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a b s t r a c t

The burning process of a single carbon particle in air at isobaric conditions is studied. Transient numerical
simulations, including detailed physical and chemical models, are performed. The characteristic values of
the burning process, i.e., the burning rate and the surface temperature, show an unsteady behavior. How-
ever, if the particle radius is fixed artificially, a steady behavior of these values can be observed. Further-
more, it turns out that if the ambient temperature is sufficiently high, the d2-law holds and the burning
rate constant K (of the d2-law) is almost constant in time. Thus, the burning process bears a strong resem-
blance to the transport controlled regime. These findings are confirmed by the obtained results of a minor
dependence of the burning rate on the ambient pressure and an almost linear dependence of the burning
rate on the oxygen concentration in the ambient gas phase.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The ignition and combustion of a coal particle is a transient phe-
nomenon with a spatial fine structure. The overall reaction process
includes several aspects, like chemical kinetics on the surface,
molecular transport of species and the chemical kinetics in the
gas phase. The coupling of these different physical and chemical
processes complicates the understanding of the behavior of coal
particles. A suitable configuration to investigate the basic phenom-
ena of these processes is given by the combustion of a single car-
bon particle in a quiescent gas environment. Because of the
coupling a calculation of the combustion of carbon particles has
to imply detailed models for the physical transport processes and
for the chemical kinetics.

The ignition and combustion of coal particles have been studied
experimentally [1–7] by many groups. Fewer numerical investiga-
tions have been reported [8,9]. Gururajan et al. [8], for example,
presented a detailed model for the steady-state combustion of a
coal particle under spherical symmetry. The temperature gradient
within the particle as well as heat transfer by radiation is ne-
glected. The Lewis number in the gas phase is assumed to be unity.
Surface and gas phase kinetics are modeled by one-step kinetics.
Mitchell et al. [9] studied the burning behavior of pulverized-coal
char particles performing numerical quasi-steady-state calcula-
tions including a detailed gas phase reaction mechanism, a detailed
ll rights reserved.
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surface reaction mechanism and a multicomponent transport
formulation.

In order to focus on the heterogeneous combustion of carbon
several authors have studied the combustion of graphite experi-
mentally [10,11]. Makino et al. have determined combustion rates
and global kinetic parameters of graphite in a stagnation flow
[10,11]. Numerical simulations have been performed for the com-
bustion of graphite [12] and carbon [13–18]. Libby and Blake stud-
ied the influence of water vapor on the burning process of carbon
particles [13]. Frozen gas phase chemistry and equilibrium gas
phase chemistry were used to simulate the burning process. Chell-
iah simulated the steady burning of spherical particles in a quies-
cent environment using detailed chemical and physical models
[12]. A complex interaction between surface kinetics, gas phase
kinetics, mass transport and thermal radiation was identified. Ado-
meit et al. simulated the combustion behavior of a carbon surface
in a stagnation flow [14,15]. One step gas phase kinetics was used.
It turned out that the interaction between physical and chemical
processes, which determines the combustion rate, cannot be de-
scribed in a reliable way by simply considering the limiting cases
of frozen flow and infinitely fast homogeneous reaction [14]. Cho
et al. presented a detailed model for the simulation of carbon par-
ticles [16]. Lee et al. [17] performed transient time-dependent sim-
ulations to investigate the influence of surface regression. They
concluded that the assumption of quasi-steadiness is critical.

To improve the understanding of the coupling of the different
physical and chemical processes the influence of different ambient
conditions on characteristic quantities of the combustion of carbon
particles, like surface temperature and burning rate, has to be
investigated. In the following we study the influence of the time-
dependence of the particle radius on the burning behavior. The
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Nomenclature

Al pre-exponential factor of reaction l (m, mol, s)
Cp specific heat capacity at constant pressure (J/kg K)
Dm

i diffusion coefficient of species i ðm2=sÞ
d diameter ðlmÞ
dpart particle diameter ðlmÞ
Ea;l activation energy of reaction l (kJ/mol)
hi specific enthalpy (J/kg)
ji diffusion flux of species i ðkg=m2 sÞ
jq conductive heat flux density ðW=m2Þ
K burning rate constant ðm2=sÞ
kl rate coefficient of reaction l (m, mol, s)
Mi molar mass of species i (kg/mol)
M mean molar mass (kg/mol)
mpart particle mass (kg)
p pressure (bar)
R universal gas constant (J/mol K)
Ri surface reaction rate of species i ðkg=m2 sÞ
r radial coordinate (m)
rpart particle radius ðlmÞ
T temperature (K)
Tg gas temperature (K)
Tref reference temperature (K)
Tsurf surface temperature (K)
t time (s)

vn normal velocity (m/s)
wi mass fraction of species i
xi mole fraction of species i
z mass flux at the surface of the particle (kg/s)

Greek symbols
bl temperature exponent of reaction l
� emissivity
k heat conductivity (W/m K)
q density ðkg=m3Þ
r Stefan–Boltzmann constant ðW=m2 K4Þ
/ burning rate ðkg=m2 sÞ
/stef Stefan flux ðkg=m2 sÞ
w Lagrangian-like coordinate (kg)
_xi molar rate of formation of species i ðmol=m3Þ

Subscripts
i species i
part particle
0 initial value

Superscripts
g gas phase
s solid phase ðeparticleÞ

Table 1
Reactions of the used surface mechanisms.

Reaction Al=ðm; mol; sÞ bl Ea;l=ðkJ mol�1Þ

Surface mechanism of Bradley et al.
2CðsoÞ þ O2 ! 2CO 2:74� 10�18 6.5 63.64
CðsoÞ þ CO2 ! 2CO 6:789� 107 0.5 285.0
CðsoÞ þ O! CO 4:548� 104 0.5 0.0
CðsoÞ þH2O! H2 þ CO 3:621� 109 0.5 288.0
CðsoÞ þ OH! COþ H 2:467� 104 0.5 0.0
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usability of the assumption of no radiative loss is studied. Further-
more, the dependence of the burning rate and the surface temper-
ature of properties of the ambient gas phase, like pressure, water
concentration and oxygen concentration is investigated. For the
simulations different surface mechanisms of Bradley et al. [19]
and Libby and Blake [13] are used to model the surface kinetics.
The results of the calculations, basing on different surface mecha-
nisms are compared.
Surface mechanism of Libby and Blake
2CðsoÞ þ O2 ! 2CO 5:95� 102 1.0 149.7
CðsoÞ þ CO2 ! 2CO 1:687� 101 1.0 175.1
CðsoÞ þH2O! H2 þ CO 1:687� 101 1.0 175.1
2. Numerical model

To investigate the interaction of the physical and chemical pro-
cesses, detailed simulations are an efficient tool. Transient numer-
ical simulations of the combustion of single carbon particles have
been performed, starting with the deposition of the particle in an
ambient gas phase, where both particle and gas phase have the
same initial temperature.

2.1. Chemical and physical modeling

The particle represents nonporous graphite particle of 100% car-
bon with a density of 1800 kg=m3. In the gas phase the chemical
kinetics is based on a reaction mechanism of Maas and Warnatz
[20] including 13 chemical species and 72 elementary reactions.
The surface kinetics is based on the surface mechanism of Bradley
et al. [19] and the surface mechanism of Libby and Blake [13],
respectively. The surface mechanism of Bradley et al. consists of
nine chemical species and five reactions. Libby and Blake propose
a surface mechanism, including six chemical species and three
reactions. The reactions of both mentioned surface mechanisms
including the Arrhenius parameters are listed in Table 1. Rate coef-
ficients of the surface reactions are expressed in the form

kl ¼ AlT
bl exp

�Ea;l

RT

� �
; ð1Þ
where the Arrhenius parameters Al;bl and Ea;l denote the pre-
exponential factor, the temperature exponent and the activation
energy.

The ideal gas law is assumed to hold. The molecular transport
processes in the gas phase are modeled in detail. The diffusion
fluxes in the gas phase are calculated by the approximation of
Curtiss and Hirschfelder [21–24] and the heat fluxes are modeled
by Fouriers law [24–26]. The temperature dependence of the
physical properties of the gas phase, like e.g., diffusion coeffi-
cients or heat conductivities, based on the kinetic theory of gases
[22,24] are included in the used model. The carbon particle is as-
sumed to have spherical shape during the complete combustion
process. The heat loss by radiation at the surface of the particle
is calculated following the Stefan–Boltzmann law [25,26]. The
temperature dependence of the emissivity of carbon is taken from
Siegel and Howell [27]. Heat conduction inside the carbon parti-
cle is regarded as well (see below for governing equation). Details
of the modeling of the transport equations can be found in the
mentioned literature [22–26] where the used equations are
discussed.
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2.2. Governing equations

Assuming a spherical symmetry the number of independent
variables is reduced to two, namely the time t and the radial coor-
dinate r.

f ¼ f ðx; y; z; tÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
3D

! f ¼ f ðr; tÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
1D

: ð2Þ

To overcome numerical difficulties due to the discretization of the
convective terms, the equation system is transformed into modified
Lagrangian coordinates.

f ðr; tÞ ! f ðw; tÞ; ð3Þ

wðr; tÞ ¼
Z r

rpart

qðr; tÞr2dr; ð4Þ

where r denotes the spatial coordinate, rpart the radius of the particle, t
the time, q the density and w the Lagrangian-like coordinate. Due to
the transformation the continuity equation is implicitly fulfilled. In-
stead of the continuity equation, the transformation equation is
solved. Therefore, the governing equations in the gas phase read

@r
@w

� �
t
¼ 1

qr2 ; ð5Þ

@wi

@t
þ z

@wi

@w
þ @

@w
ðr2jiÞ ¼

_xiMi

q
; ð6Þ

@T
@t
� 1

qCp

@p
@t
þ z

@T
@w
� 1

Cp

@

@w
qr4k

@T
@w

� �
� r2

Cp

XnS

i¼1

jiCpi
@T
@w

þ 1
qCp

XnS

i¼1

_xihiMi ¼ 0; ð7Þ

q ¼ pM
RT

; ð8Þ

where wi is the mass fraction and ji the diffusion flux of species i; _xi

the molar rate of formation of species i;Mi the molar mass of spe-
cies i;p the pressure, T the temperature, Cp the specific heat capacity
at constant pressure, k the heat conductivity, M the mean molar
mass, R the universal gas constant, Cpi and hi the specific heat capac-
ity and the specific enthalpy of species i.

By introduction of the parameter z it is possible to fix the
Lagrangian coordinate system at the surface of the particle. The va-
lue of z is given by

0 ¼ @r
@t

� �
w

�����
w¼w0

¼ vðw0Þ �
z

qðw0Þr2
part

: ð9Þ

The ambient gas phase is assumed to be isobaric. Uniform pres-
sure is assumed (low-Mach number approximation), and therefore
the momentum conservation equation is replaced by [28]

@p
@w
¼ 0: ð10Þ

For the solid phase only the energy equation has to be solved to
account for the heat conduction inside the particle. The governing
equation reads

@T
@t
� ks

qsCs
p

� 1
r2 �

@

@r
r2 @T
@r

� �
¼ 0; ð11Þ

where ks is the heat conductivity of the particle, qs the density of
the particle and Cs

p the specific heat capacity of the particle.

2.3. Boundary conditions

Boundary conditions have to specified in the center of the par-
ticle as well as at the outer boundary. Additionally, interface equa-
tions have to be specified to account for the processes at the
surface of the particle.
In the center of the particle the standard symmetry boundary
condition is applied for the temperature. At the outer boundary, far
away from the particle surface, Dirichlet boundary conditions are as-
sumed for the ambient gas temperature and the species mass frac-
tions of the ambient gas phase (see text and figures below for
specific values).

The following interface equations describe the processes at the
particle surface.

/stef ¼
X

i

Ri; ð12Þ

0 ¼ qg � vg
n � /stef ; ð13Þ

0 ¼ wg
i � /stef � Ri þ jg

i ; ð14Þ

0 ¼ /stef �
X

i

wg
i hg

i � hs

 !
þ jg

q þ
X

i

hg
i jg

i � js
q � �rðT

4 � T4
ref Þ: ð15Þ

The index g denotes the gas phase, the index s the solid phase. /stef

denotes the Stefan flux, Ri the surface reaction rate of species i;q the
density, vn the velocity normal to the surface, wi the mass fraction
of species i; ji the diffusion flux density of species i; jq the conductive
heat flux density, hi the enthalpy of species i; � the emissivity, r the
Stefan–Boltzmann constant and Tref the reference temperature of
the radiative heat loss which is set to 300 K.

The regression rate of the particle is given by

drpart

dt
¼ �

/stef

qs
; ð16Þ

where qs denotes the density of the particle.

2.4. Numerical solution

The governing equations of the solid and the gas phase are
solved in a fully coupled way. The differential-algebraic equation
system is discretized by the method of lines using finite differ-
ences. The time integration is realized by the linearly implicit
extrapolation method LIMEX. Details on the numerical solution can
be found in [28,29,26].
3. Results and discussion

Numerical simulations are performed to investigate the influence
of different ambient conditions on the burning behavior of carbon
particles. The influence of the radiative loss at the particle surface
on the burning behavior is studied. Furthermore, the dependence
of the surface temperature and the burning rate of the particle on
the ambient temperature, the ambient pressure and the mole frac-
tions of water and oxygen is studied. Transient numerical simula-
tions are performed starting with a thermalized carbon particle in
a hot gas environment, i.e., both the particle and the gas phase have
the same initial temperature which corresponds to the ambient gas
temperature. These initial conditions are often not valid in real appli-
cations. However, the initial heat-up and ignition of the particle
(from 0 to 1 s in Fig. 1) is not the scope of the study and, because
the further combustion process is almost independent of the initial
temperature it is of minor interest for the study. The surface kinetics
is modeled by the reactions of Bradley et al. [19] and Libby and Blake
[13]. The results of the mechanism of Bradley et al. are denoted by
MECH1 in the following. The results of the calculations using the
mechanism of Libby and Blake are denoted by MECH2.

3.1. Influence of the particle radius

Several published numerical studies of the combustion of parti-
cles consisting of carbon or coal assume a quasi-steady burning of
the particle [13,8,9,12]. Following this assumption the particle
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radius does not vary with time during the combustion process.
Rather, the particle radius is fixed to a certain value during one
simulation of the combustion process. Note, that a parametric var-
iation of the particle radius can be performed by several simula-
tions. However, such calculations do not account for the dynamic
particle consumption during the combustion process. The decrease
of the particle radius causes a transient behavior of the particle
during the combustion process. Characteristic values of the com-
bustion process, like surface temperature and mass burning rate,
depend on the particle radius [12]. Due to the time-dependence
of the particle radius, these values vary with time during the com-
bustion process. Lee et al. have shown the assumption of the stea-
diness of the particle radius to be critical [17].

To investigate the influence of the assumption of quasi-steady
burning of carbon particles simulations are performed where the
particle radius is fixed artificially (which is analogous to the above
mentioned steadiness of the particle radius). This is done by omit-
ting Eq. (16) during the numerical solution procedure. The results
of these calculations are compared with results of calculations
using the complete numerical model presented above where the
particle radius of the particle decreases with time. If the particle ra-
dius is fixed artificially in numerical simulations a time evolution
into a steady-state behavior can be observed. In Fig. 1, a represen-
tative time evolution of the burning rate / and the surface temper-
ature with variable (time-dependent) and fixed particle radius can
be seen. The mentioned unsteadiness is not associated with the ini-
tial heating up and ignition of the particle (from 0 to 1 s in Fig. 1),
where a unsteady behavior can be observed in both cases. In fact, a
transient behavior of the surface temperature and the burning rate
is obtained during the whole simulation time, if the particle radius
is not fixed artificially. In the case of the fixed particle radius, a
steady behavior is obtained after 0.5 s. In the case of the decreasing
particle diameter a steady behavior cannot be observed until the
particle has disappeared. In the following, the dependence of the
characteristic quantities of the burning process, burning rate and
surface temperature, is studied in more detail. Figs. 2 and 3 show
the dependences of the burning rate and the surface temperature
on the particle diameter for three simulations with different initial
diameters ðdpartð0Þ ¼ 200 lm; dpartð0Þ ¼ 300 lm;dpartð0Þ ¼ 400 lmÞ
and identical other ambient conditions. It should be noted that the
time evolution of the depicted trajectories emerges from right to
left in the figures starting at the initial value of the diameter which
subsequently decreases. The three trajectories of the simulations in
Fig. 2 approach the same curve after a short transient period. This
curve seems to fit to a hyperbolic shape. The behavior of approach-
ing the same curve can be observed for both the burning rate and
the surface temperature. The surface temperature during the com-
bustion process is lower than the initial temperature of 1650 K
(see Fig. 3). The surface temperature is governed by the thermal
equilibrium at the particle surface, which is dominated by the ther-
mal radiation in the studied case. This is the reason, why the sur-
face temperature of the particle is lower than the temperature of
the ambient gas phase.

It can be stated that the characteristic values of the burning pro-
cess are only dependent on the current particle diameter, indepen-
dent of its previous evolution (note that the current diameter is
different from the initial diameter). This holds, even though the
characteristic values and the particle diameter are time-depen-
dent. The graph of the dependence of the burning rate on the par-
ticle diameter shows a hyperbolic shape, if the burning rate / is
proportional to the inverse of the particle radius: / � 1=r. This
shows the analogy to droplet evaporation. In the case of a steadily
evaporating liquid droplet the d2-law

d2 ¼ d2
0 � Kt ð17Þ

describes the time evolution of the droplet diameter d [30,17,24].
Here, d0 represents the initial diameter and K is the burning rate
constant, which is time-independent. If the d2-law is valid, the
burning rate / reads as

/ ¼ 1
4pr2

part
� dmpart

dt
¼ qs

8
� K
rpart

: ð18Þ

Here, qs is the density of the particle, which is assumed to be con-
stant in the simulation, rpart is the particle radius and the burning
rate constant K is the factor of proportionality in the d2-law. In
Fig. 4, the obtained time evolution of the particle diameter can be
seen, which is in accordance with the previously obtained results.
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The validity of these relations can be explained by the fact that the
burning process of the carbon particle proceeds in the transport
controlled regime [14]. The validity of this conclusion shall now
be investigated in more detail. In Fig. 5, the dependence of the nor-
malized burning rate on the particle diameter is shown for four dif-
ferent cases. In the transport controlled regime K ¼ const: holds
[30,17,24] and the dependence of the burning on the particle diam-
eter is given by the ideal hyperbolic curve

/ ¼ qs

4
� K
dpart

; K ¼ const: ! /ðdpartÞ
/ðdpart ¼ 250 lmÞ ¼

250 lm
dpart

;

ð19Þ

as in the case of a steadily evaporating liquid droplet, which is also a
transport controlled process [30,24]. To mimic the transport con-
trolled limit the surface kinetics is artificially accelerated by a mul-
tiplication of the reaction rates by a factor of 103. As can be seen, the
curves of the accelerated kinetics (transport controlled) and the
transport controlled limit (ideal hyperbola) coincide. To mimic the
reaction controlled case the surface kinetics is artificially deceler-
ated by multiplying the surface reaction rates by a factor of 10�3.
As can be seen in Fig. 5 the dependence of the burning rate on
the particle diameter is minor in this case (reaction controlled).
Additionally, the diameter dependence of the burning rate is shown
in Fig. 5 in the case of the detailed model. In this case (detailed
model) the shape of the curve resembles much more the transport
controlled limit than the reaction controlled limit. These findings
are confirmed by Fig. 6, in which the spatial profiles of oxygen
and carbon monoxide in the boundary layer of the particle are
shown. Again, it can be seen that the profile of the studied case
using the detailed model resembles more the profile of the trans-
port controlled case than the profile of the reaction controlled case.

The presented data has been calculated with the use of MECH1.
Nevertheless, the mentioned conclusions also hold for the use of
MECH2 as well as for the other studied ambient conditions, if the
ambient gas temperature is sufficiently high. The comparison of
the dependence of the burning rate of MECH1 and MECH2 to the
numerical data of Chelliah [12] and Mitchell et al. [9] is illustrated
in Fig. 7. The qualitative behavior of the increase of the burning
rate with decreasing particle diameter is the same for all datasets.
Nevertheless, quantitative differences in the results cannot be ig-
nored. The burning rate of both studied mechanisms exceed the
burning rates taken from literature, whereas the shape of the curve
of MECH1 bears more resemblance to the curve of Chelliah, than
the curve of MECH2 does. On the other hand the burning rates of
MECH2 almost coincide with the burning rates of Chelliah for par-
ticle diameter greater than 100 lm. The burning rates of all other
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datasets are larger than the burning rates of Mitchell et al. for all
diameters. It has to be noted that the mechanism of Mitchell
et al. has been developed for simulations of the quasi-steady burn-
ing of coal char particles, which differ from the unsteady calcula-
tions of carbon particles performed here. Generally, the burning
rates differ most for smaller particle diameters. The differences
can be attributed, at least partially, to numerical inaccuracies. A de-
crease of the burning rate with decreasing particle diameter has
been observed, if the grid resolution next to the particle surface
is insufficient. Therefore, our simulations are performed on a grid
with a high resolution in the boundary layer. Due to the different
length scales of combustion processes, a regridding procedure
based on a grid function is implemented [22,28,23]. Hence, the ra-
tio of the distances of two neighboring grid points is adaptive. A
representative distance in the boundary layer is 2 lm. During the
performed simulations a decrease in the burning rates for small
particle diameters has been observed in the case of coarser grids
in the boundary layer. Besides that, the burning rates of the studied
cases differ because of different reaction rates of the specific
mechanisms.

Because of the above mentioned unsteadiness of the results of
the transient simulations with variable particle radius, the charac-
teristic values of the combustion process also vary during the sim-
ulation in contrast to steady-state calculations where each of these
quantities takes one certain value. Therefore, the characteristic val-
ues of the combustion process are determined at a certain radius in
the following to compare with the results of steady-state
calculations.

3.2. Influence of radiative loss

In Fig. 8, the variation of the surface temperature with the
ambient gas temperature is shown for the surface reaction mech-
anism of Bradley et al. (MECH1) and Libby and Blake (MECH2).
The open symbols represent the obtained results under the
assumption of no radiative loss of the surface of the particle. As
one can see the results are in good agreement with the results of
Chelliah [12], who has also assumed negligible thermal radiation.
In contrast, the filled symbols depict the surface temperatures
including heat loss due to radiation at the surface of the particle.
The surface temperature in this case shows a similar ambient tem-
perature dependence as in the case of no radiation. However, the
absolute surface temperature is about 600 K lower. The surface
temperatures of both mechanisms show a slightly larger slope in
the case of no radiation than in the case of radiation. In both cases
the curves of MECH1 display larger slopes than the curves of
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MECH2. MECH1 appears to be more sensitive on the variation of
the ambient temperature than MECH2. So it can be stated that
the inclusion of radiative loss at the particle surface has a signifi-
cant influence on the surface temperature in the case of the com-
bustion of a single carbon particle. According to this surface
temperature the reaction rates and in conclusion the burning rates
vary. Certainly, if the particle is surrounded by other particles, like
in a pulverized coal flame, the overestimation of the surface tem-
perature is less than in the case of a single particle. However, the
decrease of this overestimation is dependent on the concentration
of the particles. Due to the results in this section the radiation loss
at the surface is included in the following calculations.

3.3. Influence of ambient pressure

To determine the sensitivity of the burning rate with respect to
the ambient pressure and to verify the above mentioned conclu-
sions of the transport controlled burning process the influence of
the ambient pressure on the burning process is investigated.
Fig. 9 shows the dependence of the burning rate and the surface
temperature on the ambient pressure in the range from 0.5 to
25 bar. Both the burning rate and the surface temperature show al-
most no dependence on the ambient pressure. Only for pressures
6 5 bar a slight increase of the burning rate with increasing pres-
sure can be observed. This behavior is not affected by the ambient
temperature, if the temperature is sufficiently high. The obtained
results comply with Croiset et al. [7] who stated a minor variation
of the burning rate with pressure. If the burning process is trans-
port controlled, the burning rate is proportional to the gas phase
mass diffusion flux at the surface. Following the approximation
of Curtiss and Hirschfelder, it holds for the mass diffusion flux jm;i

[21,25,24]

jm;i ¼ �Dm
i q

wi

xi

@xi

@r
¼ �Dm

i q
Mi

M

@xi

@r
; Dm

i ðpÞ �
1
p
) jm;i – f ðpÞ;

ð20Þ

where Dm
i represents the diffusion coefficient, wi the mass fraction,

xi the mole fraction and Mi the molar mass of species i;q the den-
sity, M the mean molar mass, p the pressure and r the spatial coor-
dinate. Eq. (20) shows the independence of the mass diffusion flux
on the pressure. Therefore, the independence of the burning rate (cf.
Fig. 9) on the pressure corresponds with the independence of the
mass diffusion flux on the pressure. On the other hand, the surface
reaction rates are not independent of the ambient pressure due to
its dependence on the concentrations of the involved species of
the gas phase. Hence, if the burning process is reaction controlled,
the burning rate would not be independent of the pressure. There-
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fore, the independence of the burning on the pressure confirms the
conclusion that the burning process proceeds in the transport con-
trolled regime.

3.4. Influence of water concentration

In the case of the burning of a carbon particle the presence of
gaseous water is of crucial importance for the gas phase kinetics
[31,20,24]. In the following the influence of the ambient gas com-
position on the burning behavior is investigated. The dependence
of the burning rate and the surface temperature on the mole frac-
tion of water in the range from 1% to 20% is shown in Fig. 10 for
the two surface reaction mechanisms MECH1 and MECH2. For
both mechanisms both the burning rate and the surface temper-
ature decrease with increasing mole fraction of water in the gas
phase. Nevertheless, the steeper decrease of both values in the
case of MECH1 should be noticed. In the case of the surface tem-
perature the obtained difference is significant, whereas the differ-
ences of the burning rates are within a range of 20%. So it can be
stated that the mechanism of Bradley et al. (MECH1) shows a
considerably larger sensitivity to the variation of the mole frac-
tion of water in the gas phase than the mechanism of Libby
and Blake (MECH2).

3.5. Influence of oxygen concentration

If the burning process is transport controlled by the diffusion
flux of oxygen, a variation of the oxygen concentration of the ambi-
ent gas phase has to lead to a noticeable change in the burning rate
of the particle. Fig. 11 shows the dependence of the burning rate
and the surface temperature on the mole fraction of oxygen of
the ambient gas phase. Again, for both surface mechanisms
(MECH1, MECH2) comparable results are obtained. The differences
of the burning rate and the surface temperature are within a range
of 20%, whereas the qualitative behaviors of both mechanisms
coincide. The surface temperature appears to have a linear depen-
dence on the oxygen concentration up to a mole fraction of oxygen
of 30% with a noticeable bend of the curve at about 2600 K due to
the increasing decomposition of molecular hydrogen with increas-
ing temperature. The molecular hydrogen originates from the par-
ticle surface by the corresponding surface reaction (cf. Table 1). The
linear dependence of the burning rate holds for the complete range
of the oxygen mole fraction from 10% to 50%. Because the mass dif-
fusion flux in the gas phase also shows a linear dependence on the
spatial gradient of the oxygen concentration (cf. Eq. (20), [25]), a
strong dependence of the burning rate on the diffusion flux of oxy-
gen in the gas phase arises. The obtained results lead to the conclu-
sion that mainly the oxygen diffusion flux is the rate limiting
transport process of the burning process for the studied conditions
of ambient gas temperatures P 1100 K and ambient pressures
P 1 bar.

4. Conclusions

Transient numerical simulations of the burning process of a car-
bon particle in air including detailed physical and chemical models
have been performed. A temporarily steady behavior cannot be ob-
served, because of the time-dependent particle radius. If the radius
is fixed artificially during the simulations, a steady-state behavior
is obtained. However, after a short transient period the dependences
of the characteristic values of the burning behavior, like burning rate
or surface temperature, on the particle diameter are identical, even if
simulations are performed with different initial particle radii. The
burning rate constant K, which represents the factor of proportional-
ity in the d2-law is found to be almost constant in time, even if the
particle radius is not fixed artificially. These findings lead to the con-
clusion that for sufficiently high ambient temperatures and ambient
pressures the burning process is transport controlled, which is con-
firmed by the studies of the dependence of the burning rate and the
surface temperature on the ambient pressure as well as on the com-
position of the ambient gas phase. The findings are in accordance
with the conclusion of Nettleton and Stirling [32].

Furthermore, it is ascertained that neglecting the heat loss at
the particle surface leads to an overestimation of the surface tem-
perature of about 600 K in the case of single carbon particles. Al-
most no dependence of the surface temperature and the burning
rate on the ambient pressure is obtained. In contrast, the burning
rate is found to increase almost linearly with the oxygen concen-
tration of the ambient gas phase. Additionally, a decrease of the
burning rate with increasing water concentration of the gas phase
is observed. Hence, the oxygen diffusion flux is supposed to be the
rate limiting factor.

Qualitatively equal results are obtained using the surface reac-
tion mechanism of Libby and Blake instead of the mechanism of
Bradley et al. In some extent this consistency can be attributed
to the fact that the burning process is mainly transport-controlled.
However, significant quantitative differences occur, especially in
the case of the surface temperature, where the mechanism of Brad-
ley et al. shows a higher sensitivity of the surface temperature on
the variation of ambient conditions.
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