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ABSTRACT

Storage and waste dumps from coal mining tend té
_ spontaneously combust. This is mainly as a restult of the
vxidation process which is accelerated by the
availability.of oxygen and the exothermic natﬁre of the
oxidation process. In cases of poor wventilation the heat
accumulation within the bed is thought to lead to the

spontanecus combustion of ceal.

change in oxygen concentration in a bed of coal and also
measﬁre the rate of oxidation {oxygen abSQrption) in_a
closed reactor under isothermal conditions. Yrying rate

of coal itnder nitrogen was also looked into.'

An analysiz of the oxygen concentration. profile in a
three metre 20 cm ID piastic column filled up with coal
has been carried out. As the coal ages (becomes oxldised)
its reactivity towards oxvgen decreases and changes in

the oxygen concentration profile are nqticed;

Experiments have been carried out up to 8 ﬁonths and from
the results obtained, a simple pseudo-steady—stéte model
has been developed to describe the diffusion of oxygen
into a reacting coal bed. The findings could prove useful

in trving to find a solution to coal and waste dump fire
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control.

The second experiment is a simple isothermal oxygen
absorption experiment in which the rate of absorption of
oxygen on 2 givea coal sample iz measured at different
initial concentrations of OXygen. The .initial
concentration of oxygen is va:ied over a fairly wide
range in order to determine the dependeﬁce of the rate of.
oxidation on the oxygen concentration. The rate- limiting

step in low temperature oxidation of coal is found to be

the abscrption of oxygen.

Moisture also plays a reole in coal oxidation. Drying
experiments were also carried out so as to quantify and
investigate the rate of loss of moisture. Models have
been developed which try to explain the wmechanisms
involved in the drying process. The modelling suggest
that the bound water model is more appropriate to the

type of behaviour exhibited during the drying process,
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1.1 Introduction

The oxidation of carbonacecus matter in coal is primarily
regpongible for the initiation of spontaneoﬁs combustion.
There are also other factors which are believed to assist
in the generation of heat, these are bacterial action on
coal, sorption of water wvapour, cr_ushing of coal duu to
garth movements and oxidation of ﬁyrites present in coal.
The importance of the role plé.yed by low temperature
oxidation of coal in spontanecus combusgtion c¢annot bé
underestimated. Heat production and its control remains
a problem in the coal mining and consumption industry. In
some ¢ages the spontaneous heating of coal has
deteriorited into spontansous combustion or seriously
affected the guality of coal. Loss of machinery, life,
equipment and negative environmental iwpact in general

has also been witnesged in several incidents.

As a way of trying to monitor coal dumps and predict the
likelihood of combustion to occur, a large amount of
effort has been devoted to this area of acudy by
gelentists and engineers. 'Whis has Jead to proposing
cont:r:oll..ing' mechanisms whiéh have turned out to .be very
satisfactory for some coals while bei.ng applicable in

bread terms to all coals.

Many theories have been put forward in trying to explain
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spontaneous. combustion in eoal. Until the middle of the
last century, the pc‘:pul_ar belief was that the presence £
iron pyrites in the coal was responsible for spontaneous
' heating in coal, Schmidt (1945} . It was thought that heat
generated during pyrite oxidation was sufficient to raise
the temperature of the coal to a level where it ivill
undergo spontansous combustion. Further studies showed
that heat generated during pyrite oxidation was not on

its own sufficient to cause an outbreak of fire in coal.

A new explanation had to bhe found to explain the
phenomenon, Currently iﬁ is belisved that the mechanism
respongible for heat generation is the combining of coal
with atmospheric oxygen. Thig ig believed to be the
principal process responsible for t:he. self heating of
coal. Théere is theoretical aud experimental evidence to
support the general assumptions being made in identifying
the pathways and understanding the owverall processesg
involved. Mathematical models of varying complexity haire
bheen proposed baged on the above mwentioned 1line of
thinking, (Nordon 1973, REdwards 1983, Edwards 1990,
Schmal 1988, Akgun and Arisoy 1891, Brocks and Glasser

1986, Brooks et al 1988).




-5

1.2 Factors Affecting the Oxidation of Coal

The reactivity of coal is due to its functional groups.
The groups are formed by cowbinations of atoms and have
different chemical characteristics depending on the
-nature of bonding'within the structures. This research is
“baged mainly on the reacti. £ thege functional groups'
with atmospheric oxygen and commercial alr containing
various concentration of oxygen at constant temperature
(isothermél "gonditiong). Anaglytical techniques are
applied to monitor the progress of the reaction and

identify the gaseous reaction products where possible.

1.2.1 Partial Pressure of Oxygen

Observations in isothermal oxidation experiments carried
out at varying concentrations of okygen have been done
previously. Carpenter et al (1964) concluded thaﬁ
consumption rate of oxygen increases with the square root
of oxygen conéentration and sﬁggested that this is due to
dissociatian.of oxygen molecules into atoms prior to
chemisorption. The rate of oxygen consumption in
isothermal experiments was found te increase with a

corresponding increase in oxygen concentration.




1.2.2 Bacterial Action

Heating due to bacterizl action on carbonaceous material
is a common phenomenon. This is witnessed by the heating.
process occurring in wéod and haystacks. In coal,
bacterial action is knowii to have a heating effect though
less pronounced than in other carbonaceous mwaterial.
Potter {1980), inoculated coal with a pui‘e culture of
diplococcus, a bacteria, and observed that there was a

heating effect from the bacterial activity,
1.2.3 The Pyrite Oxidation Theory

Coal has been known to contain irom pyrites in the order
of up to or more than 12%, Francis, Wilfrid (1961)}. 'I‘his.
is ndt the main source of heating in coal as was the
general belief in the past but the heat generated by the
pyrite oxidation process canneot be totally ignored. Its
contribution to the owverall heat produced can be
significant. When pyrite is present in coal in a finely
divided state there is rapid absorption of oxygen and the
reaction.yieids 16,7472 j'oules/ml of oxygen consumed.
Products more bulky than the reactants are produced. The
bulky producte result in breaking open the ceoal in which
they are embedded thereby exposing fresh reactive sites,

Coward, {1957). The reaction in moist ailr can be

repregented as follows:
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2FeS, + 70; + 16H,0 » 2H,80, + 2FeS0,.7TH,0 + 1.323 kJ

The immediate acidic medium around the coal due to the
sulphuric acid produced from the above reaction is likely
to act on the functiqnal groﬁps of coal to 'produce

derivatives such as esters.
1.2.4 Product Ga2ses

This area was not directly investigated durin§ the
various oxidation tests carried out in this work hut the
fiﬁdings by previous researchers seem :_relevant to this
work. Carbonic gases have an inhibiting effect on oxygen
absorption., Itay (1983), observed.that repla.cing the
oxygen in a run with fresh oxygen revived the reaction
which had gone to a minimum rate. He concluded that some
products of the reaction were inhibiting the reaction."l'o_
confirm this, 5% by volume of various-carbonic gases were
added ﬁo experimental runs. The results showed that runs
in which carbon monoxide was inj ected'had the lowest rate
of 6xidation. The runs into which carbon dioxide was
added were also affected but not as seriougly as those
with the monoxide. The rate of production of these gases
seémed not to be affected by their presence. This
suggested. that it was not the oxidation which was
affectad but the physical absorption of oxygen onto the

coal, which is thought to be the initial stage prior to

FPLPEAL 1 M 2w



oxidation taking place.
1.2.5 Particle 8ize

The surface area of coal in contact with oxygen is a key .
factor in coal oxidation. Generally speaking the smaller
the particle the higher the surface area. As a result
susceptibi.lity to oxidation in coal increases with a
decrease in particle size. Based on the findings of
geveral resgearchers,  the iﬁcreasa is not as high as
expected. This can be supported by the work done by
Winmill (1915). After reducing coal size such.tﬁat there.
wag a 400- fold increase in its external surfacde area
there was correspondingly increase of 1.4- fold in the
oxidation rate. In some cases surface area has beén
related to the amount of oxygen absozbed, leading to
derivation of varying mathematical expressionsg. ?amasaki
{1953), came wup with the following wmathematical
explanation for the oxygen'aﬁsorbed:
X = agtd
where X iz the amount of oxygen adadrbed, S . is the

external surface area and a is a constant gpecific to the

coal.

1.2.6 The Effect of Moisture on Coal Oxidation

Though its effect is poorly understood, moisture is
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believed te play a vital role in the oxidation and
spontaneous combustion of coal. Several studies have been
carried out to try to understand the chemical changes
assoviated with the effect of moisture on coal oxidation.
The general findings, Hyde and Huberts (1993), is that
the higher the moisture content of coal the higher the
rate of oxidation. High oxldation rates have besh
aséocia_ted with - heat generation which can cause
tefnperature build up especially in cases of poor
ventilation. Nordon et al {1979) pointed out that
absorbed moisture exerts a catalytic effect on coal
oxidation rate and that there is a transient heat effect

that occurs when moisture is absorbed or desorbed from

coal.

Ari.soy and Akgun (1994}, in their model .of spontaneous
combustion made the assuwption that if the coal has
enough moisture (0.5 - 8 wt %), exothermic reactions will
occur due to the catalytic effect of moisture in the
formation of peroxy complexes. The release of moisture
from coal results in .an increase in the available
oxidation surface owving to the opening up of active
gites. They besieve the major effect of moisture geem to

arise from evaporation and condensation.

Differenl ranks of coal contain varying guantities of

moisture, present as either mechanically or as physically
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bound watér, Gauger (1947). Tne chemically admixed water
on the surface and inside cracks and large capillaries
hag a normal vapour presgure which Gauger termed "free
water" with the same physical broperties as ordinary
water. The physically held water in the internal pore
structure of the coal has a vapour pressure lower than
normal vhich he termed "bound water". As a way of trying
to quantify the awmount of moisture in coal eeveral
r_nethods have been uged and varying results obtained
depending on the conditions. of operation and sample

physical gtructure.

The gomputer simulations by Murtagh (1966) and Schmal et
al (1985} to assess effect of moisture transfer in a bed
showed that at low temperature, moisture transfer is the
dominant heat transfer mechanism in a coal bed. Thig is
attributed to the large latent heat of phase change which
is transferrsd as water avaporates -Erom hotter r.eg:'i.ons
and condenses in cooler zomes. This process tends to
reverse the heating effect and tends to even out the
temperature ﬁithin the bed which can be explained by the

cooling effect of ex}aporation and heating effect of

condensation.

Panageiko (1974) chéraci;erised the various states of
water in coal as "chemically bound, sorption water or

free". The chemically bound water is linked to the coal
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predominantly through hydrogen ‘ing to oxygen
“'containing groups ‘on the coal surfaces., The amount of
water physically adsorbed on the c¢oal surface is
determined by the " orientation, dispersion and induction
forces of intermolecular interaction (van der Waals
forceg)". Besides the drying conditions, the amount of
water released also depends on the state -of .forces

holding the water on to the coal surface,

The theory of hydrogen bonding have been put forward by
several researchers, Rukin (1974) and Parkash (;974}.
Both workers postulated that water molecules bond to -0OH
and ~-CO0H sites on the coal, the adsorbed water molei~les
become secondary adsorption centreg for additional
hydrogen bonding with successive water molecules,
Artificial blocking of the oxygenated groups with
chemical agents resulted in less bound water according to

the findings of Rukin (1974).
1.2.7 Other Factors

When a carbonaceous dump is considered several factors
mainiy reléted to the prevailing atmospheric conditionsg
come into play. Wind pressure on inclined surfaces of
dumps lead to air penetration into the dump,. hence
supplying the dump with oxygen., Other processes whiﬁh can

altar the dump air composition include molecular
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diffusion as a result of a concentration gradient.
Thermal and barometric breathing are other ways in which

ventilation occurs,
1.3 Methods of Water Removal From Coal

The relation of moisture content to the reaction kimetics
involved in the .oxida.tion of coal has already been
discussed. To gst i_?airly accurate results for the
reaction kinetics pafticulaf attention hag to. be paid to
the drying conditiong as these dan affect the results
obtained. Accurate measurement of coal’s moisture content
is also important for the determination of calorific
values of coal upon which the wselling price is

determined.

Two main methods have been used, namely thermal treatment
of coal and evacuatlon based processes. These methods can
Be used simultaneocusly or separately. Results cbtained
From tharmal based drying processes are likely to be less
accurate as high temperatures are used and this hag an
effect on oxidation or on the volatile content of the
coal, An .‘ inert;. environment, usually achleved by
continuougly purging the coal with high purity nitrogen

helps in cbtaining more accurate results,

Several mechanisms have been proposed to explain the
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gtages involved in the drying proceds, The assumption
made by Cheong et al {1988}, that the process  of
evaporation starts from the extermal surface and recedes
gradually to the centre of the particle resulting in the
registance to mase transfer increasing with dryness seems
to be applicable in several cases. Thig is likely to be
Hmore applicahle'to coals which have a more cpen texture
which hold moisture leading to high average inherent

moigtursa.

A number of methods have been. used to. determine the
amount of moigture in coal. The British Standard (1957),
recommends the uge of air drying for high rank coals.
This is only if the coal ip coarsely crushed. For low
rank coals, oxygen- free nitrogeﬁ must be substituted or

alternatively the coal is dried in a vacuum oven.

Besides the thermal and evacuation-based methods, Gray
and Whelan (1955), found out that a maximum rise in
. temperature was recorded when coal was wmixed with
concentrated sulphuric acid. The rige in temperature was
linearly related to the wmoisture content of the coal.
The methed was found to be applicable to coval of moisture
content varying from 15-20%, the level of acouracy was

found to be around 5%.
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1.4.0 Mechanism ¢f Low Temperature Oxidation

Coal is a complex heterogenous substance whose structure
is not yet fully understood, this in turn has hindered a
comprehe_nsive understanding of its reaction with oxygen.
However, much work has been done on coal oxidation, hence
a substantial amount of liﬁerature is available bﬁsed on
the findings of aeveral researchers. Coal is a

heterogenous stratified organilc rock with large internal

surface area in the case of low rank coals. The major

component of coal is carbon which varies from 70% in
lignite to 96% in anthracite. For bituminous and sub-
bitumirous coal Ehe curbon content is also between the
ranges given above, Oxygen-coal reactions at woderate
temperatures are.believed to be.generally oF two types,
one involveé the formation of oxy-functional groups on

the surface of the coal, while the other one is a
reaction which produces gases such as U0, €O and H0
Carpenter, et al (1964) . The rotal consumption of oxyvgen

is then given by the sum of the oxygen consumed by these

two reactions.

There is universal agreement that oxygen is adsorbed onto
the polid surfaces during the oxidatinn of carbons and
roals., The adsorption is an exothermic prdcess which is
always rapid in the initial stage. This adsorption

process is due to the presence of regidual field forces
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‘at the surface of the coal. Physical adsorption is the

dominant process at low temperature., Physical adsorption
which ig believed teo oceur in a single or multiple layers
is due to van der Waals forces, Karsner, (1880). The
process is r_evéz.sible and the oxygen ecan be recovered by
physical means such as evacuation. The chemisorption
process forms ionic and covalent bonds with the coal on
the carbon surface and the oxygén is held firﬁly td form

a one molecule thick layer. The oxygen is only

' recoverable at reduced pressure in the form of CO, and CO

when heated to 950°C, Walker, et al (1969). This finding
wag coneiStent with the finding by Sevenster (1961), that
the amount of oxygen recovered by physical means varied

inversely with temperature, but above 50°C adsorption was

irreversible.

The experimental work carried out is not completely new
but: there are close similarities for instance with the
column experiment by Kok, et al (1989). In their case
they drilled a vertical heole in a coal pile and put
measuring probes into the hole which was then resealed.
Gas wag drawn from the coal pile wvia probes te be
analyged. 'I'Ene initial meagurements sghowed that 02 ; CO; and
Cx H,, wainly meth.ne ocourred in all piles. In their
experiment 0, and CO; were found to increase with time
this is congigtent with the findings by the author of

this dispertation though the increase in CO; was £ound to
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be not that significant in this work.
1.4.3 Oxy-Fonctional Complexes

Coal in its natural state contains wvarying amountg of
oxy-functicnal groups which tend to increase as
additional oxygen is adgorbed during the oxidation
process. The chemisorption provess leads.tb formation of
such groups as R-OH (hydroxyl), R-COOH {carboxyl), R-OCH,
fmethoxyli, eaters, ethers, peroxides and:hydfoperoxides.
These were reported in the findings by, Adams et al
(1955), Blom et al (1957), .Mukherjse et al (1957),
Bhowmik et al (1959), Mazumdar et al (1959}, Marinov

_(1977) and Kucher {(1977).

The IR studies of oxidised coals by Adams ét al (1957},
revealed that there is a large increase in the aromatic
carboxylic acid. Frow these findings they proposed that
aromatic rings are ruptured and groups ares formed at the
- expense of peripheral CH groups on condensed aromatic
muclei. The following three schematic reaction proposals

were then put Fforward as possible wechanisms of

carboxylic-acid formation:
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1. - =
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Van Krevelen (1961), proposed the mechanism given below
to be another route followed during the oxidation of

aromatic groups:

P Fm gt
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Bhowmik et al (1959), also cited the above mechanism

after measuring the amounts of carbexyl, hydroxyl and

carbonyl groups formed at 200°C for oxidation times -

between 100 and 300 hours. They found aromaticity to be
decreasing with time Quring the 300 hour test. The
decreage in arcmatiecity ecould only be attributed to

rupture of the rings as predicted by Adams et al (1955).

Chamberlain et al (1876), following the discovery of an
inorease in carbon monoxide, put forward the suggestion
. that .at _ihcreased temperature an additicnal reaction

- takes place besides those mentioned. They put forward the

following summary aé the likely mechanism of the

reactions involved:

R—H + O;—R* + HO:*

R + O——=R—0—0*
R—0—0* + HOM~——»RO0H +0;

. R—=0~0* + RH—-——»=RODH +R*

The peroxide ROOH will then decomposé in different ways

éepending on whether it is tertiary, secondary or primary

bt s e
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alkyl peroxide. Given below is a summary of the

decoposition reactions:

(i} Tertiary alkyl peroxides

' Fb—'—{r-OH——~——r?0-bcthH
3 CH; '

' {ii} Seconaary alkyl peroxides

313 : _ .
I
H—C—0—0H — OO + H0 (atlowtermpermture)

R .
Hl—Q—OH ———» RCHO + CH;0H (athigh texnpernture)




-20-

{:'Lii} Primary alkyl p’eroxi.des

RCH,00H, ——— RCHO + HO

H,0% + OHF ——— = RCHOH + O*

R* + HCHO

1.5 Literature Survey of Mathematical Models

Several mathematical models For coal dumps have bé.en
presented and there is still need to derive other models
to sult various conditions of operation and different
types of cecal. A brief survey of the available modelp
relevant to the work carried out is gi_ven below. These
‘models, based on chemistry and chemical enginéering
principles, are able Lo describe with increasing acouracy

the kinetilic behaviour of coal oxidation.

1,5.1 Total Oxygen Consumption Models

2 substantial number of models have been proposed for the
noderate temperature oxidation of coal. Schmidt et al

(1940) correlated their oxygen consumption data with the

_equation, X = Cth.




X is the amount of oxygen consumed, € is ¥ .w, C and b

are experimentally determined constants which range from

0.04 to 0.4 and 0.6 to 0.8 raspectively.

The model for the rate of oxygen deposition by

Georgladias and Galliard (1953 waz given by:

do,
dt

= -k(0;) + a [2.1)

- Where O, is the amount of oxygen adsorbked, k and a are
experimentally determined constants. The amount of oxygen
deposited onto the coal surface is predicted to increase

to an asymptotic value of afk by the above equation.
Kam, et al (2976), put forward the following schematic

model where oxidation was taken to be limited to the

superficial surfaces and macropores, (the KHP model}.

7 €On €0, B0 | 1
Cuﬂl + 02

{complex}

CO;, CO: HzO I[

There are two paths whic. are involved in the model, T ,

which is a direct burnoff reaction and is a combination

of zero and first order reactions with respect to the

surface oxygen concentration. The other path, II,
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congists of chemigsorption and formation of C0,, CO and H,0

via an oxygenated complex intermediate.

Taylor and Thou’s (1952) interpretation of the Elovich

equation and chemigorption is the basis for the formation

of active sites and their reactions with oxygen in path =

1I. For temperatures less than 230°C, the equation for

the total oxygen consumption rate in a fixed bed reactor

was given as:

- {-Ro - R;)e—h [
R(t) R, + — R ” —
- e ]

1.
2]

Where R,, R and Ry are oxygen consumption rates at time
zero, time, t aind infinity respectively and k is a rate
constan®, The KHP model only £its total oxygen

consumption rate parameters R, R; and k. The model fails

to fit the distxibutic1 of consumed oxygen into various_

products. The activation energ  is modelled using the

Arrheniug equation.

Taylor and Thou (1852} conclude? that deviations from the
Elovich equation w.ere- the regult of a change from one
type of eite to ancther, Hara:ié, et al (1975} disputed
this and attributed the deviations to pore diffusion.

They disputed Taylor and Thou’s (1852) conclusions on the

T T —

[ e S T
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rite controlling process as according -to  the
interpretation by Harris et al (1975), the Elovich
equation is just an empirical relation. The same
sentiments were shared by Clark (1970}, he pl.ii: forward
the conclusion that the Elovich equation is j-tist for
correlé.ting data and is mnot wvaluable in set £ling

quegtions of mechaniegms,

Ttay (1984), proposed with a model in which he suggestad
that in a non catalytic environment, the reaction of
_particles in a surrounding f£luid can be explained in
| terms of an unreacted core in which reactior starts £rom
the outer skin of the particle. The zone of reaction
moves into the golid and is likely to leave behind
completely converted material and inert solid. Thé
oxidation rate decreases as we move to the core of the
coal particle due to the formation of oxidation rims. The
rims act as a barrler for further diffusion of oxygen.
Thus the oxidation rate decreases due to a shriuking

core. The general reaction can be represented as follows:
Coal + 0'; = Oxycoal - CO,, CO, H0
0", ig the physically adsorbed oxygemn.,

The intermediate physical absorption accounts for the

overall rate of reaction and the oxy-coal is the major
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source of CO and CQ,. The C&_ébsorﬁtion wag predicted to
be of the oxder 0,5 with respect to the 0, concentration.
Finally a simple Arrhenius form was zruled out as a
measure of the overall change of rate with temperanure
due %o thé ageing effect on the rate of oxidation of the
coal. The total oxygen consumption chemical reaction for
the ahrinking core model as put forward by Itay (1984},

can be represented as follows:

kCioy
W, I + xK [1.3]
r = —_— i
Pe £D

Where:
g - specific surface area.
m, -mags of coal
k, -reaction rate constant
¢ - concentration of oxygeﬁ
p, -~number of reactive sites per unit volume of
coal
D - is the diffusion coefficient

¥ - fraction conversion

It seews like the shrinking core model has been locked at
by different woxkers, Levenspiel (1972), locked
extensively at this model. The basis of his arguwent

being that at any time there exists an unreacted core of
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waterial which shrinks in size with time as the reaction

proceed.

A good model should generally be as close to reality as
posaible. Karsner, (1980), proposed what he te'rmed"the

chemical reaction control model in which he coneluded
that the oxidatiom reaction is limited by the golid
surface, He suggested that in a heterogenous substance
such as coal, several types of sites exist and gaseous
oxygen reacts with them in a nurhber of ways. He believed
that there exists a wide distribution of energy levels in
the sites due to the nature of chemical bonding involved

and location of each gite within the solid.

Karsner went further to lump the sites into four types

categorised as to whether they rsact with oxygen to:

(a) form CO, and CO in direct burn off reaction
(b) physically absorb 0, onto theo coal surface
{c} chemically absorh 0, onte the surface

(@) form HO

These gites are assumed to be randomly digpersed onto the
polid surfaces. The oxidation process is belisved to

consume sites and the process depends on the number of

sites remaining.
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1.5.2 Drying Hodels

A number of drying models have been proposed and shown to
be applicable in various situations, Arison and Akgun
{1993). One of the most ccmmon models revolves around the
ghrinking coxe behaviour which is believed to be
exhibited by the coals both during drying and sxidation

reactions.

- The drying model proposed by Karsner, ({1980), congiders
what happens during the thermal drying of coal in the_
temperature range 150 to 300°C. The two main procegses
occurring are the evaporation of water énﬁ degradation of
oxygen containing groups on the surface of the coal to

form €0, and {0, The evolution of thase gases cccur while

drying under an inert atmosphere,

The amount of carbonic gases canuot ‘bt accounted for by
oxygen trapped in the coal pore structures. The most
likely source of this oxygen must be primarily oxy-
complexes on the coal surfaces. In thig particular model
it was found out that the rate of carbonic gas evolution

incraases linearly with coal oxygen content fox all coal

studied.

A kinetic model based ﬁpon a simple zero and first oxder

decomposition of oxy-functionmal groups on the coal

B R e e, L e
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surface represents the rates of carbonic gas evolution
during drying. The model postulates a f£irst order
decomposition reaction below 250°C. ‘Thia can be

represented by the rate eguations glven below:

R = R gt &t ' e 250%

o
]

R+ (R - R)e* & T » 250°C

.In this work two models have been looked into which are.
the bound water model and the shrinking core model. The
bound water model 4is explained in terms ‘of vapour
prespure difference between the coal and the air gee
gection 5.5.1 for details. The shrinking core model can
be explalned in texrms of the unreacted core: model by
Levenspiel (1972). According to this model a reaction
proceeds at a narrow front which moves into the solid
particle. The unreacted core shrinks with time ag the
reactant is completely convexrted as the front pass by.
For the model in this dissertation the moisture rich part
of the coal can be taken as the unreacted core which

shrinks with time ag water losses occcur .during the drying

process.
1.6 Objactives of This Project

It ig well krown and documented that there ig a universal
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problem of gpontaneous combustion among coal
practiticners. coal Spontaneous combustion of coal is a

problem among coal practitioners,

The.baaic aim of this work is to understand and model the
low temperature oxldation of coal as well as the rate of
drying. This project is part of an ongoing study in coal
chemistry kinetics so as to obtain information necessary
for people who work with coal in order to reduce chances
of spontaneovs® combustion from ocecuring, eg by
controlling oxygen flow into a coal bed or covering the

ceal pile with a protective layer of reactive material.
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2.0 Introduction

Three different aspects of spontaneous combustion of coal

were investigated in this dissertation.

{a) An experiment was performed to measure oxygen
profiles in a column of coal and thereby investigate the
relationship between oxygen diffusion and reaction with

times,

(b} Experiments were performed to meagure the kineticg of
coal oxidation. Factors such as oxygen concentration were
varied and the effect of this on the reaction rate wag

determined.

(¢} The drying rate of coal was wmeasured Iin order to
investigate the kinetics and mechanismg of the drying

process,

. These three agspects are very important on understanding

and modelling the spontanecus combustion of coal,

2,1 Sampling

Samples were obtained from one mine only, the New Vaal

Colliery in the Orange:Eree State. The mine used to be an

underground mine which was later converted into an open
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cast mine. The samples were collected from the piling
stacks as:the coal came from the crushing and washing
section of the mine. The Samples_were aggumed to he
| fresh. The cbal can be clasaified ag of very low sﬁandard
based on the fact that the ash content is very high, 40%
on the average and calorific values are in the regions of

lskﬁlmole.

Ground coal samples were collected from the piling stécks
aé the coal came off the conveyor belt. They were put.
straight inte polythene bags, .crushed dry icve was
immediately sprinkled 4inte the bags to reduce the
‘reaction of the coal with oxyden to a minimum, prior to
cnset of the experiments. The bags were then tightly
gealed. Several samples were collected using the above
mentioned procedure..For the drying experiments large
coal boulders were obtained just before the coal reached
the crushing gstage. Samples collected wére then
immadiately transported ‘to the laboratory where the

experiments were to be conducted.

2.2 Coal Storage and Preparation

The contact of the coal with . the environment was
minimised o as to avoid premature oxidation of the coal
before the onset of the experiments. The ceal samples

with the exception of the boulders for the drying
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experiments were too moigt because of the washing and as
a result had to be dried to acceptable levels. .nis was
done in a congtant temperature room at a t:em_;_:ueratﬁre of
10°C. The temperature was kept low to minimise any
premature oxidation which was likely to take plaée. The .
drying proceas took about 72 hours,. gamples for the
drying experiment were not subjected to the preliminary
drying procegs. During the drying stage the temperature
wag kept at 10°C (not lower) to avoid cré.ck_ing the coal
and exposing new reactive sites aé this would lead to a
deviation from the original state of the material from
the dumps. After drying the deal was put back into the
"bage which were then ¢ »red in air tight cupboards kept
flushed with oxygen-free nitrogen from a cylinder. The
nitrogen was filrst bubbled into a Drechsel bottle
‘containing water before going into the cupboard so as to

maintain the humid conditions prevailing in the mines,
2.3 Oxygen Reaction and Diffusion Experiment

'fhe underlying philosophy of this investigation is that,
oxidation of coal ig a heat generating process and if
moigture content in coal is high' the process occurs at an
even faster rate. This can lead to spontaneous combustion
of coal. Distribution of oxygen and products of oxidation

in the coal bed may possibly provide information required

to take precautions.
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There wasg no need for further milling' the coal which was
used for the oxygen concentratiecn gradient experiment.
The particle size of the coal was found to be convenient
for the nature of the work which was to be carried out.
Furthér crushing could have lead to a dist;_urbance in the
original structure of the coal by exposing "fresh" active
sites. The samples needed to be as close as poésible to
the original éoa.l in order to get a true ref.‘l.ec%_:ion of

what was happening to coal in the dumps of that

- particular type 9f coal.

2.4 Igothermal Oxidation Experiment

The isothermal experdiment carried out is closely related
to the one carried out by Smith, (1983). In Smith’s
experiments ongen concentration change was monitored on
a.gravimetrical basis. The apparatus was modified so as
to monitor change volumetrically. The results obtained in
both cages were similar. The findings were that oxygen

concentration fell with time in both cases.

The samples for the isothermal oxidation experiments were
ground in a xoller mill. This was done after initially
trying to perform runs on samples which had been gieved.
This most likely lead to a non representative sample
being obtained. This was probably due to softer coal

portions being the source of tne smallest particles. The
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" ground sample wag kept in a glass jar under nitrogen to
maintain an inert environment to avoid premature

oxidation.
2.5 Drying Experiments

For the drying experiments, the coal boulders wers cut
intoc small rectangular blacks of area of 1l2om’ on average
and thickness ranging from 2.5 - 4.5 mm. This wage done so
that one izould obtain two dimensional surfaces of coal of
known surface area for the experimenté. The other Efour
edges with the small areas were coated with silver paint

so that wmoigture lost through these edges was minimised. .

2.5 Proximate Analysis
The analysis was carried out by New Vaal Colliery
Laboratory which was involved in the acquisition of

gamples used in the experiments carried out. The coal as

it came from the miﬁe wags found to have the following

_parameters :
{a} ¥ Moisture - 8.0
(b} % Ash -~ 40.0

(é) Calorific value - 16kJ/.ole.
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3.0 Introduction

A column was filled up with coal and the top of the
column was left open to ambient air as discussed in

section 3.2. The oxygen councentration in the column was

‘monitored over a period of several months as a functiom

of time and position. The experimental wmethods will be

discussed in thig chapter.

By looking at how the gassous oxygen concentrations
varied with position and time in the column we were able
to look_at.the relationship between diffusion of'gaseous
oxygen into the coal bed and the oxidation veaction and -

hence variation of reactivity of the coazl.
3,1 Experimental techniques

The most important measurement in this experiment is

the measurementg of the concentration of oxygen as a
function of time and poaitioﬁ in the coal hed. Bacause of
the mamner in which the coal is prepared and gtored (as
digcussed in section 2.1.), it.is assumed that when the
column ig filled up with coal the reactivity does not
vary with position. The presence of_product gasesg and

their quantity can be an indicator of extent of oxidation

in the coal'bed.
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3.1.1 Gas Chromatographic analysls of gas samples

Gas samples were obtained from different heights in the
reactor and analysed £or O, €O, CO and N,. For the

analysis a custom made Gas Chromatograph {G.C.) was used.

A Thermal Conductivity Detector (T.C.D.} coupled with a

data acquisition unit was used to generate peak data

which wag stored on f£loppy disks.

Separation of all gases could not be achieved by the use
of a single column hence two columns attached te a 4-port

valve were used. The valve made it possible to connect

. the columng in series or by-pass the carrier gas from

one depending on the option reguired. The columns used
were a molecular sieve S5A (1.5m, 1/8" I]'j column) which
was used to separate Oy, N, and CO peaks, & Forapaq Q
(1.2m, 1/8* ID column) was used to trap CO,. The
temperature of operation was maiﬁtaine_d ag low as
possible, between 20 - 22° € to achieve maximum
sensitivity of the instrument., The carrier gas used was

hydrogen at a pressure cf 500 kPa and a flbw rate of

20ml /minute,

A precigion 1.0ml pressure lock syringe was used for

sampling Exom the reactor. A sample of size 0.5m1 was

injected into the G.C.




~40-~

3.1.2 Calibration of the @as Chromatograph

Anbient air was used for the calibration of the ¢.C., and
it ﬁas assumed that it contained 21% oxygen. The G.C. was
-calibrated by calculating a responsge factor for oxygen.
The response Ffactor was calculated using the assumption
that the response of the detector was linear. This was
checked by using different sample sizes and seeing that
the ratio nf the areas of the oxygen and nitrogen peaks

remained the same.

[0,] & 20, [3.1]
;] o« AN, (3.2]
[0,] = kA0, - 13.3]
[N,] = AN, [3.4]
. kA0,
N 2.5
A0, :
o) = .
AQ, + .EAN, 3.6}
k,
5
% = £ [3.7]

Where: A0, i8 the measured area of the oxygen peak.
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AN, ig the weasured area of the nitrogen peak.’

k, and k; are constants.

f is the response factor.

Assuming the alr samples to. be 21% oxygen and 79%
nitrogen an avéi:age response factor {(£)= 0.8555 was
obtained and was used in the final calculations and for
calibration purpcses, .(see appendix Al). Thie was dona
| regularly throughout the experimental work, The error of
 the Gas Chrcimatograph was found to be +/-5% basing on_the

calculation of the response factor, see also appendix D.
3.2 Ouygen KReaction and Diffusion Experiment Apparatus

The apparatus comprised two different units, the reactor
ghown in Fig. 3.1 aﬁd a Gas Chromatograph unit interfaced
to a computer. The reactor was constructed of heavy duty
plagtic and sampling points were drilled into the wall at
100mm interval. The gampling points had septa smo that
there was no exchange of air with the envircnment. The

column was of 250mm diameter and 3000mm in height. The

@.¢, was assembled in the chemistry department and a

computer which could run the BRyperplot package ‘vas
interfaced to it. The G.C. as mentioned before had two
columns (Porapag Q and Molecular sieve) livked by a four
port walve which made it possible to separate CO, from

0,,N, and CO by controlling the path of the carrier gas.
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vlr ¢ ambient aii
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04“--'--. sampling poli. 10 cm interwval)
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a

: «——plagtic pipe reactor (300cm high)
s _
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o

a

Fig. 3.1 Reactox for gaseous concentration measurements

3.3 Experimental Procedure

The coal samples were taken out of the storage cupboard
where they were stored undex nitrogen and quickly charged
Lnto the reactor which was positioned close to the G.C.
A precigion 1.0ml pressure lock syringe was used for
sampling £rom the reactor. Samples of 0.5ml were
successively withdrawn in descending order ffom the
highest point of the reactor. Just after starting the

experiment no CO, was expected aince the reaction was
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still i the early stages of oxygen adsorption. There was

thus no need for selective elution of the gases in the

first week. The gas samples were allowed to pass through
the Porapaqg Q and Molecular Sieve for the first 7 days.
Thereafter the wvalve wag used for all samples as the
chances of getting €0, as one of the reaction products
was increased, The valve was turned 2.5 minutes after
injection, to by-pass the carrier gas around the
molecular sieve and then after 5.5 minutes to.join the

columas in series.
3.4 Results

The concentration profile wae initially monitored on a
déily basis then the frequency was reduced until a point
wvhere it was monitored twice per month as discussed in
chapter two. From the results obtained, the concentration
of oxygen was calculated at varying heights. The final
monthly resgults obtained were averaged, this was mainly
because there wag a fair degree of scatter in the results
and the profiles only changed very slowly.'The avaraged
fesults (appendix A2 and A3} were then plotted as a
function o% height. The graphical results for the two
separate rung carried out are shown in Figs. 2.2 and 3.3.
From these rasgults it can be seen that, as the doal.ages,
oxygen penetration into the coal increéasges with time but

the figuress over 21% could be dus to experimental error.
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As a result there is a change in the oxygen profile of
the bed and there is a general tendency for the oxygen
concentrétiun to increase at the various points, The
variability in the properties of the coal itself is aléo
likely to lead to a variation in the reﬁct;ivit:y of the
coal at varying heights'of the bed. This wiil influence
the oxygen profile. The best explanation for the overalil
behaviour is that the reactivity of the coal falls off

with time, am ig well known,{ see for instance Itay

{1983)), that is the cozl is ageing. There was no carbon

monokide detected during the course of the experiment.

Traces of carbon dioxide were detected up to a height of

100cm Erom the fourth month but its occurrence did not

follow a congistent pattern and there was no specific

trend in its occurrence,

For the.first three morths there does not seem to be much
changé in the reactivity of the coal as can be seen by
the change in concentration with height which does not

vary much with time. The variation in the oxygen pfofile
as from the fourth month seems to increase. This can be
seen to be the vase in both Figs, 3.2 and 3.3. The rate
of oxygen diffusion varies in magnitude between the two
coals but the qﬁalitative findings are gimilar. Degpite
the fact that the coal was collected from the same mine

the oxygen diffusicn rate is about 30% higher in the

first run.
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3.4.1 Mathematical Modelling

There has been a lot of work in the literature in trying

to £ind an expresslon for the kinetics of gaseous oxygen

with coal the work done by Javin (1980}, Brooks (1985)

can be cited as examples. It seems that the concentration

dependence -i: somewhere between half and first order..

Furthermore as the coal reacts with okygen ite rate
decreases and this is refarred te as the ageing affect.

Finally this rate is also quite sengitive to moisture

content of the coal. Thus it can be seen that it is quite

difficult to come up with an expliecit -rats expression

that describes all this behaviour.

For the present we do not need an explicit expression for
the reaction rate of the coa; with the oxygen, but we do
need to take into account that it rapidly deactivates.
Because the reactivity declines with the degree of
oxidation, the coal particles that react faster will
deactivate more quickly. Thus there is a tendency'fof
particles which, for whatever reason, start off haviag

different rates to tend towards similar reaction rates,

This result will prove useful in'trying to model the

experimental results,

Let us nbw look at the diffusion apparatus{ When we start
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the experiment, all the ccal has the same intrinsic

reactivity properties. However because of the diffusion’

resistance in the bed the oxygen towards the bottom tends

to get deplebted as seen in the curves in Figs. 3.2 and

3.3 for December 1934 and November 1995 respect’ ely. -

Thus the reaction rate here will become lower than at the
surface bécause of the dependence of the rate on the
oxygen concentration, However, for the reasons discussed
akhove, the rate of reaction at the surface will decay
‘more rapidly than that deeper in the bed, tending tu
equalise the reaction rates. The overall effect pf tﬁis
' hehaviqur 1 that it might be a reasonable assumptioﬁ, to
agsume’ that eveﬁtually the rate of reaction at every

depth is apprgximately the same, that is we can »~n a

single rate ag a function of depth at every time

interval.

The overall consequence of thié agsumption is that at'é
given point in time we can assume that the rate behaves
as 1f it was =zero order with respect to oxygen
concentration. If we make this asgumption we are in a
pogition o integrate the differantial equation
deacribingtthe beh viour in the columm and can test,

using the experimental results, how good this assumption

ig.

1f this assumption appears to work well we are then in a
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position to plot chis average rate as a function of time

and see what the ageing effect is. We need to be a bit
careful in deoing this because as the coai is ageing it
will also be drying out as well and this may also affect
_ the rate of reaction. Finally the apparatus is in an.open
laboratory and so the average ambient temperature will
tend teo vary with the seamons again affecting the rates.
The following assumptions were made in the mathematical

wodel in this study:

(a) 'The material reacts with a zero order reaction with
respect to oxygen and a single average reaction rate
over the whole hed was uged at each point in time,

(b) The material reactivity decays with time.

(e) The rgaction'is done under isothermal conditions,
{the bed of oxygen absorbing material is kept at
room temperature}.

(d) We assume the coal reactivity changes very slowly
relative to the speed with whirh the concentration
profile sete itaeif up,fpseudo-steady-stata
assumption.)

{e) We assume Fick’s Law of Diffusion.

3.4.2 Model Equations

Thueg making the pseudo-steady state assumption,that is

the accumilation terms are negligible at a particular
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time t, we can write a mass balance. The rate of change

of oxygen concentration with respect to height ig given

by:

{3.8]

Integrating the above equation for constant r gives a

r,eneral sclution:

Where:

F2x? + ax + b [3.91

€= 35

C is the concuntration of oxvgen.
a and b are conscante of integration
x is height from the closed end of the bed

r ig the average rate of oxidation at time t.

D is diffusivity coefficient.

Boundary and Initial Conditions:

To solve for the constants, the following boundary

conditions have been used.

at x = 0

= 0 | {3.10]

gl
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" that is there iz no diffusion of OXygen adross the sealed

bottom of the bed,

Put .gg = .gx + a _ {3.11]
L o a=0
= xr
¢ = Lx+ b (3.12]

The other boundary conditions that could be uged is:
at x ='L C=0.21

The ambient oxygen concentration is always assumed to be

21%.

o . 1 = E12 + b 3.13
0.2 5T [ 1

= - Xz 3.14
or b 0.21 L [ 1

S C at x =0 is b

The model can be most easily tested by plotting the
measuréd concentration, € Vs the square of the height ».

2 straight line suggests thet the assumptions leading to
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the model might be reasonable. This can be geen to be a
reasonable approximation from the graphs in Fig. 3.4 and

Fig. 32.5.

Now that we see that the results £it the model reaéonably
well it is of interest to obtain values of this average
rate as a function of time and piot them. We can do this .
directly from Figs. 3.4 and 3.5 as the slope of the
straight lines are equal to r/ﬁD as.we would not expect
"the diffusion coefficient, D to véry with time for the
two different rung, we can plot the slope versus time. We
are then effectively seeing how r, that.is the average

rate varies with time.
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Fig. 3.5 Testing the model for data obtained from run 2
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Table 1: Values of b and r/2D for run 1
MONTH b /2D
1 2.88 2.46
2 3.41 2.45
3 4.23 2.31
4 8.21 1.86
.5 . 11.18 1.49
- 12.52 .1.32
7 14.88 0.96
8 13.48 0.91

Table 2: Values of b and r/2D for run 2
MONTH b r/2D
1 6.79 1.66
2 7.82 1.63
3 8.64 1.55

Table 2 continued overleaf. ..
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Table 2 {(continued)

MONTH. b z/2D

B 4 | 11.31 | i;25
5 |  14.47 6.94

6 . 16.88 0.72

7 16.78 1 0.65

The plot of the gradients versus time for both runs show
the same type of S-shaped curve though the material in

run 2 is about 30% less reactive, (fig.3.6).

Now recall that r is the average reaction rate in the
bed. The value r in eguation 3.32 ghould alsoc be that at
the surface of the bed where the coal is exposed to the
oxygen concentration in pure air. Even though thig ig a
result taken in pure air it is somewhat different from.
the situation that is Ffound in other experiments where
koth the okygen and moisture concentration have been kept
constant Itay (1983}, gmith (1993). In particular the
other workers have found a steady decline in rate not
this S-shape. Now it is known, Itay (1983), that the
moiatﬁre.content has a large effect on the reactlon rate.

We also know that the initial coal was very moist as it

PR T P TR S Y . e
i
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came from the coal washing plant, so we can speculate
that during the first few months the coal bed was drying
out, Now it has been shown in fig.3.6 that the reaction
rate for constant oxygen concentration is actually
depressed for large woisture contents, goes through a
maximum at intermediate values and then falls off as the
coal dries even further., We can thus speculate that
during the first flat phase in fig.3.6 the moisture loss
and ageing effects are acting in oppcsite directions
giving a.fairly Elat section. Thig is followed by &
perdod in which the rate drops rapidly as during this
period thé efféct of moisturé loss and ageing are'in the
same direction. In the flaﬁter final section the coal
moisture has perhaps reached an equilibrium with the air
and we are only seeing an ag.ei'ng effect. Clearly to

verify this explanation more work will need to be done.
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vergus time

3.4,3 Fitting the mathematical model to the zresuiis

For further werification to check ﬁhether the
- mathematical model is Batisfaci:or‘jr, the experimental
results obtained were fitted to the model., There are two
parameters (x/2D and b) which had to be estimated and
this was done uéing a linear Ieast square regression
giving the results shown in Fige. 3.4 and 3.5. The graphs
were genevated £rom the experimental data. The values for
the different months for b énd r/2D are given in Tables

1 and 2.
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The best fit of the model for the different months ig
shown in Figs. 3.7-3.12 and the rest of the fits are
given in Appendix A4. The first three morths results for
the first run fit the model very well and the values
cbtained for b are very close to those of the model. The
results for run 2 also fit the model but are not as good
as those in run 1, As the coal ages there is a tendency
Eor .the results to drift from the model which is

especially evident at the top of the reactor.

RON 1
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Fig. 1.7 ¥Fitting for oxygen profile for Decewmber 1994
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3.5 Conclugion

A simple pseudo - steady - state model has been developed
to degoribe the diffugion of oxy;gen ;i.nto a bed of
reacting coal. The experimental data correlats reasonably
well with the model and the results yielded curves which
fit the model guite well. This puggests that the

assumptions made prior to modelling are reasonable,

Thisa apparatus conétitutes a gimple experimental
technigue for measuring the reactivity of coal or waste

material and how it changes with time. The apparatus ( or
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a larger equivalent) can eagily handle run-of-mine
material directly. The information obtained in this
experiment can be used to predict how lbng it will take
for the oxygen concentration to reach a given
concentration at some depth in a bed. Parameters to put
into models of large scale dumps can be estimated on the

baslg of this work. This information might pfove to be

useful in, assessing the safety of coal dumps especiaily "

when uged in qonjunct.ion with other models of related

work.

Thig experimental apparatus could be used to ascertain
the effectiveness of adding a reactive layer over the
dump. A more redctive and more compact layer than used in
this experiment could initially 1limit the oxycen
f:enetration even more than in these results. However, as
the coal éges, penetration of oxygen will increase with
time go that a reactive layer covering a bed can never be

a long texrm Bsolution for preventing spontanecus

combugtion,

The fact that the experiment was carried out undex
conditions which are close to that which a typical dump
is exposed makes it an important diagnostic tool in

evaluating what really happens in coal dump. In fact the

techniéue could be seen as a very simple general

technique for evaluating the reactivity of real coal
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samples. Because there is a strong interaction between
many factors, such as moisture content and ageing, it is
probably less useful as a technigue for Ffundamental
studies. However with some modifications o the
experimental procedure such as keeping humidity of the
éir' constant it might bave a place in more fundamental

atudies.

A practical _implication of this work is that in a leas
' compact carbonaceous bed, oxygen can diffuse :'Ln'l:o the bed:
from the top or any other sec_t.icn which is in direct
contact with air. As the coal ages (reaction rate falls
with time) at a given depth, the concentration of oxygen
increases with time, Thus asg time increases heat will be
releaged at an increased depth where it will be more
difficult to lose. As a result heat generation leading to
gpontanecus commbustion even after a long time cannot be
ruled out. A more reactive and more compact layer than
~used in the experiments could initially limit the oxygen
penetration even more, but as mentioned before as the
coal ages, the oxygen penetration will increase with time
so that a reactive layer covering a bed can never be a

long term solution for preventing spontaneous combustion,




T

-63-
TE




-5

ISOTHE OXIDATION co,




~55=

4.0 Experimental techniques

The apparatus used in this experiment is a simpler version
of the one used by Smith (1933). The principle employed is
basically the same, the few exceptions being that in this
dissertation the experiment is volumetric based as compared
to the gravimetrically L- one by Smith (1993). The
experiment was bﬁsed on the principle of upward
displaCement of oil. The abscrption of oxygen by coal in
the air tight apparatus would lead to the formation of a .
tyacuum" which would ke replaced by oil which was in direct
contact with the encloged air. To compensate for variations
likely to be induced by envirommental factors such as the
variation of atmospheric pressure, a.blénk wag run parallel
to each set of test samples. The corrected overall change
in wvolume of the aystem after a particular period of time

was equivalent to the volume of oxygen absorbed.by the coal

during that period.
4.1 Statiec Isothexmal Oxidation Apparatus

The igothermal oxidation experiments were carried out in
modified flat bottomed flasks. The basic structure of the
apparatus consisted of a flask with a side valve fitted

onto it. This could be used to £lush air out of the flask.
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A ground glass joint was used to connect each flask t:.o a
graduated burette with one of its ends dipped into cocking

oil in a beaker. A diagram of the apparatus set-up is shown

"in fig 4.1 below. As an additional precaution to reduce

chances of air leaks, all the ground joints were made air
tight by the use of high vacunm grease, The experiments

were run in a constant temperature room in whichh the

température was tﬁemostatically controllad at about 20°C,

The temperature fluctuated between 19 and 21°C.

oil

Fig. 4.1 ‘Static Isothermal Oxidation Apparatus.

-
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4.2 Experimental Procedure

The method involves the use of coal of known mass and
particle size at a constant temperature. Samples of 20g of
coal were weighed and charged into each reaction vassei.

For the reaction in 21% oxygen the.apparatus wasg left with
an open valve for 20 minutes to stabilise the contents with
the surrbundinga. The procedure was modified slightly for
the oxidation in 10%, 50% and 99% oxygen. The apparatus
charged with coal was flushed with the respective gas from
a cylinder at a flow rate of 360 con’/minute for five
minutes in each case. The flasks were then allowed to
return to ambient pressure by leaving the valve open in an
appropriate oxygen concentration environment until there

was no presgsure difference between the flask contents and

the surroundings.

4.3 Results

Fig:4.2 and 4.3 shows the variation in oxygen absorbed with
time.

The rate of absorption of oxygen was found to be initially
high and then. decreased with time. This behaviour was
observed in all runa. From the results obtained, it seems

iike the coal is highly reactive in the region within the
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first 30 minutes after which it slows down. This is likely
to be due to the fact that the coal is still iresh hence
maxdmum absorption of oxygen. The second type of béhaviour
observed is an increase in the rate of oxygen uptake with
an increase in the initial oxygen concentration. The most
likely explanation for this is that the initial stage of
the reaction is a "rapid" adsorption process until the

tactive" mites are saturated.
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¥ig. 4.2 Oxygen absorption in 10 and 21% oxygen
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Fig. 4.3 Oxygen absorption in 50 and 95 % oxygen

4.4 Reproducibility of results

To assess the extent of conslstency of the results, fepeat
experimental runs under the same conditions were done and
these are plotted for the various concentrations dealt

with, Pigs:4.4 - 4.7 shows these plots.
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4.5 Mathematical Modelling

Low temperature oxidation of coal haﬁ been investigated by
quite a number of people, Smith, (19$3), Brooks, {(1985),
Itay, (1983). The main differences hetween the various work
covered in literature is t:he.temperature of operation. Coal
bxidat:ion has been investigated within a temperature range
of 20-300°C. One cannot expect the reaction kinetics to be
| the same within such a vast range of temperature. Obviously
temperatura is going to play a major role in the oxidation

mechanisms involved.

This chn be supported by the findings by Smith, (1993), in
his model he found out that the reaction at sb-so"c is
controlled by wacropore diffusion whereas at 23°%C there is
a mixture .of micropore and macropore diffusion. The latter
ghould be the_casé in this study _siuce'the temperature of

operation ls around 23°%C.

Chemisorption of oxygen 18 the major low-temperatura
reaction and the rate varies Erom one sample to another.
For the different concentrations of oxygen used, there was

an increase i. the rate of oxygen uptake with increase in

concentration of oxygen.
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T£ we consider what was happening in each reactor during

the experimental period, we find out that in cases where

there was a higher con-entration of oxygen the rate of its

consumption was correspondingly high, From this cbservation
we can try to establish a relationship between the initial
reaction rates and the initial concentrations of oxygen in

the reactors.

We can now determine the reacticn order with respect to the
oxXygen concentration. This can be done if we make the

following assumptions:

{a) ‘There is no pre-oxidation of the coal samples.

(b} Initial concentration of oxygen in the flasks is that
of the gas used. '

(c} There has been no temperature or pressure chenge.

(d) The coal reactivity decays with time.

{e} Volume of oil sucked up in the burette'is egual to

volume of oxygen absorbed.

4.6 Model Equation

The rate of reaction for the coal in the reactors can be

represented in a form slightly modified from that proposed.

by Itey (1983) which can be summarised as given below:
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ac i ce [4.1]
dt 1 + k(G - C)

niere: C, is initial concentration of oxygen
¢ iz concentration of oxygen at time ( t)
n is order of reaction

k iz a consgtant

The value of the oxygen concentration, which is present in
excess, does not change tﬁuch in the initial gtages of the
reaction. Thus ¢ = ¢, at the initial conditions of the
reacticn. We can tharéfore write an expression qu the

inicial rate, if we agsume an n® order reaction rate which

is given below.

rl = c’:l'l. . ) [4.2]

1f we had the initial rates we could in principle determine
the order of the reaction, n by plotting the logarithm of

r vs C.

In(zy) = nln{Cy) [4.3]
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However it is quite difficult to estimate the initial rates
ag at this stage the initial transient effects are still
gettling down. However eguation 4.1 can be integrated with
the apsumption that the bverall-gas phaSe concentratipn for
each vun does not vary much with time, ie C" is effectively
a constant for each of the runs with different initial
concentretion. However the ageing effects are largest at
the start of a run and it is probably not a good assumption
to let C - C, be zero. By integrating eguation 4.1 with
these assumptions we can cbtain the result that t can be
expressed as & quadrétic in C. The best way to determine

the initial rate is to use a graphical method.

The initial rate method was used to establish the order of
the reaction, n; The basis of the method being to measurs
the rate of the reaction over a period of time short enough

for the reaction not to have proceeded significantly.
Reaction rates for the four different concentrétions can be
obtained from plotting time versus moles of oxygen
absorbed, Using the best £it method, constants for é second

order polynomial function can be generated for each run.

The polynoﬁial function glven can be written as:
t = bNo, + cNo

Where: t ig time
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No, is number of moles of oxygen absorbed
b is 1/x | |
¢ ig a constant
Since b is 1/q,.hence its inverse will give the initial

rate of the reaction. A plot of time/moles absorbed versus

moles absorbed can be used ag an alternative to the one

above (the straight 1ine graphs at the top of graph). In
this case a first order polynomial function of the form
t/No, = b + CNo, is obtained. For all the graphs the initial
rate of oxygen absorption, b should be the same asuthat
obtained from the corresponding second order polynomial
function. Flgs. 4.8 to 4.11 shows the plote of different

concentrations of oxygen from which the wvalues of b were

worked out,

v e o e — -
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On the graph of time versus moles of oxygen absorbed a
second y-axis can be added whose values are calculated from
the product of time and inverse moles absorbed. A straight
line graph generated from the second y-axis versus the
moles of oxygen absorbed data should also give a slope
equal to the inverse of the initial rate of reaction {xy),
The daﬁa for the four different concentrations can be
treated in the above mentioned manner and dorresponding
initial rateg can then be worked out. The quadratic
egquation ig likely to give a better value of b since it is
‘a direct plot of concentration vs time, The points are not
all that scattered as compared to the first order

polynomial determination.

Once we have these initial rates, a plot of lnr versus inC,
should _Yield a straight line of gradient n, if we can
agsume power law kinetics. Thus a plot of 1n(l/b) versus
i‘ﬁ.[t‘),,], at the initial conditione for each run should give
a straight line whose gradient is the order of the
reaction. The graph is given in Fig. 4.12 below. A slope of
0.807 was obtained which compares £airly we’ll..wil:h the
findings gil.ven in literature where Smith (1993} and IXtay
(1983) fou.t{d glopes in the order of 0.57. Kersner (1980),

found slopes ranging from 0.4 - 1.0
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4.8 Conclugions

The mathematical modelling of the data yielded results
' consistent with the yeneral findings for the Ilow
temperature oxidation of coal. Fractional orders of
_reactiqn with respect to oxygen concentration were also

obtained in the work by Smith (1993) and alsc by Itay

{1983).

The main step in the low temperature coal oxidation is the
absoxrption of oxygen. The consumption of oxygen was found

to initially proceal at an appreciable rate which then
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glowed down with time. This is evidence of the "ageing"
effect of the oxidation of coal. The major coal - oxygen
reaction at low temperature is thoughi. to pe absorption of
oxygen. There wag no carhcn dioxide detected despite the
reasonable reduction in the oxygen concentratlon gbsexrved
in all £four runs &t different concentrations, thus

confirﬁing this result.

The fact that the regult of oxygen absorption veraus'time
are well - fitted by a quadratlc confirms that the model
equation of Itay (1983) ig a reasonable method for

modelling coal oxidation as a function of time.
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DRYING OF COAL UNDER NT'.ROGEN

C o o | e e e T

T T T




P P SVTY, . S S

-84~

5.0 Experimentai technlques

The rate of loss of moisturse was investigated using dry
oxygen-free nitrogen at a flow rate of 380cu® /min..This
iz one of the wmethods recommended hy the British
Standards Board. Though'this method is normally used for'
coarsaly crushed coal, it was found to be applicable to

relatively thin plates of coal.

Prior to choosing this method some constraints and
limitations of thermal methods were considered and it was
decided it would be difficult to differentiate between
naturally occurring moisture and water produced as a
regult of ﬁhemical reaction. However, with the method
ugad ona is assured of only getting moisture which is

initially present in & coal sample.

5.1 Coal Brying Expérimental Apparatus

The equipment used consisted of 4 main units, a gas
supply from a cylinder £itted with a regulator énd a
flow meter, a balance, a gas drying tube containing
anhydrous éopper sulphate and a modified test tube to
hold the coal block. The apparatus was linked through a
gystem of polythene tubes, ground joints and tapes.
Ground glass joints were used for eagy removal of the

test tube holding the sample so that it could eagily be i
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welghed and the taps were used to separate the contents
of the tube from the amwbient air. A diagram of Lhe

complete apparatus is shown in figure 5.1 below

o~

GOl —umy
Dlock

Fig. 5.1 Coal drying apparatus

5.2 Meaguring procedures

A block of coal of known mass and area was placed into
the dryiné vesggel which was weighed again, High purity
nitrogen was then continuously passed through the drying
tube. The nitrogen was regulated to a pressure of 500 kPa

and a flow race of I80cm’/min, to make sure that the
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nitrogen was dry enough it was passed through a tube
contalning anhydrous copper sulphate hefore being pagsed
through the tube containing the coal sample. The tube
containing the sample was removed and weighed at given
time intervals wuntil a constant mass was finally

obtained,
E.3 Regults

- The experiments carried out exhibited results which
follow a systematic pattern. Initially there is a rapid
loes of moisture wh.ich. gradﬁally falle until there is no
further loss of moigture. The behaviour exhibited by the
coal blocks can be best explained by two mechanisms i.=.,
the shrinking core type of reaction or a bound water type
of reaction. These are explained in more detail din
section 5.5.0. Some of the drying results are shown in
Figs, 5.2 and 5,3 .below. The R-sgquarad value was used to
eva.luaté the rellabllity of each trend line, this was
done using microsoft excel. Results obtalned are shown in
Appendix C and Appendix D. Begides rung 7 and 13 the

regulte gre fairly reliable.
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5.4 Reproducibility of results

The same conditions were applied to all the éamples
during the drying process. One problem was thét it was
not posgible to cut_cut coal blocks which ﬁere exactly'of
the same dimensions from the “parént“ block. Added to

this the heterogenous nature of the coal would aiso make
the results variable. There was thus a need to verify how
meaningful the results were. The reproducibility of the
dfying process was tested and results are shown in figa

5.4 and 5.5. The reproducibility for test 6 and 7 is.

poor, . However for test 3 and 4, the reprodueibility was

- 1
better.
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5.5.0 Mathematical Hodelling

Moisture has been found to play a vital role in the

oxidation of coal, as a result the study of coal drying
nas been run in varallel to that of gquantifying and
assessing the effect of molsture om coal oxidation in

ganeral,

However there is a problem of studying drying and
oxidation together. The sclution we have chose ig to
minimise the oxidation by the use of low temperatures and
inert gases for the drying process. This will then
' justify our assumption that the change in mass of the

coal block ig due to molsture loss only. Simple reaction
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kinetics expressions can then be worked out. The reaction
order of drying has been found to be one with respsct to
concentration of reactive sites by some researchers,

Karsnexr, (1980).

There are two simple possible ways the drying mechanism
can be modelled. One of the possibilities is the
ghrinking core mechanism, In brief it can be summarised
as follows, as the coal dries up the molsture n"richn
gection of the coal becomes separated frqm'the f£lowing
dry nitrogen by a dry layer in the coal. The moiaturé has
then to diffuse through this layer. However cracking of
the coal blocks leads to exposure of new moisture rich
surfaces and there is thus a tendency for the coal to
release more moisture than expected due to the opening up
of water coﬁtaining sections of the coal.

The other possibiiity is the bound water approach, where
the water ig regarded as bheing abd#orbad and its vapour

pressure plays a significant rola.

Thus one has some sort of isotherm between the bound
water and the vapour. The following general assumptions

will be made for the two mathematical modelg in thig

study:

(a) The coal block is two dimensional and loss of

moisture is through a single pair of surfave.
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(b} No volatile or oxidation products are given off
during the drying process.
{c} 'There are no temperature effects, as the temperature

is kept constant throughout the drying period.
5.5.1 Bound Water Model

In this case we agsume the water is absorbed inteo the
coal and the coal exerts its equilibrium vapour pressure
which depends on the amount of water gtill remaining in
the coal. We then assume the rate at which the water
evaporates is proﬁorticnal to the wvapour pressure

difference between the coal and the alx. If the alr is

completely dry we can therefore write.

dg _
3F | kp | [5.1]

Where: ig the moisture content of the coal i
ig time (&t}

. is a constant

b N xS+

ig the equilibrium vapour prassure of the

wet coal.

Now if we assume & Henry’s Law ipotherm we have that: ' }

p = gl

{5.2] : |

Where H ig the Henry’s Law constant




2—‘—.‘ = gm{ [5.3]

Where g = g° at t = 0

Integrating the above equation gives' the sclution given

below:

g = g%exp(-HKt) [5.4]

1£ this model ie valid, a plot of the natural log of the
mass of moisture, ln{g) versud time {t) should yield a

straight line with a slope -KH and intercept ln(gC".
5.5.2 Fitting the mathematical model to the results

A reasonable straight line has been obtained in each case
as shown in Fig. 5.6, the values of -KH and g°.were

estimated. The values obtained are given below, in Table

5.1.
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Table 5.1 Values of g° and -K¥

test g° ~ ~KH
6 14 .50 -0.02
7 12.43 | -0,03
8 ! 13.91 . -0.02
9 13.44 j' -0.03

@
3
2 1sed
[
a
. B
*
o
£
e
5
Bae 1 ;
= 2,67422 = 0.02513%
i Zifl02s - p.oamIe 2 .
¢ = 2,63104 - 0.02&%4n  # .
y ® 2.59873 - 0.01016x P ) N .
- -]
N . N )
na %0 10 105

time Chrsl

Fig. 5.6 Teéting the bound water model

The best Fit of the model £~v the four tests is shown in : g

Figs. 5.7-5.10 given below. ' _ : I
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5.5.3 Shriaking Core Model

Alternatively it might be that the water affectively is
absorbed into the lattice like in a sponge and that it
merely evaporates from the surface, As this ;ayer of
water in the coal shrinks the remaining water has to
.diffuse through the coal layer to get to the surface and

can agsume that this layer acts as a diffusional
. -istance to evaporation. Because of the large density
difference between gageous and liguid water it 1is
reagonable to suggest that we can assume the gas phase

sets up a pseudo- steady state concentration profile.

Thus we can write using Fick’s Law when the thickness of

the layer of coal between the surface and the evaporating

front isg X ;




D—s =0 [6.5]

Where x is the depth in the dry layer from the surface.

S oo = Ax + B : i5.6]
Nowec =0 at x = 0 {air has no moisture)
and ¢ = c® at x =X
q‘c g = Cof .
2 [5.7]

Where ¢° 1s the concentration of watexr vapour in
equilibrium with liquid water at the temperature of the

experimeut.

Now that we can say that the rate of loss of moisture is

equal to the flux of water at the surface.

dg . _podc¢ -
= D= |x = 0 [5.8]
nod . L. .
= =2 5.9
¥ [5.9%

The thickness of the remaining water layer isg given by

¥ - %7 ., The fraction of the water left is given by the

gquation below:

g F . X _
Where: ¢° iz the initial woisture content of the coal

%® ig the thickness of the coal specimen,

e i n—— R o gy A L takl . e
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dg +a? g°
— — = 5.1l
e (g° - g X o1l

Let y = g° "9 s g = gl - y) 15.12]

gl’
dg = -g°dy [5.13]
. dy _ a
. -EE ‘—‘“‘_YXFgo [5‘14] .
o loa . €° s '
o iy’ = ?gt + F [5.15].

Nowy =0 wheng=0 at t =0

:-Fﬂ 0
. T '
A ng“t [5.16]
oo (g - g = 2% (5.17]

A graph of (g° - g)* or y* vs time (t) given below was
plotted to test the validity of the sxperimental data.
Thus the plot should give a straight line going through
the origin if the data is compatible with the model. Thism
has been found to be the case as shown in fig.5.6 below,
one important observation is that the line is straight up
to the point at which the coal is completely dry which

oceurs when vy = L ox g = 0.
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g° - g32

tast
¥ = 12,0875 + 4,91957x &
¥= :4.9191 + 32,4251 9
y=

0.0 L 60725 + 2.13179x 17

o Son "o "
Eime Chrsd )

Fig. 5.1l Testing the shrinking core drying model
5.5.4. Fitting the mathematical model to the regults
values of g and ¢® g"/X* were estimated from the above
graph using linear leagt sgquare and the values are given

in the table below.

Table 5.2 Values of g" and ¢ g*/xf

test ' g° c°g®/X¥
& ' 11.20 2.23
9 23.81° 3.52

i3 5.28 5,30
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1201

malature loss (g)

a  Expecinantal
408 4 . —Teoraticnd

1000 wa 500 7.0
time Chi-s)

Fig. 5.14 Fitting for run 13
5.6 Conclusions

Two posgsible drying models have been tested in this work,
to detérmine the amount of moisture in a coal block as a
function of time. The method used to datermine the
moisture has an advantage over the Ehermal based methods

in that there is negligible oxidation and no heating is

involved.

The-results show that the rate of moisture loss falls
with time until a point is reached where there is no

further loss of moisture.

The shrinking core wmodel suggests that the water
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evaporates from the surface of‘the coal and as the water
layer shrinks, the remaining water has to diffuse through
the coal layer to get to the surface. Th bound water
model is based on vapour pressure difference betwsen the

coal and the dry air

Both models were teéted and reasconable straight lines
were found in both cases, thes points for the shrinking
core model are more scattered and the fit is not that
good edpecially in the initial stéges a® +heg sxperiment.
The fits in the bound water model ate b better than

those of the shrinking core model.

However the results certainly suggest that the weight
goes to a fikxed value after a finite time rathef thaﬁ
agymptote to a final value. This suggests a shrinking
core type model. In order to try to decide which of these
two models is best will require wmore work. Perhaps
cutting open a piece of coal after partial drying wight,
if there ig a visual difference between moist and dry
coal, provide a way of decidinj if the shrinking'core
model is reasonable. Possibly of course these two models

are too siﬁple ard one might require a more complex

‘modeld .
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In this dissertation the author has looked at a number of
gimple experiments which relate to coal oxidation and
drying. Simple models have been reasonably successful in
déscribiﬁg the results. The resul.ts and the models could
prove to be ugeful in trying to describe the behaviour of
real coal and waéte material dumps where both oxidation

and drying occur simultanecusly.

Though the coal has been from the same mine the different
_ prior treatment before the onset of the experiments, that
is dﬁying in the cage of the c¢olumn fed coal, grinding
for the isothermal reaction experiments coal and cutting
for the drying coal makes it a bit difficult to
convineingly 1relate the <findings din the three

experiments.

The diffusion experiment could prove to he a useful
technique for assessing the rate of reaction of coal
samples or waste material with oxygen. This is because

the material could be used ag i1sa without for instance

crushing or drying.

The pipe was in an open space (it could even be put
outside) which resembles the natural environment in which
coal dﬁmps and piles are expesed. This might prove to be
a useful asset. in obtaining information which could be

valuable in the management of waste dumps or coal storage
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dumps. It provides a reasonable approximation of the rate

of the coal reaction with oxygen and the general oxygen

concentration profile and the way in which it changes

with time can be uged to assess the risks associated with

a particular dump.

Furthermore one is also able to perform long term

experiments and hence get an estimate of the ageing of

the material as it reacts with oxygen as well as its long

tem capacity for oxygen absorption. One of the apparatus

‘for protecting a dump at risk has been to provide it with

a reactive skin which would effectively remove all the
oxygen cleose to the gurface, The apparatus would also be
guitable for assessing the usefulness of & if: ent
materials, their particle size, the tnickness of the
layer and degree of compaction as a reactive skin on a

real dump.

The isothermal experiment is more of a laboratory type of
tool where different samples can be compared under
gtandard conditions and the effect of such parameters as
oxygen concentration and moisture content can be studied.
it aleo prévides a very useful tool for doing gquick

experiments on small samples such as might be taken from

borehole cores.

Cleérly the two methods while both being simple and easy

PR v i BT W L

AT

DT,
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to do complement each other in the bids of information

that can be obtained.

It is well known that moisture content can have a large
effect on_oxidation rates. In reality cf course the coul

in a real dump is changing its moisture content with

time. Thus in order to really predict how the rate of

oxidation changes with time we need to also know how the
moistufe content changes with time and preferably he ablée
to model this. In this thesis an attempt has heen.ﬁade to
do authIEquirements. The results were however not such
that the autnor was able to distinguish between tﬁo

different possible models.

In conclusion the work in this thesis has looked at a
ﬁumber of areas relating to the meésurements that need to
be done in order to cbtain models and parameter values
required for assessing the risk of spontaneous combusﬁion

in beds of coal and carbonaceocus waste.
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callibration of the gas chromatograph using air

The gas chromatograph was calibrated by the calculation
for the response factor of oxygen f£xom peaks generated by
air samples of volume 0.2 - 1.0 wl.Below is the analytical
.data of air used for the response factor calculations. A

denotes peak area, eg AN, denotes peak area of nitrogen. £

is the response factor.

lairmi)| a0, AN, TOTAL £
0.2 3462.7 | 15226 | 18688. 0.8555
" 3464.7 | 15210 | 18674. 0.8569
" 3357.6 | 14474 | 18688. 0.8726
0.4 . 8101.6 | 35693 | 43794. 0.8538
" 6669.3 | 29030 | 35699, 0.8643
o 6742.0 | 28996 | 35738. 0.8747
0.6 ' 8942.3 | 39616 485548. 0.8491
n 10415 | 45976 | 56395. 0.8525
" 10408 | 45951 | 56359. 0.8520
0.8 13505 59752 73257. 0.8502
n 12400 | 48100 60501 . 0.8052
’ 14200 | 0401 | 74601 0.8513
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Afr(ml)| a0, [N TOTAL A £
10 14986 | 66613| 81599.0 0.8463

N g994.8| 39975 48973.8 0.8464

" 9048.8 0.8513

39989]  49037.8

Average £ = 0.8558
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Results for oxygen concentration profile

Run 1
Bed December January February Ma-u:-ch
Height: {cm) . |
10 3.3 3.8 3.0 . 7.4
20 3.2 3.8 1.2 7.5
30 3.2 3.7 4.4 7.7.
40 3.4 3.7 4.6 8.1
50 3;6 3.9 4.8 8.4
60 3.8 4.1 4.9 8.9
70 4.1 4.5 5.2 9.1
80" 4.4 4.9 5.7 9.2
90 4.7 5.3 6.3 9.6
100 5.2 5.7 6.7 9.9
110 5.8 6.1 7.1 10.2
120 6.2 6.8 7.6 10.5
130 6.5 7.2 8.1 11.1
140 7.2 7.6 8.6 11.9
150 7.9 8.7 9.2 12.7
160 8.9 9.8 10.1 13,5
170 9.8 10.5 11.0 14.2
180 10.6 11.3 11.8 14.8
190 11,7 12.3 12.7 15.5
200 12.8 13.2 13.7 16.3
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Bed December January February March
Height {cm}

210 ' 14.0 14 .1 T1a.6 17.5
220 14.8 15.0 15.7 18.5
230 15.7 16.4 16.6 18.5
240 16.9 17.6 17.8 19.4
250 18.4 19.2 18.9 20.2
260 20.1 20.5 20.1 20.8
270 21.5 21.8 21.2 21.6°
280 22.3 22.6 21.9 21.3
290 22.3 22.6 22.3 21.8

[P p—
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Results for oxygen concentration profile

Run 1

Bed | april May June July

Height (cm)

10 10.6 12.4 13.4 14.6

20 10.6 i 12.4 146 | 14.5

30 10.7 | 12.4 15.1 14.3

a0 .10.8 | 122 15.6 |  13.8

50 11.2 12.5 . 15.7 13.8 o

60 11.9 12.8 15.8 13.6 ' |

0. 12.1 13.2 15.8 14.3 ;

g0 12.1 13.0 15.9 | = 13.0 %

90 _ 12.5 13.2 16.0 | = 13.2 E

100 - 13.0 13.5 16.0 13.2 :

110 13.3 14.0 16.3  14.2 3

120 13.4 14.6 ) 16.0 14.9

130 | 13.4 14.4 16.0 14.9 !

140 NER 14.9 16.2 14.6 f

150 14.8 . 15.9 16.7 15.8 )

160 ] 15.4 16.9 17.1 15.9

170 16.1 17.2 17.4 15.9

180 16.4 17.2 17.8 16.6

180 16.7 17.5 18.0 16.4 ;

200 17.5 18.0 17.8 16.9 i

210 18.2  18.4 18.3 17.3 | w
;
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Bed April May June July

Height {(cm)

220 18.7 18.8 18.2 . 18.1

230 20.0 19.7 20.2 18.1

240 20.6 20.1 20.6 8.1 -
250 21.3 21.0 21.3 20.#_
260 21.7 21.4 22.2 20.7

270 22.0 22.1 22.2 20.0

280 22.6 22.4 22.3 20.7

290 22.4 22.5 22.4 21.7
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Resulte for oxygen concentration profile

Run 2

Bed !November December January February ,
Height {cm) |

10 6 8.3 9.0 10.9
20 7.7 8.3 8.9 10.9
30 7.7 8.5 8.9 11.2
40 7.7 8.6 8.9 11.2
50 7.8 8.7 9.1 11.3
60 7.9 8.8 9.4 11.5
70 7.9 8.9 9.8 11.9
80 7.8 8.9 9.9 12.2
90 7.8 9.0 10.2 12.3
100 7.9 9.4 10.2 12.5
110 7.9 9.6 10.4 12.7
120 - B.1 9.8 10,6 i3.4
130 8.4 9.9 10.7 13.8
140 8.8 . 10.2 11,1 14.2
150 9.1 10.3 11.3 14,7
160 9.5 10.8 11.4 14.9
170 10.3 11.6 12.3 15.0
180 10.8 12.5 13.2 15,3
190 11.6 13.0 14,2 16.3
200 12.4 14.4 15.2 16.7

continued overleaf...
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Bed November December January February
Height (cm)

210 13.2 15.3 16.1 — 16.8
220 14.6 16.2 16.7 176
230 15.7 7.4 | 17.0 18.5
240 6.1 17.8 i?,s | 1s.
250 17.6 | 18.6 18.4 19.1
260 18.3 | 192 ] 193 19.4
270 19.0 19.9 20.0 - 19.8
280 19.8 20.1 72,7 20.8
290 | 20.7 . 21.2 21.4 21.2
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Results for oxygen concentration profile

Run 2
Bed Height (cm) March " April May
10 14.9 16.8 16. 4
20 14.9 16.7 16.4
30 14.9 16.7 16.4
40 12.8 16.8 16.6
50 : 14.7 16.7 16.8
60 14 16.8 17.0
70 14.7 16.9 17.1
80 14.9 17.1 17.1
90 14,9 17.3 17.2
100 15,2 17.4 17.2
110 15.4 17 & 17.3
120 | | 15.7 17.8 17.5
130 16.09 1 7.9 17.9
140 1.3 | 18.1 18.4
150 16.4 18,4 18,9
160 16.6 19.0 19.3.
170 16.8 19.9 19.2
180 17.2 19.9 19.4
190 A 1 17.6 - 20.1 19.5
200 | 18,1 20,3 19.6
210 18.¢ 20.6 19.6
220 , 19.0 20.7 19.8

contimied overleaf,..
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~Bed Height (cm) March | 2pril May

230 - 19.4 20.8 19.8
240 20.0 20.9 20,
250 20.5 21.1 ©20.

270 . 21 .4 21.9 a1,

1
2
260 21.0 21.3 1 211
5
280 21,9 22,1 21.8

9

280 22.2 22.3 21,

T I R T I L
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endix Ad

Fittings for oxidation reactions in chapter three.

- RUN 1
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Appendix B

Calculations of the isothermal oxidation experiments

The equations given below were used for caleulations for
experimental measurements described in section for the

isothermal low temperaturxe oxidation.

For tle corrected height h which is also assumed to be

" equal to the volume {(ml) of the oxygen absorbed:
1) h = {Ngeq = Bea) = (Bommk ~ Bivww

wheres h, g is initial height of oil in sample.
By i8 height of sample at any glven time.
hyy i8 initial height of the blank.

By L8 height of blank at any time (t}.

2) ngpa = 0.21%(PV/RT)
where: Nong = 15 initial number of moles of oxygen in
the flask.
P is the ambient préssure.
T ig the initial temperature.
v is the volume of the apparatus.

R ipg the gas constant

3) @ = PV/(R*(273 + T})

where: n, is number of moles of oxygen at any given time.
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V; is the wvolume of oxygen absorbed at the given
time,

T, ie the temperature at any given time (t).

2} My = (O = m)
5} [03} = oy - nl/vn - Vi

V, ir the initial apparatus volume
V; is the volume of the apparatus at any given

time.
Calculation for Adir flow rate
A flow meter FP -1/16 - 12 - -5 uging a sapphire float

was used to determine the flow rate of the air.

The eguation is gi?en as: -

W = CB“' ipj - .bapr}pap:

N = "'A'—‘v (pj = pqu:' papr
Bopr

Hoe. = By + {Temp coefficient) (t - 70}
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Where: W is gravimetric flow rate (g/min)
C is flow coefficiert
A is size factor
Ugpey iz f£luid viscosity at OPT .
cenﬁipqise
pr is float density g/cc
Porr fiuid density at OPT

B i=m

W = 0.218 x.13.6y(3.98 - 0.0060023) x 0.0060023

W = 0.457887g/min

W = 380cc/min
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Given below is the numerical data of the graphs giﬁen

in section 4 of the dissertation.

10% oxygen concentration

time (min) _ moley of cxygen absorbed
0 ' 0

12 7.1E-05
12 _ ' : 7.1E-05
16 _ 7.1E-05
16 | 7.1E-05
19 - : 1.1E-05
20 ' . ' 1.1E-05
20 S _ 1.1E-05
s ' 1.88-05
32 1.8E-05
36 ’ 1.8E-05
36 . 2,1E-05
40 : 2,2E-05
40 2.5E-05
60 ~ '2.9E-05
60 2.9E-05
63 - 3,2B-05
63 _ | ' 3.2E-05
72  3.2B-05
72 3.2E-05
83 : 3.6E-05
107 3,9E-05
107 . 3.9E-05
110 ; 3.9E-05
110 _ : 4.6B~05
113 4.6E-05
130 E.0E-05
130 5.0E-05

continued overleaf...
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time (min) moles of oxygen absorbed
137 . 5.48-05
137 6.1E-05
154 6.4E-05
154 6.4E-~05
158 7.1E-05
178 | _ 7.5E-05
178 7.8E-05
178 7.8E-05
182 ~ 7.9E-05
202 B © 8.2E-05
202 8.9E-05
2086 - - 9,.6E-05
206 '

21% Oxygen concentration

time (min) _ : moles of oxygen absorbed
20 - . 2.13E-05
20 ' 3.19E-05
24 ' . 2.47E-05
.24 ' 3.19E-05
28 _ _ 3.1E-05
28 - 3.55E-05
44 6.3BE~05
44 ' §.74E-05
48 6.38E-05.
48 7.09E-05
52 : 6.74E-05
52 . 7.45E-05
68 ' 7.09E-05
72 7.88~05
72 | 8.51R-05
76 7.45E-05
76 7.8E-05

T continued overleaf...
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time {(min) moles of oxygen absorbed
92 1.03E-04
92 1.06E-04
96 1.6E-04
96_ 1.1E-06
100G 9,93E-04
100 1.03E-04
1l6 1.3BE-04
1l6 1.42B-04
120 1.42EB-04
120 1.45E-04
124 1.21E-04
124_ 1.24E-04
140 1.6E-04
140 1.63E-04
144 1.637-04
144 163E .
148 1.67E-04
164 1.888-04
164 1.92E-04
172 1.88E-~04
172 1,88E-04
188 2.2E-04
188 2_.23E-04
196 2,16B-04
196 2.2E-04
212 2.41E-04
212 2.48E-04
220 2.34E-04
220 2,34E-04
244 2.52E-04
244 2.48E-04
260 2.8E-04
260 2.8E-04
268 2.7E-04

continued overleaf...
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moles of oxygen absarbed

time (min)

268 2.668-04 |
284 3.05E-05
284 2.73E-04
252 Z.98E-04
292 2,B4E-04 .
306 3.19E-04
206 2.98E-04
316 '3.05E-04
330 326E-04

50% Oxygen concentration

time (hfs)

moles of oxygen absorbed
0 " B.OE-05 '
iz 6.1E-05
12 7.1E-05
i6 9.0E-05
a0 1.0E-04
20 1.5E-04
20 1.6E-0D4
28 1.6E-04
28 1..9E-04
28 1.8E-04
az 1.9E-04
32 2,1E-04
a9 2.0E-04
a0 2.5E-04
40 2.7E-04
40 2,9E-04
72 3.0E-04
72 3.3E-04

72

3.9E-04 .
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99% Oxygen concentration

time (hra) moles of oxygen absorbed

0 ' G '

12 1.2e-04

12 . . : 1.3E-04

12 1.4B-04

16 ' 1.5E-04

16 : 1.7E-04

16 : 2.0E-04

20 . 2.4E-04

20 - 2 .5E-04

20 S  2.7E-04

28 4.04E-04

28 ' : 4.10E-4

32 4.4E-04

32 - _ 4.5E-04

40 ' 4.8E-04

40 : o . 5,0E-04

72 6.8B-04 :
72 7.1E-04 k
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Drying experimental data.

Run 6
time (hrs) mass of moiéture (g)
+] 15,86 |
2 13.96
3 12.68
8 11.42
24 7.61
27 6.35
32 5.71
48 5.71
51 3,81
55 3.81
72 3.17
79 1,90
99 1.27
103 0
- 120 o
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Run 7
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time (hrs)

mass of moist_:uré (a)

g

m W N

27
48
51
55
72
79
99
103
120

14,38
13.:8
13.28
11.06
4.43
3.87
.32
21
.68
.11
.55

.55 |

o L= o = + 3 N W




-136-
| Run 8
| time (hxa) rhé.ss of moigture (g)
0 16.90
2 '_ 15.65
13 12.52
24 - 5.89
27 6.26
32 . 6.25
51 3.13
72 ' : 2.50
79 _ 1.25 -
99 . 1.25
103 - | 0
120 g 0
|
4
Y
i
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Rumn 9

time (hrs) mass of moisture (g)
o | 17.70
2 12.78
3 12.29
8 8.85
24 7.86
27 7.87
32 4,92
48 2.46
51 2.46
72 1.47
19 0.58
98 0

120 0

e 4m ¢ T E—— el ot = AT o B g ek = o m g el i
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Run 13

.t:_ime {hrg} mass of moisure (g)
0 | 17. 'fS
2 15.56
4 12.23
8 11,11
24 5.586
26 5.56
32 1.11
52 1.11
74 c

95 o
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Error Analysis ' i

Errors are'not mistakes, one cannot avoid thém by say
being very careful. The best one can hope for is to ensure
that errors are as small as possible, it ie als=o importént

to have some reliable estimates on how large they are.

One has to evaluate the magnitude of uncertaiﬁty, there
are simple measurements for which it is easy to make
reascnable estimates of uncertainty. For the pipe reactor
and éhe drying experiments goraphs below show the

uncertainties in % oxygen and mass of molst ‘re.

) Eﬁfﬁﬂ

0 80 100 150 200 250 300
Bed Height (cm)

FPebruary results run 1
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0 50 _160 150 200 250 300
Bed Height {cm)

January resulis run 2

i
)
20 = ',
5 15%
g
¥ 104 i i
% 101
§' <] I i |
é 0 : : £ & 3
¢ m e e La  hg
5 !
l Time (hrs) :
] |

Drying run 23

e ——in e 1R A g A R
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B

e
o

L[]

Mass of Moisture {g)
=]
' i
-
gy

.
—o—

g..
g.

60 80 100 1¥;

Time {hrs)

én

Drying run ¢

Errof introduced by the static head of the column of the
o0il sucked up should be very negligible, this ig mainly
becauge column height is very low which in turn makes the
part_iai pressure effect very minimal.The pressure of the

oxygen' absorbed wasg found to be about 4 willibars,

Reliabilitg._ggg;gr RZ

The reliability factor is usded to su=sess how zeliable
results are and can also be used to compare fits of
different models describing the same data. If the data

fits the model well R?, the relisbility £factor should
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approach unity. For repults in chapters 3 and 5 excel was

used to calculate the r iability factor and Ffairly

reasonable to very good fits were found. Given below are

the results of the drying experiments.

R-Sguared value

0 w ~1 o .
E

0.9776
0.8664
0.9591
0.9169
0

. 7859

For thé oxidation experiments R® values ranging from 0.6859

to 0.9645 were obtained, this also a general acceptance of

the fit of the experimental data to the model.

N L T = )
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