizes see
chapter 3. The results of the experiments are compared with various ignition
scenario’s.

5.1 Introduction

The main problems and features, with which one is faced investigating the ignition
of coal, are outlined in chapters 2 and 3.

Ignition of coal particle clouds is usually characterised by an abrupt growth of
emission signals due to the growth of the particle surface temperature. It is safer
though to use a growth of the measured particle surface temperature as only an
indication of ignition, because the growth of the emission signal can also occur due
to the increase of the particle number or the particle surface. An indication of
ignition by the measured particle surface temperature growth has been used in this
work. The time between the moment when a particle has been exposed to hot gas
conditions and the temperature rise is defined as the ignition delay time (see fig
5.1a). The ignition delay time generally is strongly influenced by several factors,
such as particle heat capacity, particle size, particle reactivity, characteristics of
volatile matter, devolatilisation rate and so on. Thus the ignition delay time is
determined not only by chemical characteristics of the coal but by physical ones as
well and thus not only by chemical processes but also by conditions of an
experimental procedure. Measurements made, keeping in mind TET analysis (see
chapter 2), are closer to characterisation of coal itself, though even in this case
pretreatment of coal is very important. Ignition experiments very often give values
of reaction rates, which are rather far from the values obtained by using other
technigues [1]. Usually ignition delay time in real combustors does not play any
significant role, because for the relatively big particles (about 70 wm) it is much
shorter than the time, needed for burnout. On the other hand, the use of smaller
particles in the advanced combustors (e.g, MHD) can imply some problems
connected with the ignition delay time, because, as will shown below, it is
comparable with the coal particle burnout time. Thus, using different methods it is
possible to investigate the nature of the ignition process. Information for coal
characterisation can also be obtained.
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5.2 Ignition of big particles

In ignition experiments with big coal particles (< 70 um) two types of coal:
Canadian and Polish, sieved in order to obtain size fraction between 44 and 62 um
(see table 2.1 and section 2.3), have been used.

5.2.1 Particle temperature measurements

As is shown in [2] and [3], big coal particles are usually surrounded by a soot cloud.
This makes it very difficult to measure the temperature of the coal particle surface
itself. The screening effect can also be produced by smaller particles, originally
stuck at the surface of the big one. The nature of the screening particles is not of
importance for the presented work. An ensemble of the screening particles will be
called below as a cloud or a shell. The term "cloud" will be used while speaking
about rather thick layer of the screening particles. The term "shell” will be used
while talking about thin (mostly hot) layer of the screening particles which possibly
includes not all particles of the cloud.

It should be mentioned here that the problem of screening does not occur (at least
not in the first stages of coal combustion) using small (in our case < 6 um) particles
{4], when the difference in sizes of the possible screening particles and the main
particles is not too big.

The time for a big particle to reach the gas temperature is rather long (several ms)
(see subsection 2.1.2). This means that the main particles are staying relatively cold
for at least the first milliseconds of the experiment. On the other hand the small
submicron screening particles follow the temperature of the surrounding them gas
very fast (tens of microseconds (see subsection 2.12). Fig. 5.1b presents the
measured particle temperature as a function of time in the experiments with
nitrogen. As is mentioned before (see chapter 3), the creation of the hot gas
conditions occurs in two steps: first creation of not too hot conditions (about 500 -
600 K) and then after about .5 ms creation of hot conditions (in most of
experiments > 1000 K). The measured temperature rises to the gas temperature in
about 100 us after creation of the hot gas (~ 1100 K) conditions. This time is about
60 times shorter than the time which is required for a big particle to reach the same
temperature (see subsection 2.1.2). This means that the measured temperature is
the temperature of the screening particles.

Furthermore the small submicron screening particles follow the temperature of the
surrounding them gas very closely. This can be seen from the experimental results
for small (< 6 um) particles. If, for example, the difference between the particle
and gas temperatures for a small coal particle ( < 6 um) at the gas temperature
equal to 1100 K is less than 50 K (usual value for our experiments see chapter 4 and
figs. 4.21 a and b), the similar difference for a particle 70 times smaller is 5 K (see
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Figure 5.1 4,b. Particle temperature measured with IR pyrometry and gas
temperature calculated from the shock wave velocity for
experiments with big particles (<70 um) of Polish coal
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equations (2.17) and (2.19)).

Because of the exponential behaviour of the detected intensities in the two
wavelength pyrometry measurements (see equation (3.11)), the measured
temperature will correspond to the hot screening particles and thus to the gas
temperature, rather than to the cold screened ones (see fig 5.1a). On other hand
the measured temperature presented in fig. 5.1a in an experiment with an oxygen-
nitrogen mixture and temperature in the bulk of gas equal to about 7700 K can not
correspond to the gas (screening particles) temperature too far from the big particle
because the temperature in the bulk of gas does not change significantly during the
first stages of combustion and is lower than the measured one. Thus the measured
temperature will correspond to the gas (screening particles) temperature in the
cloud, surrounding the big particle, at a position where an exothermal homogeneous
reaction occurs and apparently to reaction of the volatile matter with oxygen. The
volatile matter release begins under relatively low temperature and can start already
after arrival of the incident shock.

There is not enough time for big particles to be burnt completely, that is why the
shock tube has to be cleaned thoroughly before an experiment with big coal
particles. As is found in the experiments, accumulation of the coal particles from
the earlier experiments gives a lower value of the temperature measured by IR two
wavelength pyrometry. This can be explained by two facts: first the particles already
exposed to the hot gas conditions have smaller volatile content and second a
smaller relative amount of small particles comparing with the number of big ones
exist in the shock tube after first experiments. It is in agreement with the fact that
the measured rigid phase temperature belongs to the gas phase. It is interesting to
mention here, that the ignition delay time is practically independent on the number
of accumulated in the shock tube particles. It can be explained by the fact, that the
detected ignition occurs in the gas, which surrounds the newly injected particles.
As soon as the fact, that the particle temperature measurements correspond to the
temperature of the gas phase at least in the first several milliseconds of the
experiment, is established we can proceed with the presentation of the ignition
experiment results for big particles. One should keep in mind that all
measurements, which will be mentioned below relate mostly to the conditions in the
gas phase around big particles. In order to avoid confusion and to mention the fact
that the pyrometrical measurements are still measurements not of the gas
temperature but of a dispersed rigid phase, the temperature obtained by these
measurements will be called rigid phase (rp) temperature.

5.2.2 Dependence of ignition delay time on oxygen concentration

Experiments to determine dependence of the ignition delay time on the partial
oxygen pressure for the big (< 70 um) particles of two different coals (Polish and
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Canadian) in the oxygen-nitrogen mixture have been performed. The total pressure
in these experiments remained almost constant and equal to 7.5 - 8 bar. The partial
oxygen pressure has been varied between 2.5 and 8 bar. The gas temperature far
from the particles remained equal to 7100 + 30 K. Fig. 5.2 presents the results of
the measured ignition delay times. It is seen that with the increase of the partial
oxygen pressure the ignition delay times for both Canadian and Polish coals are
getting shorter. A difference between these two curves is apparently due to the
difference of the coal type used (see table 2.1).

3

delay time, ms

partial O, pressure, bar

Figure 5.2 [gnition delay time as & function of the partisl oxygen
pressure for experiments with Polish and Canadisgn coal

§.2.3 Influence of water vapour on the ignition process

Experiments to determine the influence of water vapour on the ignition delay time
for the big (< 70 pm) particles of Polish coal in the oxygen-nitrogen mixture have
been performed under conditions similar to the ones described in 5.2.2 but with
initial injection of water vapour during the usual filling procedure (see chapter 3),
using natural humidity of the ambient air and reducing it to a certain value by
evacuating the shock tube. If the "dry gas" experiments described in 5.2.2 have been
performed with the partial pressure of water vapour before the shock less than 10
mbar (it should be taken into account that even "dry gas” experiments are not 100%
dry) the similar pressure in the "wet gas" experiments has been equal to
approximately 10"? mbar. The correspondent values for water vapour pressure after
compression is about 40 times higher in both cases.
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Fig. 5.3 shows ignition delay times, obtained in the "wet gas" and "dry gas"
experiments, as a function of the partial oxygen pressure. The behaviour of this
dependence in the "wet" experiments remains basically the same as in the "dry"
ones. A significant difference though occurs in the absolute values of the ignition
delay times, which are much shorter when water is introduced in the system.
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Figure 5.3 lgnition delay time as a function of the partial oxygen
pressure for experiments with Polish coal with (wet)
and without (dry) water vapour

Fig. 5.4 presents the rp preignition temperature (see fig. 5.1a) as a function of the
partial oxygen pressure for the "dry" and "wet" experiments with initial gas
temperature in the shock tube 7, = 1120 K. The experiments do not show any
definite dependence of the rp preignition temperature on oxygen concentration for
both cases. An influence of the water vapour is still seen. The "dry" branch of the
rp temperatures lays between 1400 and 1500 K, while the "wet" one lays between
1200 and 1300 K. Fig. 54 also shows an average value of the gas temperature for
the experiments performed. Further discussion of the observed effect will be
presented later.

5.2.4 Dependénce of ignition delay time on gas temperature
Experiments to determine dependence of the ignition delay time on the gas

temperature for the big (< 70 um) particles of Polish coal in the pure oxygen have
been performed. The gas temperature has been varied between 900 and 1500 K
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The oxygen concentration has been maintained as constant as possible and equal
to 85 + 15 bar. The ignition delay times, obtained in these experiments, are
presented in fig. 5.5 as a function of the reverse gas temperature and reveal a
typical exponential behaviour. The rest- of the curves correspond to the
measurements of the autoignition delay time for methane, found in literature.
Further comparison of these curves will be performed later in this study.
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52.5 Dependence of the ignition rp temperature slope (time derivative of
1p temperature) on the oxygen partial pressure

Fig. 5.6 shows a dependence of the rp temperature slope after ignition (see fig.
5.1a) on the oxygen partial pressure for the experiments with Canadian coal and
Polish coal with and without water. The dependence of the rp temperature slopes
seems to be linear with the oxygen partial pressure in "dry" experiments. The "wet"
experiments though, do not reveal any certain functional behaviour probably
because of lack of experimental points.
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Figure 5.6. Dependence of the rp temperature ignition slope on the partial
oxygen pressure for Polish coal with and without water
vapour and for Canadian coal without water vapour

5.3 Discussion of the ignition experiments with big particles

There are several possible scenario of the big particle ignition (see chapter 2). In
this section we shall consider some of them together with discussion of the
observations which support them and other observations which cannot be explained.

5.3.1 Water vapour effect
As is mentioned in subsection 5.2.3 water vapour has a significant influence both

on the ignition delay time and the preignition rp temperature. This influence can
not occur due to the change of thermodynamical properties of the mixture, because
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the partial water vapour pressure, even in the "wet" experiments, is about 500000
times lower than the total pressure of the gas mixture. Thus this influence can only
be explained by the effect that H and OH radicals, produced from water vapour,
have on the process of volatile combustion. Combustion of volatiles, taking into
account the fact that they consist mostly of hydrocarbons, proceeds first as
combustion to CO and then combustion of CO to CO, Water has almost no
influence on the first stage of combustion. The water influence on the second step
and hence on the complete reaction is drastic and even a small amount of water
present increases the reaction rate by orders of magnitude (see, e.g., [S] and [6]).
Thus the fact that the ignition delay time is shorter in case of "wet” experiments is
understandable. On the other hand the fact that the preignition rp temperature is
lower in wet experiments is much more difficult to explain. The first possible
explanation is that the rate of a reaction, which heats the gas around the coal
particle, decreases with introduction of small amounts of water. Such reactions,
which can be applied in our case are not known to the author. Thus the reaction
rate can become only faster and the second explanation, presented below, sounds
more relevant.

The position where volatile combustion occurs with respect to the coal particle
surface is determined by the rate of devolatilisation from the particle surface and
reaction rate in the volume {see section 2.2). An approximation of the fast reaction
in the gas volume (thin sheet) can not be correct in our case because if the reaction
is so fast that it is limited by oxygen diffusion from the bulk of the gas (mass
transfer limitation), it can not be accelerated neither by water not by anything else.
This means that the reaction in the gas volume is relatively slow in comparison with
mass transfer, When the particle is not too hot the rate of devolatilisation can be
not high enough to "push" oxygen significantly from the particle and there is a
significant amount of it through the complete reaction zone (similar to fig 2.8). One
should not forget though that close to the particle the gas is colder than farther in
the gas volume. Thus most of the energy output will occur at a point remote from
the particle surface. In order to find the flame position a following mass balance
equation can be written:

R4ma®=R 4nl’A,
E (5.1)
R, =A_exp(-=%) ,
v=Acexp(- =)

<

where R, is the combustion rate of volatiles in the gas volume, I, the distance from
the centre of the particle to the reaction zone, A the thickness of the reaction zone
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(the thickness of the reaction zone is considered to be significantly smaller than the
distance of it from the centre of the particle), 4, the preexponential coefficient for
the reaction in the volume E_ the activation energy of this reaction and T, the
temperature of the reaction zone,

In order to evaluate the temperature of the reaction zone one can write an energy
balance equation as follows:

aT aT

QZARV'_'_K_B—; _,c"l(-—a—r-ide s (5.2)

where @, is the caloric value of combustion in the zone, x the mean value of the
heat gas heat conductivity, r the distance from the particle centre and T the
temperature in the gas around the particle, -I, and +/, with a vertical line means
that the corespondent term is responsible either for cooling of the reaction zone in
the direction of the coal particle or to the bulk of gas (the thickness of the reaction
zone, though not infinitely small, is considered to be much smaller than /). In order
to find these terms one should solve a heat conductivity equation with two sets of
boundary conditions, as follows:

3, ., T
Sorlly=0,
ar(" . 33')
Set 1: T|,=T, TJ,=T,, (5.3)
Set 2: T|, =T, T|,=T,,

where T, is the particle surface temperature and 7. is the temperature of the gas
far from the particle surface. For the evaluation the gas is considered to be not
moving. A solution for these two sets of equations can be written, as follows:

T, -T
ser1: 9T 4 =" 22
or ¢l -a l

(5.4)

oT o
Set2: |, =~
ar I*"

Using equation (5.1), (5.2) and (5.4) an expression for the temperature in the
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reaction zone T, can be written as follows:

T, - -
TC=_£+TmX 1+X1p,
X X xr°°
(5.5)
w,a I
i}c'_’Qz——: 3 ATy

where X is the dimensionless distance of the combustion zone from the particle
centre. The first term in the equation is responsible for the cooling to the particle
the second one for the cooling to the bulk of gas and the third one for reaction heat
release. If the heat released in the reaction is much smaller than the effects of
cooling, which means that B_ is much smaller than 7, , the temperature of the
reaction zone as a function of the distance from the particle centre, repeats a
simple temperature profile for a cold particle in hot environment (see fig. 5.7 with
B. = 0, T,=500 K and T,=1100 K ). If the reaction heat release is significant the
function changes somehow but still decreases within several radii near the particle
(see fig. 5.7 with B, = 900 K and B, = 2600 K while T,=500 K and T,=1100 K).
Evaluations of the factor B, for fig. 5.7 have been performed using equation (5.5)
with Q=30 Mi/kg, R,=.05 kg/(m’ s5) and x=.05 J/(m 5 K) for B, = 900 K and
0,=30 MI/kg, R;=.15 kg/(m?s) and x=.05 J/{m s K} for B, = 2600 K. Table 4.1
has been used to substitute a mean value of heat conductivity x. For the calorific
value of combustion @ values of calorific value of coal from table 3.1 have been
used. This value, as well as the value of devolatilisation rate R, can vary
significantly depending on the coal type and parameters of devolatilisation (see, €.g.,
[7]). They have been chosen here to demonstrate the different possible regimes of
the volatile combustion.

First let us check the stability of the combustion zone position, taking into account
that combustion occurs at the positive slope of the temperature profile in fig. 5.7.
Square of the radius of the reaction zone is reverse proportional to the reaction
rate in the volume R,. A small fluctuational increase of the reaction zone
temperature gives rise to the increase of the reaction rate, which in its turn shifts
the reaction zone closer to the cold particle in the region with relatively lower gas
temperature. The temperature of combustion will decrease and the reaction zone
will shift back to its original position. A similar effect will occur if the reaction zone
temperature accidentally decreases. This means that as long as the particle is colder
than the gas volume the reaction zone position is stable.

Aun increase of the reaction rate due to the introduction of water vapour shifts the
reaction zone closer to the cold particle in the region with a relatively lower gas



Ignition experiments 96

temperature. The reaction rate decreases with the decrease of combustion
temperature till new equilibrium closer to the particle surface and a lower reaction
zone temperature will be established (see fig 5.7). Thus the influence of water
vapour on the reaction zone temperature can be explained in this way. The reaction
zone temperature does not depend on oxygen concentration (see fig. 5.4), because
the rate of the reaction of carbon monoxide with oxygen is a weak function of
oxygen concentration (see [S]).
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Figure 5.7, Dependence of the temperature in the reaction zone (T,) as
a function of the dimensionless distance from the particle
center for three values of factor 8, (0. 900, 2600 K)

5.3.2 Autoignition, scenario 1

A water influence on the ignition delay time can be explained by additional
production of the radicals which make the ignition delay time shorter in case of

autoignition.
Induction (ignition delay) times t; for hydrocarbons are usually described by

functions of the type [8]:

T =AL IF “ef]°[mgen]”[lnen]*em[§3] , (5.6)

£
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where A, is the pre-exponential factor, [Fuel], [Oxygen], [Inert] are the
concentrations of the hydrocarbon, oxygen and inert component, respectively and
E; is the activation energy of ignition. Fig. 5.5 presents an ignition delay time
dependence on the reverse gas temperature for these experiments, as well as curves
based on literature data for methane with: a=0, f=-1, y=0, Ap=110° ¢ and
E,=10180 K from [9], a =3, B=-1.6, y=0, A, =510 s and E,; = 32100 K from [10],
a=4,p=-16 v=0,4,=3.6 10" and E,=30600 K from [11], a=4, B=-1.6, y=0,
A,-g=7.65-10’8 and E,=25400 K from [12], a=0, B=-1, y=0, A,~8=8'1(I“ and
E,=25600 K from [13] and «=.33, p=-103, y=0, 4,=3.62 10" and E,=23000 K
from [14]. Specified values for 4, are in s when concentrations are in mole/cm’.
The fuel concentration has been assumed to be equal to the oxygen concentration
(see chapter 2 for the ignition position) and has been set equal to I 70 mole/cnt’.
There is also a curve which presents results of ignition experiments from [4] with
Pittsburg Seam coal with the particle size 4.9 pm and volatile matter content
35 %.

Using the same units as above, equation (5.6) can be rewritten with a =0, p=-2.1,
¥=0, A,=1.910 8 and E,=10800 K for the Polish coal used in our experiments.
Because of the large scatter of ignition data for methane it is not difficult to fit our
experiment with a set which represents one of them. It should be mentioned though
that experimental results which fit our curve better have been obtained under
higher gas temperatures than the gas temperature in our experiment. A comparison
of the curve obtained in our experiments with the results obtained in [4] give also
an indication of a possible effect of the particle size on the ignition delay time,
which is not included in the autoignition scenario. Another fact, which can not be
explained by simple autoigniton is the preignition combustion, which raises the rp
temperature for about 400 K above the gas temperature. Thus this scenario does
not give an explanation for all facts acquired in the experiment.

5.3.3 Heterogeneous ignition with heating from the homogeneous combustion,
scenario 2

The main idea of this scenario is that ignition occurs at the particle surface with
parallel combustion in the volume. A development of the particle surface
temperature cannot be observed because of the screening effect of the combustion
shell in the gas volume around the coal particle. In this case the ignition which is
presented in fig. 5.1a corresponds to the moment when the particle temperature
grows higher than the temperature of the shell and from this moment the measured
rp temperature corresponds to the particle surface temperature. The big particle
temperature measurements can be influenced by the screening shell. This fact
though will not be taken into account in further evaluations. Thus a point of the
real ignition can not be defined and the time, which has been called ignition delay



Ignition experiments 98

time, represents only a time it takes for a particle to be heated to the temperature
of combustion in the volume. The shell temperature though, is different for
combustion with and without water (see $5.3.1). Water does not influence
combustion at the particle surface but the temperature which the particle has to
reach to become detectable is lower. Because of this, the measured "ignition delay
time" is also shorter. To unify the data one has to choose the same temperature
(further 1550 K, which a particle has to reach in all experiments and to measure
the delay time which is necessary for a particle to reach it. Fig. 5.8 presents this
delay time as function of oxygen concentration for "wet" and "dry" experiments with
Polish coal and for "dry" experiments with Canadian coal. It should be mentioned
that the experimental error of the delay time in this case is much higher than that
for the "ignition delay time". The results of the "wet" experiments do not differ
within the experimental error from the "dry” ones.

A very important question is what happens with the combustion in the volume when
the particle temperature increases. It has been shown in §.3.1 that as long as the
particle temperature is lower than the temperature in the bulk of gas, the flame
position is stable. Similar speculations but applied to the case when the particle
temperature is higher than the temperature in the bulk of gas, show that the flame
position is unstable and as soon as the particle temperature is high enough the gas
flame collapses to the particle surface and exposes the particle to the cold gas
environment. Thus the heat exchange between the particle and the gaseous
environment is divided into steps before and after flame collapse.

The amount of heat which the particle receives from the hot shell can be
determined from equation (5.3) similar to equation (5.4) with a set of boundary
conditions the same as Set 1 in equation (5.3). Then the heat flux from the gas at
the particle surface Q, is

aT T -T
Q,D= arc ’a= Ca wa’
, (5.7
_ X
¥ Y1’

where ¢ represents a factor by which one has to muitiply the heat transfer,
calculated for a hot shell situated far from the particle surface.

The first step before the gas flame collapsed on the particle surface can be
subdivided in two more steps: the particle temperature increase before the real
ignition and after it. The real ignition occurs at particle temperatures lower than the
shell temperature and is screened by it. The time it takes a particle to reach the
ignition point is determined mainly by the heat transfer from the shell (see equation
(5.7)). The time it takes a particle to reach a chosen temperature, which is higher
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than the shell temperature is determined mainly by the heat released in the reaction
at the particle surface (J,, which can be written from equations (2.1} and (2.19) as

Q,=A(P,Y exp(-E,/T) H, . (58)

The amount of heat H, produced in the reaction changes from H  ~I0 MJ per kg
of coal for the combustion to CO to H_,,~30 MJ per kg of coal for combustion to
CO, (see chapter 2). The temperature dependence of relative amount of CO and
CO, produced is given by equation (2.10). An expression for H,, used in further
evaluations in this case can be written, as follows:

1 z
A1z [Hw*T:::»'HM] ’
(5.9)
7.0
co’

where Z is determined by equation (2.10).
A complete equation of heat transfer for the particle during the first step of the
temperature evolution can be written using (2.22) similar to (2.15), as follows:

Cpar®p@ 0T, (5.10)
3 o Q0. -

Equations (5.7)-(5.10) have been used to make a computer model for the behaviour
of the delay time and the temperature slope for Polish coal, presented in figs. 5.8
and 5.9. It should be mentioned that after the particle temperature reaches the
temperature of the shell (about 7400 K for the "dry" experiments, see fig. 5.4) and
combustion in the volume collapses to the particle surface the particle becomes
exposed to the cold gas (about 7700 K) and the parameter ¢ has been chosen equal
to 1.

The system of equations (5.7)-(5.10) has several free parameters, such as ¥, n, A
and E,. In order to solve the system of equations these parameters have been first
evaluated and then finally adjusted in the program.

In order to evaluate the factor ¢ one should take into account that when the
amount of oxygen is relatively high the reaction rate and hence the chemical energy
release after ignition are also high. This means that the ignition delay time will be
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mainly determined by the heating up time before ignition. A characteristic time 1,
in this case can be evaluated as follows:

2
. = Cpar % . (5.11)
B 3y

The value of the heat conductivity at the mean temperature 1000 K from table 4.1
is equal to .7 W/(m K). The values for c,,, is 1500 J/(kg K)and for p, is 1200 kg/m’
(see section 2.3). The mean particle radius a is equal to 25 wm and the
characteristic time t, at high oxygen pressure is equal to I ms (see fig. 5.8).
Substituting this values in equation (5.11) one can find that the factor ¢ is equal to
6. Further fitting of calculations with the experimental points in the programm gave
a value of this factor equal to 7.

For a big particle the influence of the oxygen transfer to the particle surface can
already be a significant limiting factor. In order to take this into account an
additional equation for the oxygen concentration at the particle surface can be
written using equations (2.1) and (2.2), as follows:

D -
Y_(_e.;_e_,) ‘R, (5.12)

where y is equal to .75 and D is equal to 4707 m°/s (see chapter 2).

If the combustion process is limited by diffusion the effective reaction orderis 7 a
priori, If combustion is limited by the reaction at the surface this does not apply.
As soon as the term (), in equation (5.10) is constant the dependence of the
temperature slope on oxygen concentration gives the reaction order R. The reaction
R order in the model has been chosen equal to 1 (see fig. 5.9).

The calculations are sensitive to the absolute value of the reaction rate R, but not
to specific values of the reaction rate components 4 and E,. Because of this the
value of E, has been taken equal to 5900 K from the experiments with small
particles of the Polish coal from the table 4.2. The value of A has been varied to
fit the graph of the temperature slope as a function of the partial oxygen pressure
(see fig. 5.9).

The results of these calculations are presented in figs. 5.8 and 5.9. They fit
experimental points well.

Fig. 5.10 presents a dependence of the reverse delay time on the partial oxygen
pressure for the experiments with the Polish coal. It is interesting to see that both
the temperature slope dependence in fig. 5.9 and the reverse delay time dependence
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approximated with a linear function in fig. 5.10 are equal to 0 at about the same
partial oxygen pressure 2 bar. This pressure corresponds to the situation when there
is not enough oxygen for the particle temperature to grow and thus the delay time
can not be measured.
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Figure 5.10. Theoretical and experimental reverse [gaition delay times
as & function of the partisl oxygen pressure for Polisk coal

It should be mentioned at the end of this subsection that the process of the
homogeneous flame collapse to the particle surface, described above, occurs at
similar conditions as adiabatic ignition from [15], though if in [15] the zero gradient
of the gas temperature at the surface is an indication that the reaction in the
volume can support itself. In our case ignition occurs at the surface and the
processes in the volume play an important but secondary role in it.

As a concluding remark it can be said that the proposed heterogeneous model
describes the experimental data better than the autoignition one. Still more
experiments have to be performed in order to support this fact quantitatively.

5.4 Ignition of small particles

The presentation of experiments of the small (< 6 pm) particles ignition in this
work will be given in a somewhat different order than usual. This topic is closely
connected with the combustion experiments presented in chapter 4. Because of this
we will start with the analysis of the experimental material on the ignition which is
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already present in the combustion experiments and only after this we will proceed
with the experiments performed directly for ignition. :
It should also be pointed out that the temperature measurements in ignition
experiments with small coal particles are completely similar to the ones in
combustion experiments. As has been mentioned above, unlike the temperature
measurements of big particles, the ones for small particles correspond to the
particle surface temperature of the particle itself.

5.4.1 Ignition in combustion experiments

The analysis of the ignition behaviour of the small coal particles is based on the
data and model calculations presented in chapter 4 and particularly in subsection
4.3.4. As has been mentioned above ignition is a transition process between the
reaction limited combustion and diffusion limited one. The results of combustion
experiments in figs. 4.21 a and b present temperatures which correspond to the
particle temperature plateau after temperature rise, which means after ignition (see
fig. 4.5). It has been shown in chapter 4 that these plateau temperatures correspond
to the chemically controlled regime of combustion (see figs. 4.18 a and b). Thus
particles ignite but do not reach the diffusion limited regime of combustion. It
happens because during the temperature rise the particle size decreases. As a
consequence the oxygen flux to the particle surface and the heat flux from it
increase and the particle temperature reaches a maximum at temperatures, which
still correspond to the chemically controlled regime of combustion. The model,
described in subsection 4.3.4, has been used in order to illustrate this fact. The
parameters have been taken similar to the ones used in calculations of the Polish
coal combustion. Figs. 5,11 a and b present the particle temperature behaviour with
the changing particle size (fig. 5.11 a) and with the fixed particle size (fig. 5.11 b).
The gas temperature in the calculations has been gradually increased from 1060 to
1420 K. The minimum gas temperature after which ignition occurs is about 7260 K.
The particle history after ignition though is different, as has been expected, for
calculations with the fixed and changing particle size. Fig. 421a and b (see
subsection 4.3.4) present a dependence of the particle maximum temperature
measured in the experiments as well as calculated with the model (see fig 5.11a) on
the gas temperature. It can be seen in figs. 4.21 a and b that the particle maximum
temperature, measured in the experiments rises very steep starting from some
temperature which lays between 1200 and 1300 K and apparently corresponds to the
ignition point. All experiments performed at gas temperatures lower than this
threshold temperature should not reveal any ignition. Below it will be shown that
it is not completely true.

Particle and gas temperature measurements in such a point analyzed with the aid
of TET analysis (see subsection 2,3.2) can give directly the value of the activation
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energy from equation (2.25). The experiments presented here have not enough
accuracy for such kind of measurements.
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5.4.2 Delayed ignition

A number of experiments has been performed with small particles of Polish coal
in an oxygen-nitrogen mixture at gas temperatures lower than 7200 K, which means
lower than ignition threshold defined in subsection 5.4.1. An example of such an
experiment is shown in fig 5.12 as a time dependence of the particle temperature.
Conditions in the gas were: the gas temperature T, has been equal to 1060 K and
the partial oxygen pressure 7.9 bar. Indeed no immediate ignition occurs. The
particle temperature reaches a value which is almost equal to or a little bit higher
than the gas temperature and stabilizes at this value for some time. The time
interval of the stable particle temperature is followed by the primary ignition with
relatively slow increase of temperature. After some time a secondary ignition occurs
changing of a rather moderate temperature slope in a steep one. Ignition at gas
temperatures lower than the threshold temperature of ignition will be further called
as a "delayed ignition”. The question is what causes this "delayed ignition". The end
of this chapter is devoted to this problem.
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Fipure 5.12. Time bebaviour of the particle temperature (a=2.4 um)
with primary and secondary ignitions

Dependence of the delayed ignition delay time on partial oxygen concentration, gas
temperature and particle concentration

Fig. 5.13a presents results of the ignition experiments in an oxygen-nitrogen mixture
at the gas temperature T, equal to 1060 K. The amount of coal injected in the shock
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tube is 500 mg. The figure shows delay times for both primary and secondary
ignition as a function of the partial oxygen concentration. It should be mentioned
here that not every primary ignition is followed by the secondary one. When the
partial oxygen pressure is lower than a certain value no secondary ignition within
the experimental time and sometimes also no primary igntion is detected. Another
remark has to be made about compression, which occurs after 2.8 ms counting from
the creation of the hot gas conditions and continues for about I ms. This
compression leads to a small gas temperature increase (about 50 K). The nature of
this compression has been discussed in subsection 3.1.1. The time between the
beginning of the compression and its end (the compression period) is equal to about
1 ms.

The primary ignition delay time is a step function of the partial oxygen pressure.
This step occurs when by decreasing the partial oxygen pressure a point is reached
where ignition delay time is long enough for the primary ignition to take place after
the compression period. The gas temperature increase due to compression
apparently influences the ignition behaviour of coal particles. This produces the step
in the ignition delay time dependence on the partial oxygen pressure. The secondary
ignition delay time is more chaotic and tends to be longer with the decrease of the
partial oxygen pressure.

Fig. 5.13b presents results of experiments similar to the ones presented in fig. 5.13
a. The only changed parameter is the amount of coal injected in the shock tube. In
these experiments it was equal to 71000 mg. The dependence of the ignition delay
time on oxygen concentration in this case is significantly different. The primary
ignition delay time occurs about I ms earlier. The secondary ignition appears also
earlier and is less scattered. The partial oxygen pressure under which no secondary
ignition takes place within experimental times is lower.

Fig. 5.13c presents results of the experiments similar to the ones presented in fig.
5.13a. The only changed parameter is the gas temperature. In this experiment it is
equal to 1120 K. The change of the ignition behaviour is similar to the one
described above for the experiments presented in fig. 5.13b.

Fig. 5.14 presents the particle temperatures at the point of the secondary ignition
as a function of the partial oxygen pressure for conditions of the experiments
presented in figs.5.13a - 5.13¢c. The particle temperature of the secondary ignition
depends neither on the partial oxygen concentration nor on the other experimental
conditions.

Discussion of presented experiments with small particles
The phenomenon of delayed ignition can have two possible causes: development of

the particle surface of a single particle and interaction between the particles. The
difference between the experiments presented in figs. 5.13a and 5.13b clearly shows
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that the ignition process depends on the particle number concentration and thus the
delayed ignition occurs due to the interaction between the particles.

An interaction between the particles can occur in two ways: either through emission
and absorption of radiation by the particle surface or through the gas volume. The
radiation term o7, 94 (see equation (4.28)) has to be compared with the heat
conductive one x (7, - T.)/a. At a particle temperature equal to /100 K and a gas
temperature equal to 7060 K the first term is at least 10 ten times lower. This
makes the idea of the radiation exchange influence on the ignition not very likely.
Thus the interaction between the particles apparently occurs through the bulk of
gas. ’

It should be mentioned that the delay time of the delayed ignition is very sensitive
to the temperature in the gas volume. It is seen in fig. 5.13a that a temperature
increase due to compressionin the gas volume of about 50 K can lead to ignition
while under conditions without compression ignition would occur after a longer
delay time. Ignition delay time of the delayed ignition is also shorter when the gas
temperature is 60 K higher (see fig. 5.13c).

Two possible scenarios of the interactions of the coal particles through the gas
volume can be imagined.

Scenario 1. First step: due to the process of devolatilisation the volatile matter is
first accumulated in the gas volume and then ignites due to autoignition with some
delay. This corresponds to the primary ignition. Second step: combustion of volatiles
increase the particle temperature and when the gas and particle temperatures are
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high enough heterogeneous ignition of coal particle occurs (see subsection 5.4.1).
This corresponds to the secondary ignition,

Scenario 2. Ignition of volatiles occurs immediately at the particle surface and heat
of the heterogeneous combustion accumulates in the gas volume. Primary ignition
in this case is not ignition at all but just increase of the particle temperature due
to increase of the gas temperature. The secondary ignition occurs in the same way
as in scenario 1.

These scenarios are very close to each other. The main difference between them
is that the second scenario has no first step or it takes place very fast. Let us first
consider the facts and make evaluations of the characteristics which both of those
scenarios have in common.

The main feature which has to be evaluated in both cases is an influence of the
heat produced due to the particle combustion on the gas temperature. The amount
of gas my,, which is present in the test section of the shock tube is about .07 kg. The
value of heat capacity of the gas (oxygen) c,, at the conditions of the experiments
is about 7100 J/(K kg). The amount of coal available m,,,, is about 5707 kg. The
calorific value of coal Q is 30 MJ/kg. The equation for a temperature increase AT,
can be written as follows:

AT, =L Teoar (5.13)
C

An increase of the gas temperature calculated in such away is equal to about 200
K. This can influence the ignition process significantly. This fact supports both
scenarios of ignition.

It should be mentioned here that in the experiments with combustion presented in
chapter 4 the influence of the gas heating has been considered to be not important
because almost twice less coal has been used and only early stages of combustion
have been used for the calculations.

The fact that the particle temperature of secondary ignition depends neither on the
amount of coal injected nor on original gas temperature (see fig. 5.14) shows that
the secondary ignition represents single particle ignition without interaction between
the particles and corresponds to the ignition mechanism described in subsection
5.4.1. Apart from this, it can be shown that the mode! presented in subsection 2.3.6
is fulfilled only in the case that an empirical coefficient « in it is very close 1. The
second term in the denominator of equation (2.33) in our case is much higher than
1 but still no change in particle ignition temperature has been measured with
increase of the cloud density by two times. With « equal to 1 this model can be still
valid but does not represent details of the ignition behaviour of coal particles.
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Increase of the original gas temperature makes the time needed to reach the
ignition gas temperature shorter. This fact can be supported by comparison of figs.
5.13a and 5.13c.

In order to find a possible influence of the volatile matter on the delayed ignition
of the coal particles char samples of small Polish coal have been produced in
KEMA using a drop tube with nitrogen at 1200 K. Fig. 5.15 shows a comparison of
two experiments with coal and with char. The gas temperature in both experiments
has been equal to 1120 K. 1000 mg of coal/char has been injected in both
experiments. While coal ignites, char does not show any ignition. Apparently volatile
matter has a big influence on the delayed ignition. The necessary condition of
volatile ignition of scenario 1 is fulfilled. But scenario 2 is also valid because heat
can be accumulated during the volatile matter combustion.
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The fact, that the delay time of the primary delayed ignition is about I ms shorter
and the secondary one is at least 2 ms shorter in the experiments with 1000 mg of
coal than in the experiments with 500 mg of coal at the same gas temperature and
in the region of the high oxygen partial pressures, apparently can be explained by
higher amount of volatile matter available for combustion in the volume. This
supports directly the second scenario of ignition. The first step of the first scenario
(autoignition) is mostly either not influenced by an increase of volatile matter
concentration or even delayed by it (see [8]). An additional experiment has been
performed with the introduction of a small (about .5 %) amount of water in the



Chapter 5 111

shock tube similar to the one described in subsection §.2.3 while the oxygen partial
pressure has been about 8 bar. Unlike experiments with big particles no influence
of water vapour on the ignition delay time nor on the temperature time behaviour
has been found. It can be expected that the increased radical production caused by
the introduction of small amount of water in the system can give rise to the faster
autoignition. Apparently this is not the case. It has been shown in section 4.3 that
water influences combustion of volatiles in case of big particles. The fact that it
does not happen in the experiments with small particles indicates that the
combustion process under high partial oxygen pressure is limited by devolatilisation
and not by reaction in the volume.

The decrease of the partial oxygen pressure though can change this situation. If the
partial oxygen pressure is low enough the gas temperature, at which the secondary
ignition occurs, is not reached within experimental time.

Increase of an amount of volatile matter due to increasde of the amount of coal
injected in the shock tube shifts the partial oxygen pressure limit for secondary
ignition to the region of lower pressures due to increase of the combustion rate in
the volume.

Concluding remarks on the delayed ignition of small particles.

From the discussion presented above it can be concluded that:
The delayed ignition occurs due to the heat accumulation in the gas volume
The accumulated heat is produced due to combustion of the volatile matter
Both scenario 1 and 2 can be valid but scenario 2 seems more consistent
with the complete experimental picture,

An overview of the ignition experiments can be presented as follows:

Big particles Small particles

O, partial pressure
Gas temperature
Water influence

Role of volatiles
and

Heterogeneous ignition
after

smooth dependence
guantitave change
yes

heating of the particle

after homogeneous

step dependence
qualitative change
no

heating of the particle
gas

simulteneously or
long delay
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Chapter 6

Conclusions
6.1 Methods

This study is performed using a shock tube for a fast (< 100 us) creation of hot gas
conditions with gas temperatures from 600 to 2500 K and gas pressure about §-10
bar.

Non-interactive diagnostic methods based on infrared (IR) emission have been
worked out for the measurments of particle surface temperature, relative number
concentration of coal particles and the detection of the gaseous combustion
products. The particle relative size measurements based on the IR two wavelength
pyrometry being compared with aser extinction measurements showed a complete
similarity. Emission spectroscopy measurements using the background radiation
from hot particles as a reference source demonstrated a good applicability of this
method for diagnostics of the combustion products. Simultaneous use of the burn
out and energy balance methods based on IR pyrometry together with the emission
spectroscopy method form a useful compact diagnostic system for pulverised coal
combustion investigation.

6.2 Combustion

It has been found that for small particle (< 6 um) heterogeneous combustion
occurs in the regime of "rough sphere” kinetics for a partial oxygen pressure higher
than I bar. The true reaction order measured under these conditions is very close
to 0.

When the partial oxygen pressure is lower than 7 bar the combustion is limited by
diffusion. A good agreement between the evaluated diffusion limit and the
experimentally measured combustion rate confirms the validity of the methods used.
A comparison of the combustion rate measured by "burn out” method with the
energy release during combustion measured by the “energy balance" method as well
as the nonexistence of the measured volatile matter in the gas volume demonstrates
a strong influence of the homogeneous combustion in a thin layer near a coal
particle on the energy balance of combustion. In the heat balance a value of the
combustion heat should be used higher than the one which corresponds to
heterogeneous combustion with carbon monoxide production. Polish coal with a
volatile content higher than in Illawara coal reveals a higher rate of heat release.
Another approach is to use kinetic values not of the burn out but of heat release
rate directly. A model based on this approach shows a good agreement with the
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experiments. As is measured in the experiment and confirmed by the model a
decrease of the particle size due to combustion prevents a particle temperature run-
away after ignition. Thus combustion after ignition occurs in the reaction controlled
regime rather than in the diffusion controlled one. If the particle temperature
reaches a plateau this plateau occurs not due to the fact that combustion becomes
limited by diffusion but due to the dynamical equilibrium of a burning particle.

6.3 Ignition

As has been found in the experiments, ignition of small coal particles (< 6 um)
occurs in two different ways. The "usual® ignition, when the temperature is
constantly rising is predictable by the combustion model based on the data of
combustion experiments performed in this work. Another kind of ignition is called
"delayed" because it occurs with some delay after the creation of the hot gas
conditions and when the particle temperature plateau is already reached. This
ignition is influenced by the amount of coal injected into the system. As is shown
in the study the "delayed” ignition occurs due to the accumulation of heat in the gas
due to the volatile matter combustion in the gas volume. The gas temperature
interval where the transition from the "usual” to the "delayed” ignition occurs is 7200
- 1300 K. The experiments demonstrate that the particle interactions give rise to a
decrease of a gas temperature limit for ignition while the ignition particle
temperature remains the same {within accuracy of the experiments). Both types of
ignitions can not be classified neither as a pure heterogeneous or homogeneous
ignition and are ignitions of the mixed type where volatile matter combustion has
a big influence on the processes at the surface. In addition, a minor hydrodynamical
effect of the shock tube influences the “delayed” ignition strongly.

Experiments with big coal (< 70 um) particles show that the measured particle
temperature corresponds to the temperature of the hot shell around the particle
heated by the volatile matter combustion. Combustion of volatile matter in the
vicinity of the coal particle give rise to a relatively fast heating of the particle and
its heterogeneous ignition. Ignition in this case, as in the case of small particle
ignition, is of the mixed type.

Thus the fact that ignition of big particles occurs homogeneously and of small
particle heterogeneously is not confirmed completely. Processes in the volume as
well as at the surface have a big influence on each other.

6.4 General conclusion
Results of the experiments show that a shock tube technique can be used for coal

characterisation in respect with combustion as well as for a basic study of the pulverised
coal combustion.
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List of symbols

reaction coefficient (kg/(m s Pa”'))

preexponential factor for ignition in (5.6).

preexponential coefficient of the combustion in the volume (kg/(m’ s)).
preexponential factor of the energy release (W/(m” Pa™)).

pressure coefficient (1 /{Pa m)).

see p. 75.

preexponential factor in Planck’s law (W/m3)

preexponential factor of the reaction rate in Zone II (kg /(572 mPImr)),
particle surface (m?).

particle size (m).

size of the fraction of particles in (4.4) (m).

order of the reaction (see p. 79).

concentration of an active product (mole/m’).

second constant in the Planck’s law (K m).

drag coefficient.

concentration of an active product (mole/m’)

heat capacity of the coal particle (J/(K kg)).

velocity of the incident shock (m/5).

velocity of the reflected shock (m/s).

heat capacity of the gas (J/(K kg)).

order of reaction (see P 79).

diffusion coefficient (m°/s).

diffusion coefficient at some standard pressure, and temperature (m?>/s).
diffusion coefficient of oxygen in the pores (m’/s).

minimum particle diameter (m).

maximum particle diameter ().

mean linear particle diameter (m).

mean square particle diameter (m).

mean cubic particle diameter (m).

mean radiative particle diameter (m).

activation energy for reaction at the particle surface (K).

adsorption activation energy (K).

desorption activation energy (K).

activation energy for pamcular reaction of devolatilisation (K).

effective radiation surface (m°).

activation energy of the combustion in the volume (X).

activation energy (see p. 79).

activation energy for ignition in (5.6) (K).

drag force (N).

rate constant of branching (1/5).

statistical weight of particles (1/m).

rate constant of chain termmatnon (1/5).

flux of a gas component j (kg/{m ).

transmitted hght 1nten51ty in a spectral interval per unit solid angle (W/m’).
incident light intensity in a spectral interval per unit sohd angle (W/m°).
intensity in a spectral interval per unit solid angle (W/m?).

extinction signal.

intensity of the pamcle radiation in a spectral interval without absorptlon per unit
solid angle (W/m?).

intensity of the black body radiation in a spectral mterval without absorption at
the particle temperature per unit solid angle (W/m?).

intensity of the black body radiation in a spcctrai interval without absorption at
the gas temperature per unit solid angle (W/m?).
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total intensity in a spectral interval per unit solid angle (W/m?).
heat of combustion (//kg).

heat of combustion to CO (//kg).

heat of combustion to CO,(J/kg).

resulting flux of oxygen, calculated per unit of mass of carbon (kg/(m’ s)).
Planck’s constant (J ).

enthalpy of the gas after the incident shock (J/kg).

enthalpy of the gas before the incident shock (J/kg).

enthalpy of the gas after the reflected shock (J/kg).

reaction rate coeflicient of devolatilisation (1/s).

reaction rate coefficient of a particular reaction of devolatilisation (1/5).
preexponential factor for particular reaction of devolatilisation (1/5).
penetration depth of oxygen (m).

length of the light path through the absorbing gas (m).

length of the emitting chamber ().

mean free path (m).

distance from the centre of the particle to the reaction zone (m).
molecular weight of C (kg/mole).

molecular weight of O, (kg/mole).

mass of particle (kg).

true reaction order.

mass of coal available (kg).

mass of gas (kg).

Avagadro’s number (I/mole).

number of particles.

number of pore mouths per unit of external surface (I/m?).
apparent reaction order.

rate of chain generation (mole/(m’ s)).

partial pressure of gaseous reactant at the particle surface (Pa).
pressure (Pa).

standard pressure (Pa).

pressure of the gas after the incident shock (Pa).

pressure of the gas before the incident shock (Pa).

pressure of the gas after the reflected shock (Pa).

absorbing gas pressure (Pa).

calorific value of coal (J/kg).

term of energy release of the chemical reaction (/).

term of heating due to the heat transfer to the gas volume (J).
extinction coefficient. :

heat flux from the gas at the particle surface (W/m?).

heat released in the reaction at the particle surface (W/m?).
cloud radius (m).

surface reaction rate per unit of external surface (kg/(m” 5)).
apparent reaction rate in Zone II (kg/(m’ s)).

reaction rate in Zone III (kg/(m’ 5)).

universal gas constant (J/K mole).

rate of chemical adsorption (kg/(m’ 5)).

rate of chemical desorption (kg/(m” 5)).

devolatilisation rate at the particle surface (kg/(m’ s)).
measured reaction rate per unit of external surface (m?).

rate of volatile combustion (kg/(m’ s)).

rate of the energy release (W/m?).

mean pore radius (m).

characteristic combustion radius (m).

distance from the particle centre (m).
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crossection of a single particle (m?).

steric factor.

particle temperature or temperature of gas at the particle surface (K).
gas temperature (K).

standard temperature (K).

particle temperature in the ignition point (X).

gas temperature in the ignition point (X).

measured particle temperature (K).

temperature of the reaction zone (K).

particle temperature at the stationary situation (K).

combustion temperature (K).

time (s).

velocity of the gas after the incident shock (m/s).

difference between the particle and the gas velocity (m/s).

amount of volatiles released up to time ¢ (mole).

limit of V after large t (mole).

amount of volatiles released in particular reaction up to time ¢ (mole).
limit of V; after large ¢ (mole).

mean square velocity (m/s).

radial velocity (m/s).

dimensionless distance of the combustion zone from the particle centre.
particle diameter (m).

coordinate along the optical axis (m).

mass fraction of a gas component j .

number of active sites per unit area (I/m?).

see (5.9).

empirical power index,

temperature coefficient (K/m).

factor.

stoichiometric factor.

filter spectral width (m).

combustion layer thickness (m).

thickness of the reaction zone (m).

increase of the gas temperature (K).

emissivity.

emissivity factor.

gas viscosity.

total emissivity.

heat conductivity (J/(K m)).

wavelength (m).

mole ratio.

coverage of the active sites.

porosity of the coal.

partial density of the gaseous reactant at the surface (kg/m’).
partial density of the gaseous reactant in the gas volume (kg/m’).
particle density (k§/m ).

gas density (kg/m’).

gas density before the incident shock (kg/m’).

gas density after the incident shock (kg/m?.
gas density after the reflected shock (kg/m’).
constant in Kirchhoff's law (W/(m’ deg’).
acceleration characteristic time (s).
heating characteristic time (s).

ignition delay time (s).

see (5.7).
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With decreasing gas temperature or with increasing particle size,
processes in the volume play a larger role in coal particle combustion.
Conditions can be created in such a way that the influence of an
installation will be predominant and even lead to new phenomena such
as two-step ignition.

The shock tube technique can be used for coal characterisation with
respect to combustion as well as for a basic study of pulverised coal
combustion.

The time scale of the shock tube experiments does not allow one to
follow the complete process of combustion of big coal particles, but is
adequate for small particles‘ combustion studies. In this respect a shock
tube is presumably the only possible tool because of the fast creation of
hot gas conditions.

While performing measurements in a hot environment it is preferable
to use optical diagnostics. Firstly, they do not influence experimental
conditions. Secondly, they produce results that are related to the
characteristics of the experimental object rather than to the conditions
of the experimental tool.
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The same tool or method can be used in at least two ways. If your
attempts to perform a scattering experiment with a laser do not
succeed, try to enjoy a subtle play of the light reflections on the wall.

The influence of volatiles on the process of combustion can not be
completely separated from the whole process of combustion. In this
respect homogeneous and heterogeneous combustion and ignition are
strongly interrelated.

The less money you have for an experiment, the more you have to
think. In the worst case, if you have almost no money, you can become
a theoretician, which is possibly not so bad after all.

The installation used in this study can be equally used for experiments
on pulverised coal combustion as well as for experiments on combustion
of any pulverised matter.

The use of more efficient energy production processes can postpone an
environmental apocalypse for some time. In this respect the use of
waste as an energy source in the combustion plants can produce a
double environmental benefit.

There is a strong influence of the coal particle number concentration on
the ignition. This confirms the rule of thumb of professor Essenhigh: "
If you are in a room filled with coal dust set your thumb at an arm’s
length. If you can’t see it get out of there” [private communication].

One well known man said that everything in the human being comes
from his heart. Another said that everything comes from his stomach.
The third said that human behaviour can be explained by sex. The
fourth one said that everything is relative. In an explanation of a
complex phenomenon you can start from whatever point you like and if
the system of equations is closed you will come to the same result.
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