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Combustion of a single, resolved carbon particle is studied using a novel numerical approach that makes
use of an overset grid. The model is implemented into the framework of a compressible Direct Numerical
Simulation (DNS) code. A method to artificially reduce the speed of sound is presented. For Mach num-
bers lower than ~0.1 this method may dramatically improve numerical efficiency without affecting any
physical aspects except for the acoustics. The ability of the model to simulate solid fuel combustion is
demonstrated and all parts of the model are validated against experimental and numerical data. A sensi-
tivity of the carbon conversion rate to selected parameters (diffusion coefficients and homogeneous and
heterogeneous kinetics) is investigated. A strong dependence on the oxygen diffusivity is observed and
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1. Introduction

Solid fuels are among the most important energy sources
worldwide. On one hand, some countries, like e.g. China, India
or Poland, are still vastly dependent on coal [1]. On the other
hand, the contribution to the energy production from solid fuels
in the form of biomass and refuse-derived fuel is increasing ev-
ery year [2]. Due to its strong effect on global warming, emission
of carbon dioxide from solid fuels conversion is a serious envi-
ronmental problem. This, in connection with the global increase
in energy demand [3], necessitates development of low-emission
and efficient solid fuel-based technologies. Such technologies can-
not be designed without a thorough knowledge about fuel proper-
ties and understanding of the underlying fuel conversion phenom-
ena. This understanding is currently provided by experiments and
by numerical simulations. Experimental investigation of solid fu-
els combustion is difficult because of complex physical and chemi-
cal processes occurring at different scales. As a consequence, infor-
mation provided by experiments may not be complete. A deeper
insight can be gained through detailed numerical simulations, in
which all flow scales are resolved on a numerical grid. It should
be stressed, however, that both research methods are complemen-
tary and equally important.
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In Direct Numerical Simulation (DNS) studies on solid fuels con-
version in turbulent systems, particles are commonly represented
as point sources. This approach has previously been employed to
study different aspects of pulverized coal combustion, for exam-
ple in jet flames [4-6] and mixing layers [7-9]. The approxima-
tion of point particles is applicable only to very small particles, i.e.
to particles with diameters smaller than Kolmogorov length scales
of turbulence [10]. Also, in such simulations, interactions between
the fluid and particles must be modeled using closure expressions.
These expressions can be supplied by simulations in which the
particle surface and its boundary layer are resolved on the numeri-
cal mesh. Even though such resolved simulations are typically lim-
ited to one or a few particles, this approach has a great poten-
tial to provide an understanding of the solid fuel conversion and
gas-particle interactions at a very fundamental level. The resolved
particle approach has recently been employed in several numerical
investigations of coal or carbon conversion. Devolatilization and ig-
nition stages of the resolved pulverized coal particle were consid-
ered by Vascellari et al. [11], whose studies were extended by Tu-
fano et al. [12] to account for different atmospheres and a more ac-
curate description of the volatile yield and composition. The same
research group further broadened the focus of their studies on re-
solved coal particles by considering particle arrays [13], higher par-
ticle Reynolds numbers and effects of turbulence [14]. A number of
publications neglect the devolatilization and investigate resolved
char particle combustion and gasification in steady state. For ex-
ample, Kestel et al. [15] studied the impact of steam content and
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Reynolds number on the char oxidation in air, while the effects of
the ambient gas temperature, gas velocity and oxygen mass frac-
tions in O,/CO, atmosphere were considered by Richter et al. [16].
A similar analysis was also performed by Safronov et al. [17] who
indicated differences in combustion behavior between micro- and
milimeter-sized particles. The conversion of a collection of resolved
carbon particles was also investigated in a similar way by Schulze
et al. [18]. Furthermore, the steady state approach was employed
in a few studies [19-21] that attempted to resolve porous particle
and understand intrinsic reactivity. It was shown that both poros-
ity and pore structure can affect char conversion.

As demonstrated by the above-mentioned examples, a great
deal of understanding can be reached with the steady state as-
sumption. However, all transient phenomena and processes (igni-
tion, volatiles burnout, progress of char conversion, combustion in
non-laminar flow) require unsteady approach. The first transient
simulations of resolved particle combustion in a non-quiescent
(two-dimensional) flow were performed by Lee et al. [22] using
the spectral element method. Recently, Farazi et al. [23] used an
unsteady approach and a detailed chemical mechanism, and inves-
tigated char particle combustion in air and oxy-fuel atmospheres.
The combustion characteristics in these two atmospheres were ex-
plored, as well as interactions between kinetics and mass trans-
fer. This work was further extended to particle arrays by Sayadi
et al. [24]. Another study on the resolved particle conversion in
which the governing equations were solved in their unsteady form
was done by Luo et al. [6]. In their work, an immersed bound-
ary method and a simple semi-global mechanism were utilized. Fi-
nally, Tufano et al. [25] performed the most complete study up to
date, in which all stages of the coal particle conversion are consid-
ered, i.e. heating, drying, ignition, volatiles combustion and char
particle conversion. Moreover, in addition to detailed chemistry,
their numerical model accounts for complex features of particle
interior, such as time evolution of porosity and tortuosity. Most
recently, Nguyen et al. [26] performed unsteady particle-resolved
simulations to investigate the evolution of char particle morphol-
ogy. Based on their results, improved expressions for the mode of
burning and the Random Pore Model were proposed.

In the existing literature on resolved particle conversion, very
different levels of numerical model complexity are presented. The
current trend seems to be towards more and more detailed mod-
els and models that are able to capture transient effects. However,
high accuracy is achieved at the expense of efficiency. The objec-
tive of this work is to propose a novel numerical approach for re-
solved char particle combustion modeling. Contrary to the present
trend in the literature, we aim for the model to be as simple and
efficient as possible, while still preserving high accuracy and being
able to predict unsteady phenomena. This is accomplished by us-
ing structured, overset grids and by introducing carefully verified
assumptions and simplifications.

2. Governing equations and numerical methods

An open-source, compressible solver called the Pencil Code
[27] is used to perform the simulations presented in this work.
The Pencil Code uses a 6th order finite difference scheme and a
3rd order Runge-Kutta scheme for spatial and temporal discretiza-
tion, respectively. One of the main features of the numerical ap-
proach employed in this study is the overset grid. The particle is
surrounded by a cylindrical body-fitted grid (later also referred to
as ‘ogrid’), which spans the space between r = rp to r = 3rp = I'ygig,
where r is a radial coordinate and r, is the particle radius. The
rest of the computational domain is resolved on the Cartesian grid.
Such an approach allows one to use very high resolution close to
the particle, which is necessary to resolve its boundary layer and
the surrounding flame. Further away from the particle, the grid
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is much coarser, making the computational effort relatively low.
The solution is interpolated between the ogrid and the Cartesian
grid using a 4th order, explicit Lagrangian interpolation method,
which has been shown to be an optimal choice in connection with
a 6th order finite difference scheme [28,29]. In order to avoid spu-
rious oscillations, Padé filtering [30,31] is applied on the cylindrical
grid to density, temperature and velocity fields. The details about
the implementation of the overset grid and performance of this
method can be found in [32,33].

2.1. Fluid equations

The continuity and momentum equations are solved in their
non-conservative, compressible form:

ap B

W-FV'(,OU)—O, (1)
au

pm-&-pu-Vu:—VzH—V;-i-f, (2)

where p and p are the density and pressure, respectively, and the
bold symbols represent the velocity (u) and volumetric force (f)
vectors. The stress tensor, z, is given by

= u(Vu+ (Vo)) - 2u(V -0z, 3)

where u stands for the dynamic viscosity and z is the identity
matrix. The mass fraction of chemical species k, given by Y}, obeys
the following transport equation

aY, .
pa—t"+pu~VYk:—V-Jk+a}k, (4)
in which the diffusive flux, Jj, is simplified by using the assump-
tion of Fickian diffusion, such that

Ik = _pDkVYlu (5)

where Dy, is the diffusion coefficient of species k and @), represents
the gas phase reaction rate of the same species.

By neglecting viscous heating, the energy equation is expressed
in terms of temperature as [34]

aT

=Z<cbk—vvﬂk><m—’“)—pmv TRAL SN
k
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where T represents the temperature, ¢, is the heat capacity at con-
stant volume, R is the universal gas constant and M is the molar
mass for the mixture, 1/M = >} Y;/M,. The heat flux, i, is com-
puted as

H:thﬂk—)\VT, (7)
k

where A represents thermal conductivity and hy, = Ahg, +h?.k is

the absolute enthalpy of species k, which is the sum of its sensible
enthalpy, Ahg, and its heat of formation, h?k. Finally, to relate

density with pressure, the ideal gas equation of state is used,
__ PRT

- ()

2.2. Chemical mechanism and boundary conditions

A simplified chemical mechanism that consists of two surface
reactions and one reversible gas phase reaction is employed:

2C+ 0, — 2C0 (R1)
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Table 1
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Kinetic parameters. Here, [a] denotes concentration of species a, k; is given by Eq. (9) and r; rep-
resents the rate-of-progress variable. Note that for surface reactions units of r; are mol/cm?/s,

while for gas phase reactions it is mol/cm3/s.

reaction B; Ei[kcal/mol] 1; source

R1 1.97 x 109 cm [ s 473 ki[0,] 36]

R2 1.29 x 107 cm s 456 k;[CO, ] [36]

R3 (forward) ~ 3.98 x 104 (=)™ /s 407 ks f[COJ[H0]12[05]14  [37]

R3 (reverse) 5x 108 1/s 40.7 k3.-[CO,] [37]

Me = —Mc(2k1[02] + k2[CO,])
C+CO, — 2C0 (R2) ) . . Tsgs
= —(Iftg, + Mo, + o) = — Y _ 1y, (13)
k=1

€0 +0.50; < CO, (R3)  where the final summation is over all gas-phase species. A detailed

It should be noted that the gasification reaction through H,O is
not considered in the present study, even though water vapor is
present in the atmosphere. The reason this reaction was omitted
was the very low concentration of HyO (Yy,0 = 8 x 10~4 at the in-
let), which has been shown by Kestel et al. [15] to have essentially
no effect on the conversion rate. To study cases characterized by
higher content of water vapor, the additional gasification reaction
and the water-gas shift reaction should be included in the mecha-
nism. The Arrhenius expression for reaction i reads

k; = B; exp(—E;/RT). 9)

The empirical kinetic parameters: pre-exponential factor B;, activa-
tion energy E; and reaction orders are listed in Table 1. The reac-
tion term for the gas phase reaction in Eq. (4) is computed as

Ny gas
wx =M Y (Vg = v, (10)
i=1
where v, and v;; are the stoichiometric coefficients of gas phase
species k in reaction i on the reactant and product side, respec-
tively, while n;gqs is the number of gas phase reactions, and r; is
the rate-of-progress variable (adopting terminology from Ch. 4 in
[35]), as given in Table 1.

Since the particle interior is not included in the current frame-
work, it is assumed that all contributions to the reaction rate due
to internal reactions are accounted for through the apparent ki-
netic parameters, and that the temperature gradient inside the par-
ticle is small enough to be neglected. Also, the particle is assumed
to be entirely made of carbon and the model does not incorpo-
rate particle shrinkage during its conversion. In reality, the parti-
cle size and density are slowly changing as combustion progresses
[38]. However, the typical time of our simulations is much shorter
than the burnout time of the particle such that the reduction of
the particle diameter can be considered negligible.

As stated above, the interior of the particle is not included in
the computational mesh. The interaction between the solid and
the surrounding gas is therefore incorporated through the parti-
cle boundary conditions. We will now continue by describing these
boundary conditions. The species balance at the cylinder surface
can be expressed as [6]:

aY, . .
PDyc "+ e+ 1ty = 0, (11)
where
Ny heter
mk = Mk Z (vli’/l - v,’a.)rl-, (12)
i=1

is the production rate of species k due to heterogeneous reactions,
and N, peer is the number of heterogeneous reactions. The char
conversion rate is given by

deduction of Eq. (11) can be found in Appendix A. It should be
noted that both m. and m; depend on the species concentration
on the surface, which makes it necessary to solve Eq. (11) in an
iterative manner. Another possibility is to use species production
rates from the previous time step, this can however lead to nu-
merical instabilities and non-physical results. Here, we employ a
simple iterative algorithm to simultaneously find solutions for Yo,
and Ygo, at the surface, while the remaining species are solved for
directly.

Mass conservation at the particle surface requires that (see
Appendix A)

S (oYeu+3) - F = Y i = —inc, (14)
k k

a

where # is the vector normal to the particle surface. From the
above equation, and since ), I - ¥ = 0, the boundary condition for
velocity becomes:

ur = —Me/p, (15)

where u, is the outward velocity in the radial direction, corre-
sponding to the so called Stefan flow.

Dirichlet boundary condition is employed for the temperature.
The intention behind the Dirichlet boundary condition for tem-
perature is to validate the code against the experimental data of
Makino et al. [39], where the temperature was maintained con-
stant. The last variable that needs to be defined at the cylinder
surface is density, which is solved for directly from the transport
equation and does therefore not require any special treatment at
the boundary.

2.3. Transport properties

In simulations of reacting flows, it is common practice to com-
pute transport coefficients, such as p;, D, and thermal diffusiv-
ity Dy, based on the kinetic theory of gases, as described e.g. in
[34]. This approach, while accurate, significantly increases compu-
tational cost. This is especially the case for species diffusion coeffi-
cients for which binary diffusion coefficients need to be evaluated
first. In order to maximize computational efficiency, a simplified
approach is employed in this work. At the same time, care is taken
not to compromise the accuracy of the results.

The kinetic viscosity is related to temperature through Suther-
land’s law

C1T3/2
V= ——
p(T+G)
with constants C; = 1.52-10-% kg/m/s/K'/2 and C, = 110 K. The

above expression is fully applicable to single-component gases.
However, if a mixture is dominated by components with similar

(16)
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Table 2
Polynomial coefficients for heat capacity in the temperature range 1000K < T < 5000K.
species  CO CO, H,0 N, 0,
a; 3.025 4.454 2.672 2.927 3.698
a 1.443.10°3 3.140- 103 3.056-103 1.488-1073 6.135-104
as —5.631-1077 -1.278.10°6 —8.730-10°7 —5.685.107 -1.259.1077
ay 1.019.10°10 2.394.10°10 1.201-101 1.010-10°1° 1.775-10~1
as -6.911.10° —1.669-10~" -6.392-10"1% —6.753-10"13 -1.136-10°
0.0006 0.08 i i i
---multi — component /" it
0.0005 0.07 f e ]
Sutherland’s law (eq. 16) .~/ L
0.0004 —~ 0.06 1 ]
= .
o b ’\5 = =
g 0.0003 7 ? 0.05 7 simplified
0.0002 e 0.04 [~ ----multi — component
0.0001 0.03 | | |
1000 1500 2000 2500 1000 1500 2000 2500
T K] T K]

Fig. 1. Kinetic viscosity as obtained using Sutherland’s law (Eq. (16)) and multi-
component approach for the mixture consisting of Yy, = 0.7292, Yo, = 0.05, Yy,0 =
0.0008, Yo = 0.02 and Yeo, = 0.2.

properties (as is the case here), Eq. (16) is reduced to a decent ap-
proximation. Furthermore, constants ¢; and C, were selected such
that for a wide range of temperatures and compositions the kinetic
viscosity resulting from Eq. (16) is in a good agreement with the
kinetic viscosity determined using the multi-component approach
(i.e. based on kinetic theory). In Fig. 1, these two methods are com-
pared for a typical composition encountered in the current work.
For other compositions that are likely to occur, a deviation from
the kinetic theory remains below 7% for the temperature range
presented in Fig. 1.

The main assumption allowing us to compute the remaining
transport coefficients is that the transport coefficients are propor-
tional to each other, i.e.

v = PrDy;, = PrLe,D. (17)

with the constants of proportionality being the Prandtl (Pr) and
Lewis (Le,) numbers. Such an assumption of constant Prandtl
and/or Lewis numbers has successfully been applied in re-
cent studies on resolved particle devolatilization and combustion
[12,23]. Typically, Pr= 0.7 and Le, = 1 for all species are assumed.
This was shown to have a negligible impact on the devolatiliza-
tion stage when compared with the complex multi-component ap-
proach [12]. However, in some conditions, the combustion rate
might be affected by diffusion coefficients, as will be demonstrated
in the next section. Therefore, a more careful approach is em-
ployed, as described below.
The heat capacity at constant pressure is given by

R >
=Y Vicpi = iy YW YT
k k i=1

where the polynomial coefficients q; are taken from Gordon and
Mcbride [40] and are listed in Table 2 for the relevant temperature
range. The heat capacity at constant volume is related to the heat
capacity at constant pressure through the gas constant, such that

(18)

Fig. 2. Thermal conductivity as obtained using Eq. (17) with Pr = 0.9 and multi-
component approach for the mixture consisting of Yy, = 0.7292, Yo, = 0.05, Y,0 =
0.0008, Yco = 0.02 and Y¢o, = 0.2.

Table 3
Selected Lewis numbers.

species Cco CO, H,0 N, 0,

Ley 0.78 1.01 058 0.7 0.78

Cp — €y = R/M. (19)
Using the heat capacity given by Eq. (18) and the thermal dif-
fusivity given by Eq. (17), the thermal conductivity, defined as

) = ¢ppDyy, (20)

is shown in Fig. 2 as a function of temperature for the same mix-
ture as used in Fig. 1. In Fig. 2, the thermal conductivity as ob-
tained using the multi-component approach is also presented. The
best agreement between these two functions for a wide range of
mixtures is achieved by setting the Prandtl number equal to 0.9.

For each species, Le; is chosen such that the resulting diffusion
coefficient does not differ by more than around 10% from the dif-
fusion coefficient computed based on the multi-component diffu-
sion approach. This was verified for the full range of compositions
and temperatures that are likely to appear in the cases we exam-
ine. Figure 3 presents a comparison between the diffusion coeffi-
cients as a function of temperature as computed from Eq. (17) and
as obtained using the multi-component diffusion. The magnitudes
of the Lewis numbers leading to these results are listed in Table 3.
A good agreement between the two approaches is achieved for all
transport coefficients (v, A and D, ), which justifies the use of the
simplified approach for the transport coefficients.

In order to quantify the efficiency gain obtained by simplify-
ing the formulation of the transport coefficients, a one-dimensional
flame was simulated for two cases (details regarding the one-
dimensional flame simulations are given in the next section).
In the first case, transport properties were computed according
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0 . 00 1 4 ===02, multi — (*‘ompon(‘,m
—o— g, simplified
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CO, simplified
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0.0004
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Fig. 3. Diffusion coefficients as obtained using Eq. (17) (referred to as ‘simplified’)
and multi-component approach for the mixture consisting of Yy, = 0.7292, Y, =
0.05, Yi,0 = 0.0008, Yco = 0.02 and Yo, = 0.2.

to Egs. (16), (17) and (20), while in the second case, a multi-
component approach was employed. A comparison of the execu-
tion time of subroutines responsible for computing transport prop-
erties revealed that 7.5 times less computational time was required
for the case in which the simplified approach was used. Further-
more, since these subroutines are computationally the most ex-
pensive (i.e. their execution takes a large fraction of the simulation
time), this corresponds to a reduction in the total execution time
by a factor of 3.4. It should also be noted that the efficiency gain is
dependent on the number of species present in the simulation. The
reason for this is that one additional nested loop over all species
must be executed and a significantly larger number of operations
have to be performed to compute transport coefficients based on
the kinetic theory. In our case, the factor of 7.5 was achieved for 5
species.

2.4. Speed of sound reduction

Numerical stability of the simulations requires several condi-
tions to be fulfilled. First of all, a requirement due to convection,
often called the CFL condition limits the maximum time step to:

CAx

_— 21
b= max(c; +u)’ 21

where C is a constant that depends on a numerical scheme (typi-
cally C~ 1) and

cs =+/YRT/M (22)

is the speed of sound and y = cp/cy. For reacting flows, the length
of the time step and the grid spacing is most often limited by
chemical scales. However, it turns out that in the case of flows that
are both reacting and compressible, the resolution requirement due
to the ratio between viscosity and the speed of sound might be
more restrictive. For the particular numerical approach employed
in the Pencil Code, it has been shown [41] that the grid spacing is
constrained by

ax< BV, (23)

Cs

where 8 ~ 50. It follows from Eq. (23) that larger grid spacing,
and hence less mesh points, may be used if the speed of sound
is reduced. A good rule of thumb is that, as long as we are not
interested in thermo-acoustics, the results are independent of the
Mach number, Ma = u/c;, for all Mach numbers below 0.1. In our
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Table 4
Initial conditions for 1D carbon monoxide
flame.

reactant side  product side

Yo, 0.165 0.0

Yo 029 0.0
Yo, 0.0 0.455
Yo  0.0008 0.0008
Yy,  0.544 0.544
T[K] 298 2000

case, the Mach number is typically of the order of 10~3. The speed
of sound can therefore be reduced by up to two orders of mag-
nitude while still maintaining Mach-independent results. Since the
time step is often limited by the CFL condition, which is typically
the case for lower temperatures, a reduction of the speed of sound
would also allow us to use larger time steps.

In the previous paragraph we showed that a reduction in the
speed of sound could be very beneficial for the CPU consumption
of our simulations, and that the effect such a reduction has on the
results should be negligible if the Mach number is kept below a
certain value. The question now is how the speed of sound can be
changed without affecting any other aspect of the results. This is
done by dividing the gas constant by a factor a2, such that

R — R/o?, (24)
which implies that (22)
s — Cs/aL. (25)

The gas constant is changed consistently for all equations, with the
exception of Eq. (9) in which the original magnitude of R must be
used in order for the reaction rate not to be affected. It should be
noted that the reduction of R means that cp, ¢, and A are also re-
duced by the same factor of a2, as can be seen from Egs. (19) to
(20). However, this has no effect on the energy equation as all
these reductions cancel out in every term of Eq. (6). The only term
that is affected is the pressure gradient term in the momentum
equation, since Vp ~ cZ, which is as intended.

We will now validate the assumption that a reduction in the
speed of sound does not affect the main results, except for the
acoustic waves, as long as the Mach number is below 0.1. This
is done by simulating reacting flows of a one-dimensional car-
bon monoxide flame with three different values of c;. In the base
case, the speed of sound was kept unchanged, which resulted in
Ma ~ 0.001, in the other cases the speed of sound was reduced
by factors of 10 and 50, which led to Ma ~ 0.01 and Ma ~ 0.05,
respectively. The initial conditions for these cases are given in
Table 4, while the one-step mechanism given in Section 2.2 gov-
erns the flame.

The resulting temperature and species mass fraction profiles at
steady state are presented in Fig. 4, from which it can be seen that
the results are not affected by the speed of sound reduction. Fur-
thermore, for all three cases, the same flame speed, S; = 14cmy/s, is
obtained. Having verified that the speed of sound can be reduced
without affecting the results, this tactic is employed for all cases
discussed in the next section, which resulted in a major reduction
of CPU power consumption, in particular for those cases where the
time-step was not limited by chemical reactions. It is also worth
mentioning that the efficiency gain resulting from the speed of
sound reduction is very case-dependent. This can be illustrated by
subsequently reducing the spatial resolution of the 1D flame sim-
ulation in which the speed of sound was reduced by a factor of
10 (corresponding to the green line in Fig. 4). Despite the fact that
the maximum grid size, as defined by Eq. (23), is inversely pro-
portional to the speed of sound, it was possible to reduce the res-
olution only by a factor of ~3 due to the fact that, for stability rea-
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Fig. 4. Comparison of temperature and species profiles across the flame obtained before and after the speed of sound reduction. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Schematic representation of the analyzed case (not drawn to scale).

sons, a certain number of grid points are required across the flame
front. It can be therefore concluded, that the speed of sound reduc-
tion allows one to eliminate the grid size/time step requirement
due to the speed of sound in low Mach number flows, but the
efficiency gain associated with this cannot be quantified in gen-
eral basis since it depends on other case-specific time and length
scales.

2.5. Numerical set-up

The set-up for all simulated cases correspond to the experimen-
tal set-up of Makino et al. [39] and can be summarized as fol-
lows. A cylindrical particle of 5 mm in diameter is placed in the
middle of a 10 cm x 8 cm computational domain. The fluid, which
has a composition that is typical for air (Yy, =0.77, Yo, = 0.23,
Yh,0 = 0.0008) enters the domain through one side with a velocity

of 1 m/s in the y—direction. Periodic boundary conditions are spec-
ified in the two cross-flow directions. Initially, the temperature in-
side the domain is everywhere equal to 1280 K. The initial species
distribution on the ogrid is such that the oxygen mass fraction
decreases exponentially from Yo, = 0.23 at r = rygg to Yo, =0 at
the particle surface (r =rp), while carbon dioxide is introduced in
place of oxygen, ie. Yco, (1) = Yo, (Togrig) — Yo, (). The initial com-
position on the Cartesian grid is the same as the composition at
the inlet. Such initial conditions do not reflect the experimental
set-up and were selected purely to improve stability of simulations
during the initial stage.

For most cases, a grid resolution of 720 x 896 (x x y direc-
tions) grid points on the Cartesian grid and 208 x 432 (r x 6
directions) on the ogrid was sufficient to accurately resolve all
flow features. It should be noted that the ogrid is stretched in a
non-linear manner in the radial direction. For the resolution given
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above this resulted in Arp;, =8.3-10~*cm at the particle surface
and Armax = 6.8 - 1073 cm at the outer edge of the cylindrical grid.
A schematic representation of the numerical grid together with ini-
tial condition is presented in Fig. 5. If the particle temperature
is relatively low (T, < 1800K) the maximum time-step is limited
to ~10-7 s by convection, while for higher particle temperatures
the time-step needs to be reduced to ~ 108 s due to the shorter
chemical timescales.

3. Results and discussion
3.1. Implementation of chemistry module - validation

Various aspects of the Pencil Code have been validated and
tested a number of times and the results have been published
in a large number of papers available in the open literature. See
[27] for an overview of some relevant papers. In this work, we
have, however, implemented several new methods and approxi-
mations to speed up the calculations, such as: simplified calcula-
tion of transport data, simplified global reaction mechanisms, het-
erogeneous reactions at the particle surface with the overset grid
method, and variable speed of sound. In order to validate the cur-
rent numerical model beyond the more specific validations pre-
sented in the previous section, the experimental set-up of Makino
et al. [39] is reproduced numerically. In the experiment of Makino
et al., combustion of a graphite rod was studied at different sur-
face temperatures, for different air velocities and temperatures. An
important feature of the experiment is that the heat loss from the
graphite surface due to radiation is balanced by electrical heating,
such that a constant particle surface temperature is maintained at
all times. As a result, a quasi-steady state is achieved for a rela-
tively large fraction of the particle conversion time. In the current
work, the case characterized by an air temperature of 1280 K and
a velocity of 102.5 cm/s is analyzed for a range of particle surface
temperatures. This particular selection of experimental conditions
was motivated by the fact that the same case was studied numer-
ically by Luo et al. [6], who demonstrated that a good agreement
with the experimental results can be obtained using the chemical
mechanism given by reactions (R1)-(R3). Despite the fact that Luo
et al. also used the Pencil Code, there are two main differences be-
tween their approach and the approach used in the current work:
(1) Luo et al. used kinetic theory to compute transport coefficients,
and (2) their particle was resolved on a Cartesian grid using im-
mersed boundary conditions for the particle surface.

Figure 6 presents the carbon conversion rate obtained with the
current numerical approach (green squares) in addition to what
was found experimentally by Makino et al. [39] (red circles) and
numerically by Luo et al. [6] (blue circles). In fact, what is shown
is the conversion rate in the forward stagnation point. Addition-
ally, kinetic (solid blue line) and diffusion (dotted black line) limits
for oxidation are also included in Fig. 6. The first limit corresponds
to the case of infinitely fast diffusion (Yoz‘sur face = YOM), while the

latter to the reaction rate being controlled by diffusion (~ T1/2),
It can be seen that up to T, = 1200 K, the carbon conversion rate
is governed by kinetics, while around T, = 1600 K the slope cor-
responding to the diffusion limit is achieved. There is one more
limiting slope included in Fig. 6, which is called ‘flame diffusion’
limit. This limit arises due to the fact that at around T, = 1700
K the flame begins to detach from the particle surface. The rea-
son for this detachment is the large CO production at the surface
and its subsequent transport by means of the Stefan flow and dif-
fusion. The result is that most of the O, is consumed in the gas
phase at the position of the flame that is formed away from the
surface. As a consequence, mostly CO, can diffuse to the surface
and the carbon conversion is due to the Boudouard reaction (R2).
From the perspective of the oxidation reaction, the oxygen diffuses
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Fig. 6. Comparison of carbon conversion rates as a function of particle surface tem-
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now towards the flame surface, not the particle surface. This ef-
fective surface grows proportionally to T8, where the exponent g
can be found by a fitting procedure. This was done in Fig. 7, from
which it can be seen that the ‘effective radius’ scales as T973. Here,
the effective radius was computed as the average radial distance
from the particle center to the flame, where it was assumed that
the flame location corresponds to the grid point in which the gas
phase reaction rate is the highest. The carbon conversion rate in
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the diffusion limit is proportional to the product of the mass trans-
fer coefficient (k;) and the effective surface:

the ~ &2, k. (26)

where d, s is the effective diameter of the flame surface. Since
the mass transfer coefficient scales as k; ~ D;/d,.rs and D; ~ T1/2
(see Egs. (16) and (17)), the conversion rate dependence on tem-
perature becomes:

the ~d3 ki ~ dp oppDi ~ TV2TO7® = T128, (27)

This is the flame diffusion limit seen in Fig. 6, which is reached for
the highest of the studied particle surface temperatures.

Compared to the experimental results, slightly too low con-
version is obtained for most temperatures. On the other hand,
very similar magnitudes of conversion rates were obtained by Luo
et al. [6], which indicates that the difference is most probably
caused by the reaction kinetics. It is in fact common that there
is no agreement on the reaction kinetics and quite often a number
of mechanisms are suggested, resulting in different reaction rates.
The influence of heterogeneous kinetics has already been investi-
gated by Nikrityuk et al. [42], who revealed that a factor of 2 or
even 3 difference in the carbon consumption rate can be expected
between different sets of kinetic parameters that are found in the
literature. A set of kinetic parameters for surface reactions was also
proposed by Makino et al. [39] based on their experimental results
and the conversion rates resulting from these parameters are pre-
sented in Fig. 6 (cyan triangles). It can be seen that this yielded a
significantly higher carbon conversion rate at high surface temper-
atures, but did not lead to noticeable difference for T, < 1600 K.
This could be expected as the gasification reaction is much faster
in Makino’s mechanism, while there is only a tiny difference in
the oxidation rates when compared with the mechanism given in
Table 1.

Another experimental feature that is not captured properly with
the current approach is a sudden decrease of the conversion rate
for surface temperatures around 1700-1800 K. This decrease is also
present in the results shown in Fig. 6 in Luo et al. [6] (although the
results in their Figs. 6 and 8 seem to be inconsistent regarding this
feature). The main difference between their and the present nu-
merical approach is how the transport coefficients are computed.
In that respect, our approach is much simpler and, potentially, less
accurate. Therefore, a further validation is essential. Such a vali-
dation was performed using the ANSYS Fluent software, in which
the same cases were reproduced and the resulting carbon conver-
sion rates are shown as black x-signs in Fig. 6 [add contours here
or a plot showing T comparison along centerline]. The Fluent sim-
ulations were performed with the diffusion coefficients calculated
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from kinetic theory, as was also done by Luo et al. [6]. In addi-
tion, incompressible and steady state flow was assumed. Both as-
sumptions are valid since the Mach number is low and the change
in particle radius is very slow. As can be seen in Fig. 6, almost
the same conversion rates were obtained using the complex for-
mulation for the transport coefficients in ANSYS Fluent as for the
simplified formulation used in the Pencil Code. In particular, the
conversion rates in both cases are monotonically increasing func-
tions, i.e. no reduction of the conversion rate was observed around
T, = 1700-1800 K. This verifies that the simplified approach for
the transport is not responsible for this qualitative discrepancy be-
tween the experimental results and our numerical results, and al-
lows us to gain confidence in the predictions of our approach.
The case that was set up in ANSYS Fluent was also used to es-
timate the influence of gas phase radiation, which was omitted in
the energy equation in the Pencil Code. While it is not uncom-
mon to omit gas-to-gas radiation in simulations of conversion of
resolved char particles, some studies suggest that its effect is non-
negligible. For example, a significant reduction of the char particle
surface temperature due to gas phase radiation was observed by
Richter et al. [16], especially for cases with high ambient tempera-
ture. On the other hand, Tufano et al. [12] showed that the effect
of gas-to-gas radiation on ignition is rather weak. In our study, the
gas phase radiation was accounted for through the Discrete Ordi-
nates model, and its influence can be seen in Fig. 8, which com-
pares the temperature distribution along the centerline of the re-
acting particle for the cases with and without radiation. The case
with T, = 2000 K is shown here since the effect of radiation is the
highest for cases with high particle temperature. It can be seen
that the effect on the gas phase temperature field is certainly non-
negligible in the region behind the particle. Nevertheless, the con-
version rate remained unchanged due to the experiment-imitating
assumption of constant temperature at the particle surface and
virtually no influence of radiation on species concentrations. It
should be noted, however, that based on the results presented by
Luo et al. [6], it is expected that the particle surface temperature
is unlikely to change by more than a few percent for the cases
studied in the present paper, even if heat transfer at the particle
surface (chemical heat release, conduction, convection and radia-

tion) was accounted for through the particle boundary condition.
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Fig. 10. Upper: conversion rates for different diffusion coefficients, lower: contributions from gasification/oxidation to the CO production rate, T, = 1700 K.

It still remains to be understood why conversion rate obtained
with the Pencil Code (and ANSYS Fluent) does not follow the ex-
perimental trend when it comes to the dip in carbon conversion
rate around T, = 1700 K. There exist several physical explanations
of this trend in the literature, e.g.: it is attributed to the change
of the effective reaction zone thickness [43], it is linked with the
change of molecular structure of graphite [44,45], it is caused by
thermal rearrangement of surface-covering sites, from highly re-
active at low temperatures to less reactive at higher temperatures
[46,47]. Makino et al. [39] argue that the presence of the dip stems
from the fact that the dominant surface reaction shifts from oxida-
tion to gasification around T, = 1700 K. The reason for this shift
is that at low temperatures the oxygen is used to oxidize the car-
bon directly at the surface, while at high temperatures the oxy-
gen is used to oxidize CO in a CO-flame surrounding the particle,
while the carbon conversion proceeds through gasification of CO,
that diffuse to the surface from the CO flame. This change in the
dominant mechanism for CO production at the surface is correctly
predicted by the Pencil Code, as can be seen in Fig. 9. However,
the shift is gradual and does not result in the non-monotonicity of
mc(Tp) as suggested by Makino et al. [39]. Another plausible ex-
planation for the dip in m, is that since the shape of the conver-
sion function depends on the gas phase kinetics, as shown in [48],
the kinetic parameters we use might not yield the right behav-
ior. While all the above explanations are probable, it is also pos-
sible that the results are affected by the measurement method. In
the experiment, the surface temperature of the rod was measured
using two-color pyrometer [49]. These measurements are used to
control the internal heating that is required to maintain a constant
temperature of the graphite rod. This method is indirect, it might
therefore be difficult to precisely measure the surface tempera-
ture without the results being affected by the surrounding flame.

At relatively low surface temperatures, the flame remains attached
to the surface, so the difference between the flame and the sur-
face temperature is small. However, at temperatures at which the
drop in the conversion rate is observed, the flame starts detach-
ing from the rod surface. As such, the flame temperature might
be significantly higher, giving a false impression of higher surface
temperature. Since the experiment attempts to maintain a constant
surface temperature, it is likely that the rod was cooled to lower
temperature than intended, which resulted in a sudden decrease of
the conversion rate. These are, however, only conjectures, and the
reason for the qualitative inconsistency between the experiment
and our results might be a combination of several of the above-
mentioned factors.

3.2. Sensitivity analysis

In order to better understand which parameters that control the
carbon conversion rate, we have done a series of parameter stud-
ies. The first study investigates the effect of species diffusivity. In
this respect we varied the diffusivities of O,, CO, and CO from half
of their original value up to twice the original value, and investi-
gated how this influenced the solid (carbon) conversion rate. For
this investigation, we concentrate on the situation where the par-
ticle temperature is 1700 K.

From the upper panel of Fig. 10 we see that the solid conver-
sion rate has a strong dependence on diffusivity of O,. This is ex-
pected since higher diffusivity of O, will yield a higher transport
rate of O, to the solid, which will then be able to convert (oxidize)
more solid. From the lower panel of Fig. 10 we see that increasing
the oxygen diffusivity results in an increase of both the oxidation
and gasification rates of the solid. At first glance, it may look sur-
prising that even the gasification rate increases with increased O,
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Fig. 11. Oxygen and carbon dioxide mass fractions and temperature profiles in the particle stagnation region as obtained for different diffusion coefficients.

diffusivity, but the reason is simply that at the surface temperature
of 1700 K that we focus on here, we experience a higher surface-
fraction of CO,, resulting from oxidation of CO very close to the
surface.

Let us now move on to the effect of CO diffusivity. We see from
the upper panel of Fig. 10 that the solid conversion rate is weakly
increasing with increasing diffusivity of CO. This effect is, how-
ever, more complicated than that of O, diffusivity, as can be seen
from the lower panel of Fig. 10, which shows that solid conversion
due to oxidation increases with CO diffusivity, while the opposite
is true for gasification. To elucidate this behaviour in Fig. 11, we
show CO, and O, concentrations along the y-axis in front of the
solid. The dashed vertical line in the figure corresponds to the solid
surface. From the left panel we see that lower CO diffusivity yields
higher concentration of CO, at the surface, which explains why the
gasification rate decreases with increasing CO diffusivity. The rea-
son for the increased CO, concentration at the surface is that a
lower CO diffusivity moves the flame closer to the surface. Since
the CO, concentration is highest close to where it is produced,
which is in the CO flame, this means that the concentration of
CO, at the surface is also higher. Studying the gradients of O, very
close to the surface (right panel) we see that the case with higher
CO diffusivity has a steeper gradient of O, very close to the surface.
For a given O, diffusivity, a steeper O, gradient results in more
transport of O, to the surface, and, hence, more solid oxidation.

Finally, when increasing the diffusivity of CO,, we see from
Fig. 10 that the solid conversion rate is actually reduced. This is
despite the fact that the solid oxidation rate is independent of the
diffusivity of CO, (see the lower panel of Fig. 10). The question is
therefore why the solid gasification rate is reduced when the CO,
diffusivity is increased. The answer to that question is that for the
current case, which has a solid temperature of 1700 K, the CO, is
always produced close to the solid surface due to the CO flame not
being significantly lifted. Consequently, an increased CO, diffusiv-
ity will tend to transport CO, away from the surface, lowering the
surface concentration, and, by that, reducing the gasification rate.

10

Another parameter that can influence the carbon conversion
rate is chemical kinetics, both of surface and gas phase reactions.
In the following we will proceed by studying the sensitivity of the
carbon conversion rate to the chemical reactivity. The reactivity
is varied by changing the pre-exponential factor. First, the surface
reaction rate is varied. This is done separately for the oxidation
(denoted by R1) and gasification (denoted by R2) reactions. The
effect of this variation on the conversion rate can be seen in
Fig. 12 for two different surface temperatures: 1200 and 1800 K.

For the higher temperature, the conversion rate is almost unin-
fluenced by changes in the oxidation rate, which is due to the fact
that at such high temperatures the reaction is controlled almost
purely by diffusion. This is confirmed in the lower panel of Fig. 12,
which shows that the oxidation rate (R1) variations have no effect
neither on the contribution from oxidation, nor on the contribu-
tion from gasification. At the same surface temperature, variations
in the gasification rate (R2) have only a weak effect on the solid
conversion rate. However, the reason for this is quite different, as
in this case both contributions from gasification and oxidation are
significantly affected, as can be observed in the lower panel of
Fig. 12. These two contributions are affected in such a way that
the increase in the carbon conversion rate due to the higher gasifi-
cation rate is almost exactly balanced by the decrease in the solid
conversion rate due to the faster oxidation.

For T, = 1200 K, the carbon conversion rate is directly propor-
tional to the change of the oxidation rate (R1), but does not de-
pend on the gasification rate (R2). This is expected since at this
temperature the surface reaction rates are controlled by kinetics,
but the contribution to the solid conversion rate from gasification
is around two orders of magnitude smaller than the contribution
from oxidation.

The effect of the gas phase kinetics is shown in Fig. 13, from
which it is clear that the solid conversion rate is not sensitive to
the gas phase reaction rate variations, as long as the surface re-
actions are controlled by Kinetics, i.e. for T, = 1200 K. At higher
particle surface temperatures, the solid conversion becomes faster
upon decreasing the gas phase reaction rate. This is consistent
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Fig. 12. upper: conversion rates as obtained for modified surface reaction rates, lower: contributions from gasification/oxidation to the CO production rate. R1 and R2 denote
oxidation and gasification, respectively, and indicate which reaction has been modified, while ox. and gas. denote contribution from oxidation and gasification to the CO

production rate.

with theoretical predictions of Libby and Blake [50] and Makino
[51] who showed that the solid conversion rate is highest in the
limit of the gas phase reaction rate approaching zero (so called
"frozen mode’), and lowest in the limit of very fast homogeneous
reaction rate. This tendency can be linked to the fact that the
higher the gas phase reaction rate, the more oxygen is consumed
inside the CO-flame before reaching the particle surface, thus, the
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contribution to the combustion rate from oxidation decreases (see
the lower panel of Fig. 13). Furthermore, the flame characteristics
are also directly linked to the gas phase reaction rate. In partic-
ular, when the rate is increased, the flame becomes thinner and
can detach from the particle surface or shift further from the sur-
face if it was already detached. This situation can be observed in
Fig. 14, which presents contours of the CO flame for the cases in
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Fig. 14. CO flame contours, T, = 1800 K, left: k3 f — 0.5k f, right: k3 ; — 2k; .
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which the pre-exponential factor of the homogeneous reaction rate
was halved and doubled relative to what it was originally. A con-
sequence of the flame moving away from the solid surface is that
the gradient of oxygen between the flame and the surface becomes
less steep, leading to a slower diffusion of O, towards the particle.
This can be observed for T, = 1800 K in Fig. 15, which shows oxy-
gen profiles along the centerline behind the particle. For T, = 1500
K, the flame is much closer to the solid surface, thus the oxygen
profiles further away are almost parallel to each other, and the
contribution to the combustion rate from oxidation is affected to
a smaller extent, as seen in the lower panel of Fig. 13. The situa-
tion is opposite for carbon dioxide, as higher rate of homogeneous
reaction means more CO, that is produced inside the flame and
faster diffusion of this species to the surface. It is also interesting
to notice in the right panel of Fig. 15 that for T, = 1500 K the con-
centration of CO, at the solid surface is almost the same as the
concentration inside the flame, which indicates that the gasifica-
tion rate is still controlled by kinetics. Therefore, the increase of
the contribution from gasification is simply caused by the higher
mass fraction of CO, at the surface, not by the diffusion rate as
was the case for T, = 1800 K.

4. Conclusions

The goal of this work was twofold, first to formulate an effi-
cient approach to model resolved solid particle combustion, then
to understand the relevant physics and sensitivity. For this pur-
pose, a model within the framework of the Pencil Code was devel-
oped and validated against experimental and numerical data. Our
model is not as advanced as some approaches proposed in the lit-
erature, but it has a great potential to capture the transient nature
of char conversion upon further development. Although within this
study the laminar flow over a single particle was analyzed, the
model can also be employed in turbulent flow situations. In order
to achieve high efficiency, an overset grid was used, which allowed
us to reduce the computational expense without compromising the
accuracy. Other features of the numerical approach that have been
proposed for the sake of efficiency are the speed of sound reduc-
tion and fitting of the transport coefficients (kinetic viscosity, ther-
mal conductivity and species diffusion coefficients). It was demon-
strated that the above mentioned actions did not lead to relevant
changes in the results for the range of considered conditions. On
the other hand, the results are in general dependent on the chem-
ical mechanism and care must be taken to use a mechanism that
represents well the examined situation.

A sensitivity analysis was performed that showed that the solid
conversion rate can be affected by different parameters (diffu-
sion coefficients, surface kinetics and gas phase kinetics). Which of
these parameters is the most important, depends on whether the
conversion is controlled by the reaction kinetics or the reactant dif-
fusion. For most of the studied particle surface temperatures, the
conversion was found to be controlled by the oxygen diffusion to
the particle (around 1400 < T, < 1800 K) and to the effective flame
(Tp, > 1800 K) surfaces. Even though in diffusion-controlled condi-
tions the overall solid conversion rate is only weakly dependent
on kinetics, the contributions from gasification and oxidation re-
actions, as well as the flame structure, might be substantially af-
fected.

It is remarkable that the combustion behavior of the solid par-
ticle can be explored in such a detailed manner by employing
a very simple chemical mechanism. However, a complex mecha-
nism is needed for a more thorough analysis. At the current stage
of development, the model presented in this study was validated
against quasi-steady experimental results. In order to explore tran-
sient phenomena in further studies, it would be necessary to ac-
count for the heat transfer at the particle surface, in particular ra-
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diation between the particle and the surrounding gas, and for tem-
perature gradients inside the particle. Finally, the reason for the
conversion rate to drop around T, = 1700 K could be explored by
including models that account for changes in the molecular struc-
ture of the solid.
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Appendix A. Derivation of boundary conditions for species

Species transport equation,

a(pY, .

(g)[ 3 + V. (puYy + Jy) = @, (A1)
can be expressed in integral form as

a(pY,

/V (g’ Wy 4 / V- (ouYy + J)dV = / indV. (A2)
Using the divergence theorem, Eq. (A.2) becomes
/ B(ka) dV—i—/(pqu +Ji) - fidA = /a)de (A3)
v

where i1 is a unit vector normal to the surface. At the particle sur-
face all volumetric integrals tend to 0 and a source term due to the
surface reactions (ri1,) appears in the place of the volumetric reac-
tion term (wy). Also, since the particle is assumed to be perfectly
cylindrical i = #, where 7 is a unit normal vector in the radial di-
rection. After taking all of the above into account, Eq. (A.3) be-
comes

/5 (P, +J,) - FdA = /s i dA. (A4)
Using the fact that for an arbitrary surface

/ bdA — / cdA e b=c, (A5)

g. (A.4) can be written in a differential form

(puYy + Iy) - = my. (A.6)
Summing over all gas phase species one obtains

> (puYy+Jy) - F=pup =Y my = — (A.7)

k

k

where it has been used that ", J;, - = 0. Here, ri1¢ is a carbon con-
sumption rate and u, is the outward velocity of the species mix-
ture in the radial direction. One can now substitute

Tk = —pD VY, (A.8)
u-f=u=-me/p (A.9)
and

VY, - = s (A.10)
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into Eq. (A.6) to arrive at the final form of boundary conditions
for species mass fractions at the particle surface,

. . ay,
iy + meYy + pDg— £ = 0.

= (A11)
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