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ABSTRACT

complications associated with the burning of coal char, a controlled study has been made of the oxidation of fine

graphite in laminar methane-air flame as a contribution to the understanding of the more complex phenomena of
the gasification kinetics of the char. The burning of methane is equivalent to the burning of volatiles and graphite
oxidation is similar to that of coal char. Aspects of this have been simulated in experimental and computational studies of
4yum diameter graphite particle burning in methane - air flames at a pressure of 0.160 atm. The low pressure not only
ensured good spatial resolution of the flame structure but it also ensured that the graphite reaction rate was chemically
controlled.

Pulverized coal combustion is exceedingly complex with a vast number of variables. In order to avoid the

Comparable values from prediction and measurements were observed and were explainable in terms of the presence of
reactive flame radicals O, OH, and H in controlling oxidation aided by the catalytic radicals attack by molecular oxygen.
The primary oxidation product from the kinetics is CO. This is simultaneously coupled to a detailed multi-step gas phase
kinetic mechanism in the oxidation for CHy - air flames. For lean flames, the available CO in the presence of the reactive
radicals enhances reactions with the effect of enhancing the associated heat release rate. This contributes to the observed
enhanced burning velocities in these flames. For rich flames, because of the limited amounts of O,, the catalytic effect is

impaired and thus reduces the char oxidation rate and thus reduces the burning velocity of the propagating flame.

1. INTRODUCTION

The kinetic modeling of coal gasification is
fraught with difficulties due to the extreme
complexity of the phenomena. In a phased
approach to the problem an attempt is made to
simulate ultra-fine coal gasification with that of
ultra fine graphite gasification in methane - air
flame. This is based on the assumption that the
gas devolatilised from the coal is methane and
the rate of devolatilisation is expressed by a
rate equation that is part of the complex of
chemical reactions and the mixing of the
volatiles with the surrounding air is
instantaneous. Ultra-fine is so fine that thermal
and velocity lags are to be neglected. It is a
limit condition, closely shown for particles
sizes of 5 um but less so as diameters tend to 20
um (Bradley et al, 1986, John, 1995). Coal char
combustion was simulated by burning graphite
in methane-air flames. The burning of methane
is equivalent to the burning of volatiles and
graphite oxidation is similar to that of coal
char. The philosophy of this adaptability has
been reported in the work by Bradley et al.,
1994. Combustion characteristics of these
particle sizes are chemically controlled

(Bradley and Lee, 1984). The deployment of
ultra fine particles is of practical interest in that
ultra-fine coal of up to 10um means particle
size has been shown to be oxidised completely
in flames. These are capable of producing a
hotter, shorter flame compared to normal
pulverized coal and might be deployed in
systems originally designed for residual fuel oil
(Barrat and Roberts, 1989). This approach has
been applied with some success to calculate
lean flammability limits and burning velocities
of some coal - air flames (Bradley et al, 1989).
Investigations at high levels of concentrations
of particles may elucidate the kinetics of actual
coal char gasification in flames. This paper

reports on both the experimentally and
theoretically obtained findings in that
direction.

2. SIMULATED COAL-GRAPHITE
COMBUSTION

Coal devolatilises upon heating, and the
methane - air graphite model is modified to
take account of the rate of this. It is assumed
that devolatilisation produces volatile and
residual solid matter: the former consisting
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solely of methane and the latter solely of
carbon. Mixing of methane and the
surrounding air is rapid and the methane burns
in a premixed methane - air flame, the kinetics
of which are coupled with those for graphite
oxidation. The solid char is assumed to have
the same effect in the coal - air flame as
graphite has in the methane - air - graphite
flame, Bradley et al. (1989). In the present
studies, the char oxidation model of Dixon -
Lewis et al (1991) and the two flux radiative
energy model of Chen (1990) are deployed in
the oxidation model.

2.1 Volatile Composition, Chemical and

et al (2001) have estimated that the actual VM
increased from the proximate value of 35 - 40 %
for bituminous coals to 50 - 60 %. Ruksana
(2000) suggested that this increase is 20 % for
high bituminous volatile coals. In this work no
such factor is introduced.

2.1.2 Devolatilisation Kinetics and Rate of
Char burn up
Current devolatilisation kinetics generally
assume the process to be chemically rate -
controlled (Ruksana, 2000). Due to the
complexity of the process, it is still impossible
to formulate a rigorous kinetic model of
devolatilisation and controversy surrounds the

Devolatilisation Kinetics

2.1.1 Volatile Composition

The chemical composition of the volatiles
depends upon that of the coal, the temperature,
and the rate of heating. The review of gaseous
volatiles composition by Bradley et al. (1986)
showed the dominant volatiles for most coals
to be CO,, CO, CH,, H,, H,O and C,H,4. For
younger coals, Bradley et al. (1991) reviewed
the findings of several researchers and
suggested the major constituents to be CxHs,
CO, GHy, CH,y, COy, H2O and Ha. Though the
volatile composition is diverse, in modelling
the number of constituents has usually been
reduced. In the coal - air flame model of Smoot
and Smith (1990), volatile products were
assumed to consist of CO, H,, N,, OH and
unnamed  hydrocarbon Ci,Hm. Although
Bradley et al. (1991) found nine major volatile
constituents of Sinai coal, in modeling the
flame propagation for this coal only six
constituents were considered. These were CoHy,
CO, CHy4 CO,, Hs. In their model, Dixon -
Lewis et al (1987) and Bradley et al (1989)
assumed CHs to be the sole volatile. This
assumption is also made in the present work.
Again, it is assumed that the remaining solid
after devolatilisation is a char consisting
entirely of carbon.

The amount of volatiles actually released at the
high heating rates and temperatures of real
furnaces is greater than that determined in a
proximate analysis of volatile matter (VM). The
evolved VM is assumed to be increased by
some not entirely determinate amount over
that given by the proximate analysis. Williams

experimental  determination of  kinetic
parameters, Williams et al (2001). At high

temperatures, devolatilisation is extremely
rapid, thus forcing most experimental
investigations into a narrow temperature

range, (ibid). The determination of kinetic
parameters over a narrow temperature range
necessarily introduces uncertainty about the
use of such parameters as activation energy
over a wider range.

Irrespect of these difficulties, attempts have
been made to correlate reaction rates and other
physiochemical parameters. William et al
(2001) suggest the use of the simplest form of
first order kinetics, because this can fit the data
as satisfactorily as some of the more complex
formulations. On this account, and with the
assumption that the volatiles consist only of
methane, the devolatilisation kinetics have
been presented by Dixon - Lewis et al (1987),
Bradley et al (1989) and William et al (2001) by
the simple chemical equation:

CH4,solid - CH4,gas (1)

The endothermicity associated ~ with
devolatilisation, assumed to be temperature
independent, was 1724 kJ per kg CH, released,
Dixon - Lewis et al (1987). The rate of
devolatilisation is given by a first order molar

rate, R, (Bradley et al 1989):
Y

m

m
RCH4 = kdevpg ﬁkmole l’l’l_3S_1 (2)

m
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in which keev is a first order rate coefficient, pg
the gas phase density, mcns the molecular mass
of methane, Y, the mass fraction of combined
methane held in the coal and Y. the mass
fraction of char in the total mixture The first
order rate coefficient is that assigned the
following value by Dixon - Lewis et al (1987);

kg, =10 exp(-21649/T) kmole™'s™ 3)

where T is the particle temperature. The
subsequent gas phase kinetics for the
combustion of volatiles are those for methane
oxidation. The residence time of the char
particles in the flame is short and it is assumed,
as for graphite particles in methane - air flames,
that the surface of any pores that develop in the
char particles does not support oxidation. This
is likely to be less valid than the comparable
assumption for graphite. The oxidation of the
char and the coupling of char and gas phase
kinetics is treated in the same way as the
oxidation of graphite in methane - air flames.

It is worth noting that in real turbulent
pulverised coal flames, this coupling is of
interest for the modelling of the near burner
combustion (Ruksana, 2000). In this zone,
because of the recirculation, the char residence
time is increased. This should augment its
oxidation via the radical species OH, O and H,
that arise from the combustion of the volatiles
in this zone (Williams et al, 2001). The CO
resulting from the char oxidation would
participate in the gas phase combustion and it
is upon this combustion that the stability of the
flame depends (ibid).

When the coupled char oxidation is
incorporated into the models of pulverised coal
combustion at 1.0 atm. pressure, as distinct
from the low pressure of the present graphite
flames, assumptions that the reaction is
chemically, and not diffusion, controlled are
only valid for particle sizes less than 10 pm
(John, 1995). The computational studies of John
(1995) showed that at 1.0 atm., the reaction
rates of poreless carbon particles of less than
this size were chemically controlled at
temperatures below 2000 K. As the size
increased from 10 to 120 pm there was a
transition from chemical to diffusion control.

Such a wide band is explained by the different
reaction kinetics and diffusion rates of different
species. These studies are in general agreement
with the predominantly experimental data
collated by Bradley et al. (1994) where the
upper particle size limit for chemically
controlled burning of coal chars is 100 pm at
1.0 atm., at temperatures below 2500 K.

3. ANALYSIS OF GASIFICATION
KINETICS

3.1 Experimental Arrangement and Gas
phase kinetics

The experimental arrangement for the study of
the gasification kinetics was undertaken in a
low pressure burner, an apparatus set
described else where (Bradley et al 1991). A
schematic deployment of the system is
depicted in Fig 1. Here, a gas flow system,
enabled streams of methane - air and the same
seeded with graphite to flow to the burner.
This was used to infer the results of simulated
ultrafine coal char gasification through the
study of the structure of laminar flat methane -
air flames seeded with graphite particles.
Premixtures of methane, technical grade 100%,
and air latter seeded with artificial graphite or
alumina powder was employed. The artificial
graphite powder had specific surface area 18.3
m? g1, particle size < 5 um (95.5%), particle
density (measured with mercury) 1.6 g cm3,
porosity 0.3, Si020.013%, A1, O3 0.0064%, Fe;O3
0.083%, CaO 0.0075%, TiO20.0063%, MgO trace,
moisture 0.2% ash 0.09%. The particle mean
size diameter, measured with the laser based
visibility technique was 4 um. Gas temperature,
gas velocities and species concentrations were
studied in the flames at 0.160 atm using
methane-air flames of equivalence ratios ¢ of
0.6 0.7, 1.07, 1.2. The equivalent ratio ¢ is
expressed by

(mCH4 /m,, )ACI
P= : @
Mey, /M )Stozch
where mcpa is the mass of methane, mai,, mass of air,
Act. is actual and stoich. is stoichiometric. The
burning wvelocity was measured for all the
equivalence ratios and different graphite loading.
For species concentrations, the equivalence ratio of
0.7 and 1.2 were deployed, these represented the fuel

air
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lean and fuel rich flames. In the experimental
conditions, for each of the methane-air mixtures at
the four equivalence ratios, four different amounts
of graphite were added. It is of interest in the
context of modelling the combustion of coal to
express an equivalent mass fraction of volatile
material, VM, the mass of methane to the mass of
methane plus graphite of the initial reactants as:

Mey,

VM = ()

Mey, +m,

where my, —and m, are the mass of methane and

graphite respectively. The ratios used in the present
work were 0.8, 0.6, 0.5 and 0.4 at 0.160 atm.

The introduced graphite particles in the methane -
air flame are assumed to consist only of pore-less
carbon whose oxidation process is chemically

controlled (Mulcahy and Smith, 1969). This is valid
for small carbon particles of less than 10 um
diameter, in 0.1 to 1.0 atm for temperature range
between 500 K and 2500 K (Bradley et al ,1985).
The oxidation rate coefficients are those taken from
Mulcahy and Smith, (1969) and expressed as;

ki = Ai Texp (-Ei/ RT) (6)

ki is specific reaction rate in kg m2s1 atm?, A;
the pre-exponential factor, T absolute
temperature, E; the activation energy, R the
universal gas constant.

In the schematic figure; Fig 1, Vi....Vy, Vp, V,,
V., Vs, V;, Vi are flow control valves, R a
rotameter whilst g and h are needle valves.
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The methane-air gas phase kinetic reactions
employed is available from Dixon-Lewis (1984)
and given in Table 1. The coefficients of
parameters for expressions in the forward rate
and independent equilibrium constants are
expressed as k = ATBexp(-C/T) and
equilibrium constants as K = DTEexp(F/T) =
Kforward/ Kreverse (Dixon et al, 1991), both in units

of cn moles. The values of rate and
equilibrium constants A, B, C,D and E and F for
the different reactions are given in Table 1
(ibid). The scheme is necessary for the primary
volatile combustion, here, methane (CH,) in
reaction steps 24-26. The responsible species for
these exothermic reactions are H, O, OH
radicals.

Table1l Methane (CH4) -Air Reaction Mechanism (Dixon-Lewis et al (1991)
No | Reaction A B C/(K) | D E F/(K)
1 OH + H; & H,O +H 1.1 x10° 1.3 1825 | 0.21 0.0 -764
2 H+O;->OH+O 1.8 X 1014 0.0 8250 | 300.0 |-0.372 | 8565
3 O+H,-OH+H 1.8 x 1010 1.0 4480 | 2.27 0.0 938
4 H+ O+ H; < HO: + H» 2.8 x 1018 -0.86 | 0.0 0.7.45 | 0.0 -23380
H+ O+ Ny HO; + N» 3.75 x 1020 -1.72 1 0.0
H+O;+ 0O, HO, + O, 3.0 x 1020 -1.72 1 0.0
H+ O; + H)O < HO, + HO» 9.4 x 1018 -0.76 | 0.0
H+ O+ CO < HO;+ CO 2.1x108 -0.86 | 0.0
H+ O+ CO; > HO: + CO; 4.1x108 -0.86 | 0.0
H + O; + CH;OH < HO; + | 5.6x108 -0.86 | 0.0
CH;OH
5 H+ HO; &~ OH + OH 2.2x1014 0.0 710
6 H+ HO; & O+ OH 2.2x1014 0.0 710
7 H+HO, - H,+ O, 2.2 x1014 0.0 280
8 OH + HO; & H:O + O, 1.8 x 1013 0.0 0.0
9 O+HO, - OH+ O, 2.0x 103 0.0 0.0
10 1 H+H+HoHx+H> 9.2 x 1016 -0.6 |00 0.24 0.0 -5259
H+H+ Ny o Ho+ N2 1.0 x 1018 -1.0 |00
H+H+0O,ooH+ Oy 1.0 x 1018 -1.0 0.0
H+H + HO < H; + HO 6.0 x 1010 -1.25 | 0.0
H+H+ CO«+ Hx+ CO 1.0 x 1018 -1.0 |00
H+H+ CO; & H; + CO; 5.49 x 1020 20 |00
H+H+ CH;OH < H; + 5.49 x 1020 20 |00
CH;OH
1 |[H+OH+M - HO+M 1.6 x 1022 20 |00
M= Hz, Oz, CO, COz, CHgOH,
M = H,O 8 x 1022 -20 100
12 |lH+O+M <OH+M 6.2 x 1016 -0.6 |00
M= Hz, Oz, CO, COz, CHgOH,
M = H,O 3.1 x 1017 -0.6 | 0.0
13 | OH + OH < O +H» Kpi=exp. (27.1 +
1.5x103xT)
14 |OH+CO - CO+H 1.5 x107 1.3 385 382x |1.19 -1306
107
15 |O+CO+M-CO+M 5.4 x 1015 0.0 2300
M = Hz, Oz, CO, COz, CH3OH &
H,O
16 |'H+CO+M- CHO+M 5.0 x 104 0.0 755 1.7 0.0 -7080
M= Hz, Oz, CO, COz, CH3OH &
H,O
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17 | CHO + O, < HO,+ CO 3.3 x 1013 -04 |00

18 |CHO+H < Hx+ CO 1.2 x 10 0.0 0.0

19 | CHO + OH < H,O + CO 1.0 x 104 0.0 0.0

20 |CHO+O < OH + CO 3.0 x 1013

21 |CHO+H < CHO + H» 1 x 104 3.0 700 10.6 0.0 -7778
22 | CHO + OH < CHO + H:O 3 x 1013 0.0 600

23 | CH,O + O« CHO + OH 1.8 x 1013 0.0 1540

24 |CH4+H o CHs +Ho 2.2 x 104 3.0 4400 |29.3 0.0 355
25 | CHy + OH < CHs + H,O 1.6 x 107 1.83 | 1400 |6.153 | 0.0 -7285
26 |CHs+O < CH; +OH 1.2 x 107 2.1 3840 | 66.51 | 0.0 1293
27 | CH;+ O < CHO + H» 7.0 x 1013 0.0 0.0 07228 | 0.0 -35100

3.2 Char Oxidation

The theoretical and experimental studies by
Bradley et al (1989) on external surface reaction
rates for graphite particles of the size referred
in this investigation in methane - air flames,
albeit at lean equivalence ratios revealed the
rates to be greatest in the flame reaction zone. It
was observed that the oxidation, initially
believed to be due to O, OH and H rather than
other species was refuted on the ground that
the gas phase concentrations of these were not
adequate to explain the observed carbon
reaction rates, Dixon - Lewis et al (1991). Pore
reaction contribution would be unlikely due to
limited residence time of particles in the flame
(Bradley et al, 1985).

A plausible explanation of the high oxidation
rates lay on the ability of O, H, and OH to
catalyse reaction of C and oxygen molecules on
or near the char surface. This phenomenon
have been observed and accounted for in the
attach of C by the species in the presence of O,
Mulcaly and Smith (1969). Accordingly, an
overall reaction of the form shown in the
reaction equation no 7 is suggested;

H+2C+0, —» 2CO+H )

With this reaction, a possible reaction scheme
at or near the carbon surface of the form
presented in Table 2 is pro-pounded. The
radicals OH, O and H would be produced by
reactions (28) to (31). These would react with
carbon in reaction (34) and (36).

When the gas kinetic theory is evoked and &; is
the surface collision efficiency for removal of a
carbon atom at each successful collision, the

collision rate Z;, for species i, per unit of
smooth particle envelope area (Dixon Lewis et
al, 1991) is;

Z; =4.43 x 105 pis/ (Tmi) 5 mol m2s? 8)

pis is surface pressure in atmospheres, T
absolute temperature and m; the molecular
mass. Then, the rate of carbon oxidation arising
from the collision becomes F;, (ibid) such that;

F =12x10"¢€, Z, )
= 5320 € i pi,s/ (Tm;)*> kg m2s1

where €,is the collision efficiency, Z;, Pis and

tm, as defined earlier. This assumes one carbon
atom is oxidised at each successful collision
(ibid). For H, OH, O and O; collisions and at a
gas of temperature, of Ty these carbon fluxes
are, respectively (ibid) in kg m2s;

FH = 5320 €H pH,s Tg‘0~5

(10a)
FOH = 1290 € OH pOH,s Tg‘0~5

(10b)
Fo = 1330 €0 po,s Tg -05

(10c)
Foz = 1880 €02 poz,s Tg -05

(10d)

Where F and €, as defined earlier, P;s assumes
the nomenclature for partial surface pressures
of H, OH, O and O; and Ty is the equilibrium
gas temperature.

The value of the collision efficiency for oxygen
molecules shall be that suggested by Dixon
Lewis et al (1991) €02 = kehar [H] with kchar =
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5.5. x 104 m3 k mole!. The other efficiencies €y,
€on, €0 were temperature independent and
assigned values proposed by Bradley et al
(1985) as 0.036, 0.28 and 0.5 respectively.

The primary product arising from the surface
reaction is CO, the oxidation of which is
coupled simultaneously with the multi-step
methane-oxidation kinetic scheme given in
Table 1. Accurate validation of predicted and
measured burning velocities necessitated the
introduction of a kinetic reaction for a carbon
surface recombination reaction (Reaction 38,
Table 2), presented by Backreedy et al (2002)
and Dixon Lewis et al (1991) in the form;

H+OH+C— H,0+C (11)

with a temperature independent rate
coefficient, k; = 1.1 x 107 m#* kmol! s (Dixon-
Lewis et al, 1991). The resulting volumetric
molar rate of recombination Ripo of H and OH
(ibid) is;

RH20 = krpzm O-OHGH AS (12)

k; is the rate constant, pm the molar density, Gon
and oy the mole fraction of OH and H in the
mixture and A; is total external surface area of
graphite particles in a unit volume of the
mixture.

37) |H + 2C + O, | -8.0
«2CO+H

Eq. (3d)

Rate constant, k;,
(m* kmole-ls™)

No Reaction

No | Reaction AH Rate of carbon
oxidation
E, or Rate
k] g! C | parameter
burnt

28) | H+O2+C e |- Reaction (37),
HO:+C

(29) |HO: + H & | - Reaction ®),
OH + OH Table 1

(30) | HO2 + H <O | - Reaction (6),
+ H20 Table 1

B3l) |CO + OH| - Reaction  (14),
«CO+H Table 1

B2) |[CH + Oy & |- Reaction (37),
CHO+O

(33) |CHO + Oy & | - Reaction  (17),
CO + HO; Table 1

(34) |C+Ho CH -244 Eq. (3a)

(35 |C+OH < CO |68 Eq. (3b)
+H

(36) | C+0O < CO -28.17 Eq. (3¢)

38) |H + OH + C | 1.1x107
- HO+C
Table2  Possible catalytic mechanisms at or

near the carbon surface (Reaction 28 to 37) and
surface recombination at the surface of carbon,
Reaction 38.

4. COMPUTATIONAL AND RESULTS
ANALYSIS

4.1 Computational Analysis

With the various aspects presented, and by
considering the experimental unidirectional
flame in the x-direction, a set of time
dependent, conservation equation in the flame
flow for the two - phase system was
considered for gaseous species (molar rates)
mass conservation and energy conservation;

(i) Gaseous species (molar rates)
pt a(Fo-ig)+M a(Fo-ig) — _a(]I/ml) +R’ (13)
ot ox ox
(ii) Mass conservation - solid graphite
species, (mass rate)
PRLA VI A (14)

a

(iii)  Energy conservation (specific enthalpy,
h)

oh,  Oh_ g, +q.+q,)

oh __ g, *a.%q) 45
P Moy o (15)

Y. is graphite/carbon mass fraction in the
overall mixture, subscript g denotes mass
fraction in the gas phase alone, t denotes value
for the overall mixture and Y; represents a
species mass fraction. F = 1-Y,, pg = Fpy, p is the
local mass density, M the total mass flux, j; is
the mass diffusive flux of species i, Ri is its
volumetric molar rate of formation and m; is its
molecular mass. qq, qc and qr are mass fluxes
due to diffusion, thermal conduction and

. . Y
radiation respectively, o, =—* represents the

g

i

gaseous molar fractions. The volumetric molar
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rate of graphite oxidation R. in Eq. (14) is given
as (John, 2005);

RF=NZ":'F"A (16)

P
m
¢

Zf F,is the total rate of oxidation per unit

external surface area of the particle, obtained
from Egs (10a) to (10d), m. the molecular mass
of carbon, N particle number density and A,
the external surface area of a single particle.
Since p: and pgare the mass of mixture and gas
in a unit volume respectively, then (p: - pg) /myp
becomes the particle number density, N. When
this is evoked for Eq. (16) with pg = Fp: then R.
is

-F ), F 1
m{‘

R.=6p, " o

(17)

dx is graphite particle diameter at a position x
and p, the particle density. The particles were
assumed to be spherical and of a constant
density of 1600 kgm3 at all temperatures,
Bradley et al (1991). The specific heat of
graphite was assumed to be temperature
independent and equal to 1.5 Jg! k! (Dixon -
Lewis et al, 1991). Gaseous specific heats and
enthalpies were expressed as polynomial
functions of temperatures, (Dixon - Lewis
1984), following the JANAF Thermochemical
Tables (1977) and NASA Thermochemical
Polynomial Tables (1984).

Detailed transport formulation for thermal

conduction flux, q., and thermal diffusion, qa
are in accordance with those deployed by John

0.60
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Laminar burning velocity,
ul/(m/s)

0.10
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Mass fraction of graphite in gas mixture,
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Variation of laminar burning velocity with graphite mass ratio in gas mixture, F, for different
methane-air flames of equivalent ratio ¢; 0.6, 0.7, 1.07, 1.2 at 0.160 atm.

Fig 2

0.080

(2005). For computational economy, only H,

N, O,, H,, CO, CO,, H,O and CH4, which are
predominant in coal combustion, (Backreedy et
al, 2002) were included in the calculation of the
thermal conductivity. The expression for
radiative flux q;, together with a combustion
mathematical model formulated and described
by Chen (1990) and John (1991) were deployed
to give corresponding model predictions.

4.2 Analysis of Results

4.2.1 The Influence of Graphite Reactions
The measured and computed values of the
laminar burning velocities at different values of
mass of volatile to the total mass of the
mixture, F. is displayed in Fig. 2. The
computed values are the curves and the
measured values the symbols. In general,
computed values are greater than those
measured, and the discrepancy increases with
equivalence ratio. For a methane - air
equivalence ratio of 0.6 the increase in the
burning velocity, u, is uniformly maintained
with increase in F.. For 1.2 the elevation is
almost constant, whatever the value of F.. ¢ =
0.6 and F. = 0.04 correspond to an overall
equivalence ratio, ¢, = 1.07. Clearly, there is
some difficulty in accurately modelling the
overall rich flames. Two factors might explain
the increased computed values of u, one is the
suppression of radial velocity in the model and
the other is that at higher values of F. there is
an inevitable loss of energy by radiating hot
flame particles to the burner matrix with a
consequence of reduced heat release rate. This
reduces the burning velocity (John, 2005).

—-——Computed
¢=0.6 >| Measured
—— — —("nmp| ited
¢=0.7 »| Measured
GComputed

0=1.07 Measured
(".nmpl ited

¢=12 | Measured
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Profiles of dry molar percentages of CO, CO,,
and O, are shown in Figs. 3 to 6. Because of
space, these are shown only for initially lean
flame (¢ = 0.7) and rich flame (¢ = 1.2). These
concentrations are well predicted by the model
at all graphite mass ratios for the initially lean

CHy - air flames. For the initially rich flames,
the model predicts well the concentrations of
CO and that of CO,. However, it is noticeable
that for all values of F. at ¢ = 1.2 the rate of
reaction of Oz is over predicted.

Despite these limitations, the model predicts the flame structure and burning velocities fairly well.
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Fig3 Measured and computed O,, CO, CO; for a methane-air flame equivalence ratio, ¢ =0.7
at 0.160 atm. Seeded with graphite at a concentration, Fc of 9.80x10-3 and 2.60x10-2
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ratio, $=1.2 at 0.160 atm. Seeded with graphite at a concentration, Fc of

1.60x10-2
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¢=1.2 at 0.160 atm. Seeded with graphite at a concentration, Fc of 6.54x102 and
9.79x10-2
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Figures 7 and 8 summarise the effects of
graphite  addition on the maximum
concentrations of the radical species OH, O and
H and on the maximum CO concentration,
together with burning velocity for CHy - air
flames with ¢ = 0.7 and 1.2. The situation for ¢
= 0.7 is that there is an initial increase in the

concentration and this peaks when F. = 0.013.
Thereafter, there is a slight fall in the
concentration with increase in F.. The
maximum concentrations of H and O soon fall
with increase in F.. These trends are more
marked for ¢ = 1.2, as shown in Fig. 8 where all
maximum concentrations fall

with any
maximum OH concentration with graphite  addition of graphite.
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Fig7 Effect of graphite loading on burning velocity, and computed maximum

concentrations of OH, O, H, CO in dry molar percentage for a methane-air flame

equivalence ratio, ¢ = 0.70 at 0.160 atm
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Fig 8 Effect of graphite loading on burning velocity, and computed maximum concentrations of
OH, O, H, CO in dry molar percentage for a methane-air flame equivalence ratio, ¢ = 1.2 at

0.160 atm

The initially observed increases in the
maximum concentration of H, OH and O in the
lean flame are attributed to the production of
these via reactions (28) - (31) and (35) - (36) in
Table 2. For ¢ = 0.7 the excess O, enhances
reaction (28) that leads to both increased OH
and O concentrations. Reactions (35) and (36)
explain the marked increase in CO
concentration with F. and the increase in H

concentration, to which reaction (31) also
contributes. For the rich flames, because of the
limited amount of O, these reactions are
limited and the relative increase in CO
concentration is relatively less, although the
maximum concentration of CO increase with F.
for both lean and rich flames. It is of particular
interest to note how the changes in burning
velocity follow those in maximum OH
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concentration. Only with the lean mixtures is
there an initial increase in burning velocity
with F.

5. CONCLUSIONS

The combustion of pulverised coal is
exceedingly complex with a vast number of
variables; this study has attempted to control
the velocity by decoupling some of the
variables by undertaking the oxidation of fine
graphite in laminar methane-air burning in one
dimensional methane-air flame. This is viewed
as a contribution to the understanding of the
more complex practical phenomena. The
burning of the graphite is equivalent to the
burning char which is one of the important rate
processes in pulverised coal combustion.
Aspects of this process have been simulated in
experimental and computational studies of
graphite oxidation in methane - air flames. The
catalytic oxidation mechanism for the reaction
of carbon has been coupled with the gas phase
kinetic scheme.

The small size of graphite particles and the low
pressure used in the studies ensured that the
graphite reactions were chemically, and not
diffusion, controlled. The chemical kinetics of
graphite oxidation are coupled with methane
oxidation kinetics in a mathematical model of
the ultra - fine graphite - methane - air flame.
The application of the same is reported in other
work (John, 2005)

Validation of this model was through
measurements of burning velocity, gas
Velocity, gas temperature, and concentrations
of CO, CO,, and O; at low pressure. The low
pressure was of the great advantage of
extending the reaction zone since the reaction
zone thickness is inversely proportional to
pressure (Hirschfeder et al, 1985) and thus
facilitated sampling through the flame and,
hence, kinetic studies. In general, there was
good agreement between the measured and
computed results. The imposed one
dimensionality of the model might explain
some discrepancies, particularly with regard to
the over - prediction of gas velocities. For
heavily seeded flame there is also the
possibility of some heat loss to the burner
matrix. There are some chemical kinetic

uncertainties for rich flames. These appear to
be somewhat aggravated by the addition of
seed.
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