Combustion and Flame 211 (2020) 325-336

.

Contents lists available at ScienceDirect .
Combustion

Combustion and Flame

journal homepage: www.elsevier.com/locate/combustflame ) =
Simulation of char-pellet combustion and sodium release inside A
porous char using lattice Boltzmann method S

Yingzu Liu®P, Jun Xia®* Kaidi Wan?, Luc Vervisch¢, Zhihua Wang?®*, Hua Zhao", Kefa Cen?

aState Key Laboratory of Clean Energy Utilization, Zhejiang University, 310027, Hangzhou, PR China
b Department of Mechanical and Aerospace Engineering & Institute of Energy Futures, Brunel University London, Uxbridge UB8 3PH, UK
€CORIA - CNRS, Normandie Université, INSA de Rouen, 76800 Saint-Etienne-du-Rouvray, France

ARTICLE INFO

ABSTRACT

Article history:

Received 4 June 2019

Revised 29 July 2019

Accepted 3 October 2019
Available online 19 October 2019

Keywords:

LBM

Char combustion
Sodium

Porous

Char-pellet combustion is studied with the lattice Boltzmann method (LBM) including sodium release and
the ash inhibition effect on oxygen diffusion in the porous char. The sodium release and the shrinking of
the char pellet are simulated by accounting for the reactions occurring both in the solid and gas phases.
The combustion of a single char pellet is considered first, and the results are compared against mea-
surements. The simulation of the pellet mass, pellet temperature and sodium release agreed well with
in-house optical measurements. The validated lattice Boltzmann approach is then extended to investi-
gate the combustion of porous char and sodium release inside the porous medium. The pore-structure
evolution and the flow path variation are simulated as combustion proceeds. The simulations repro-
duce the expected different behaviors between the combustion products (CO and CO,) and the released
volatile, here the sodium vapor. The combustion products are mostly generated at the flame front and
then transported by the flow and molecular diffusion inside the complex porous char structure. However,
the volatile sodium vapor forms in the entire porous char and tends to accumulate in regions where the
flow motion stays weak, as in internal flow microchannels, or blocked, as in closed pores. These results
confirm the potential of the LBM formalism to tackle char-pellet combustion accounting for the topology

of the porous medium.

© 2019 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

In computational fluid dynamics (CFD), the flow evolution is
usually described by Navier-Stokes (NS) equations, from the macro
scale (e.g., jet engines and furnaces) down to the micro scale (e.g.,
electric chips and batteries). Over the past three decades, a simu-
lation method based on the mesoscopic fluid dynamics, the lattice
Boltzmann method (LBM), has attracted great interest and atten-
tion in the CFD community. Unlike traditional methods, the LBM
does not deal with the discretized NS equations, but models flow
dynamics by using the discrete Boltzmann equation and through
the evolution of the distribution functions [1,2]. There are several
advantages of the LBM as compared to traditional CFD methods
[3]: (1) the scheme is simple. The LBM simulates flow with linear
equations with relaxation processes; (2) it is easy to deal with
complex geometry by changing only the form of distribution func-
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tions in the simulation; (3) it is convenient for parallel coding and
computing. The advantages of the LBM made this approach widely
applied to a variety of flow research areas such as: (1) multiphase
and multispecies flow [4,5]; (2) microchannel flow and heat trans-
fer [6,7]; (3) nanofluid [8,9] and (4) porous medium flow [10,11].
The oxidization of porous coal/biomass/char at high tempera-
ture is a fundamental process of solid fuel combustion. However,
the porous char features a very complex geometry, embedding
flow microchannels and micropores [12], and it is challenging for
traditional Navier-Stokes based methods to simulate the reaction
of char in such a complex geometry. On the other hand, due to
its capability of dealing with complex geometry, early applications
of the Lattice Boltzmann method have focused on flow dynamics
in porous medium, e.g., flow seeping and wetting of the porous
structure [3]. Buckle et al. [13] simulated the permeability of flow
in a sandstone based on the X-ray image of the porous sandstone
structure. Their LBM simulation results agreed well with experi-
mental ones. Based on what was observed in the simulation, they
improved the model of flow penetration in a porous structure.
In recent years, the LBM has been upgraded for simulating more
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the distribution function for scalars

the equilibrium distribution function for density
the equilibrium distribution function for density
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Schmidt number
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the source term for scalars in LBM
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species mole fraction

species mass fraction

gas-phase temperature (K)

the CO/CO, mole ratio

the reaction surface area (m?2)

the vector of the discrete molecular velocities
the oxygen mass per unit area on the particle sur-
face (kg/m?)

the char combustion rate (kg/s)

the oxygen diffusion coefficient (m?/s)

the solid-phase temperature (K)

the ash thickness (m)

the Sherwood number

the porosity of ash

the pellet diameter (m)

the char core pellet diameter (m)

the carbon conversion ratio

the mass of ash (kg)

the mass of char core (kg)

the ash density (kg/m?3)

the char density (kg/m?3)

the pellet mass (kg)

the sodium mass fraction in the char

the sodium release rate (kg/s)

the CO, production rate (kg/s)

the thermal radiation heat source (Kk]/s)

the char combustion released heat (k]/s)

the mass consumption of the solid phase (kg)
the grid resolution of the LBM (m)

the char surface emissivity

the Stefan-Boltzmann constant (W/(m? K#))
the heat capacity (kJ/(kg K))

the phase function

the mask to indicate whether the local grid point is
in the gas (0) or solid (1) phase

grid number of the gas phase

complex flow and transport phenomena in porous medium.
Kang et al. [14] employed the LBM in the simulation of crystal
and colony growth. Chen et al. [15] investigated dissolution and
precipitation of solid in a solution and analyzed the effect of
precipitation on the surface reaction. Gao et al. [16] employed the
LBM to simulate acid treatment on mineral in coal, and compared
different reactions of minerals and the effect of acid treatment on
the coal structure.

Research on the application of the LBM approach to combustion
has also been developed over the past two decades. Yamamoto
et al. [17] simulated propane combustion in Ni-Cr porous medium
and observed asymmetric burning inside the porous medium.
The higher temperature than the metal’s melting point may then
destroy the solid structure. Recently Lin and Luo [18] employed
the Boltzmann model to investigate hydrodynamic and thermo-
dynamic nonequilibrium effects around a detonation wave and
the effects of different relaxation times on the chemical reactants,
products and the relative height of the detonation peak were
obtained. Boivin et al. [19] presented a variable-density LBM
solver, which successfully simulated a classical freely propagat-
ing flame as well as a counterflow diffusion flame, with strains
up to extinction. To numerically solve premixed, nonpremixed,
or partially premixed nonequilibrium multi-component reactive
flows, a discrete Boltzmann model (DBM) has been developed by
Lin et al. [20], which presents not only more accurate hydrody-
namic quantities, but also detailed nonequilibrium effects that
are essential yet long-neglected by traditional fluid dynamics.
Furthermore, a multiple-relaxation-time discrete Boltzmann model
was developed for compressible thermal reactive flow [21]. Via the
Chapman-Enskog analysis, the developed multiple-relaxation-time
DBM is demonstrated to recover reactive Navier-Stokes (NS)
equations in the hydrodynamic limit. Improvement of overall mass
conservation in LBM simulation of multicomponent combustion
problems has been achieved in [22]. Even though there have been
considerable developments in the LBM community on solving
multiphysics flow phenomena, including porous medium flow,
premixed, non-premixed combustion and detonation cases, ac-
cording to the best of our knowledge, LBM simulation of gas-solid
two-phase porous-char combustion at the pore scale has not been
attempted yet and is one objective of the present work.

During the combustion of sodium-rich coal or potassium-rich
biomass, vapor of alkali metal (sodium and potassium) minerals
are released under heating. The released alkali can condense on
boiler walls, causing fouling and corrosion [23,24]. For instance,
the sodium vapor (NaCl or Na,CO3) is easy to condense on heat
exchanger surfaces and causes serious corrosion. Many researches
have focused on the characteristics of alkali release using on-
line and offline measurements [23]. An offline method samples
the fuel and emission in different combustion stages and analyzes
the sample using a chemical method, such as inductively coupled
plasma-atomic emission spectrometry (ICP-AES) and X-ray diffrac-
tion (XRD). An online method employs optical instruments to
measure time-resolved concentrations of gaseous species released
from the burning solid-fuel, such as laser-induced breakdown
spectroscopy (LIBS) [25,26], and planar laser induced fluorescence
(PLIF) [27,28]. In our previous work, alkali release from a burning
coal pellet was investigated using optical methods [25,27]. The al-
kali release, pellet mass and pellet temperature were simultane-
ously measured. The results show that alkali release can be divided
into three stages, including the devolatilization, char burnout and
ash stages, and most sodium is released during the char burnout
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stage. Based on those experimental results, a preliminary kinetics
of sodium release during coal-pellet burning was developed.

The authors have also performed high-fidelity simulation of
laboratory-scale pulverized-coal flames to investigate sodium
emissions in these turbulent gas-solid two-phase flames [29,30].
In [29], a subset of a detailed sodium chemistry [31] was tabu-
lated and coupled with a large-eddy simulation solver to predict
sodium emissions in a spatially developing pulverized-coal flame.
In [30], direct numerical simulation (DNS) of a temporally devel-
oping pulverized-coal flame was performed. The predictions of
sodium emissions were compared between tabulation based on
one-dimensional premixed flamelets and DNS results. In these
turbulent two-phase reacting flow simulations, pulverized-coal
particles were approximated by point particles with mass, but no
volume. Since there were no reliable data sources available on
species compositions of the sodium compounds vapor released
from a pulverized-coal particle under heating, it was also assumed
in [29] and [30] that atomic sodium was released together with
coal volatile during coal-particle pyrolysis. This constitutes a major
assumption, which remains to be relaxed to improve predictions
of sodium emissions in pulverized-coal combustion in future
numerical studies. Along these lines, this study constitutes a first
step to examine how alkali metal compounds are released from
inside a burning porous coal/char particle, which is the second
objective of this work.

In the present study, models for the solid-phase char com-
bustion and sodium release are developed and implemented into
the open-source LBM flow solver DL_MESO [32]. We first validate
the LBM approach against our in-house experimental data of the
combustion of a single 4-mm pellet [25]. In these experiments,
the temperature varies by only 10% between 1600K and 1760 K. As
a first step, therefore, the simulations are performed assuming a
constant gas density, which means the impact of temperature vari-
ation on the flow field is neglected, i.e., one-way coupling. Then,
the validated numerical tool is used to simulate the combustion
of a porous char particle in microscale, to explore char oxidation,
sodium release, and their intricate connections.

2. Lattice Boltzmann method

A basic LBM approach is applied [33] with the Bhatnagar-
Gross-Krook (BGK) approximation [3]| to close the discretized
Boltzmann equation. LBMs have been under rapid development
to simulate high-Reynolds-number thermal and reactive flow with
considerable temperature variation, e.g., by Luo and his co-workers
on the cascaded LBM [34,35], multiple-relaxation-time LBMs [36],
and discrete Boltzmann models [18,20]. In the present study where
the Reynolds number is low and the temperature variation of the
system is limited to 10%, the BGK model has been used and found
to be able to properly predict our in-house experimental data of
the combustion of a single coal pellet. The BGK method is based
on the development of discrete molecular velocity distribution
functions on uniform Cartesian lattices. The velocity distribution
functions evolution is discretized as

fix+ed., t+8) — f(x,t) = —%[ﬁ(x, - frx 0] +wF (1)

. e-u) 9(e-u)’ 3u?
f,-q=w,-{f+fo[3( L ey —zlc’z“ 2)
p=)_fi pu=)_fe V=2T6_]C28t (3)

Similarly, the governing equation for scalar distribution func-
tions can be written as:

G+ €8t +8) — g, 1) = — [BX.0) ~gT X D] + Q)

gfqzwi{g+gox3%} (5)

2T —
G=) g k= t6
i

f and g are the distribution function for density o and scalars
G (temperature T and mass fractions Y of transported species,
including O,, CO, CO, and Na), respectively; the index i defines
the vector of the discrete molecular velocities; w; is the weight
factor for the different speed vectors; 7 is the relaxation time; ¢
is the rescaled thermal velocity; u is the macroscopic velocity; e is
the base velocity in the LBM; v and «x are the kinematic viscosity
and diffusion coefficient in the LBM, respectively; F and Q are the
external force for flow velocity and the source term for scalars,
respectively. The relationship between the relaxation times and
diffusion properties is expressed by the Prandtl number Pr and the
Schmidt number Sc as:
KT 2x1y —1

v 2x1r —1

1a2g, (6)

Pr= (7)
Ky _ 2xTy —1

= = 2

(8)

The solution to the BGK evolution equation is usually acquired
in two separate steps, i.e., the collision:

fik+ €8t +80= Fx.1) - S[fix0) - [I0x.0)] (9)
and the propagation
fix+ €8, t +8:)= f(X, t+ &) (10)

The most common BGK method employed in two-dimensional
(2D) simulations discretizes the molecular velocities over nine
directions (D2Q9 formalism). The components and weight factors
are given as follows [33]:

(0. 0) i=0
e; = { (cos((i—1)m/2),sin((i—1)7/2)) i=1~4
V2(cos((i—1)m/2+4/m), sin((i—1)mw /2+4/7)) i=5~8

(11)
49 i=0
wi=11/9 i=1~4 (12)
1/36 i=5~8

In LBM simulation, both the grid size and time step are unity.
So, the physical values need to be normalized and rescaled in
the lattice space for simulation. The rule for the conversion is to
keep a dimensionless number to be identical in both the lattice
space and the physical system. The most common dimensionless
numbers are the Reynolds number (Re) for flow, the Prandtl
number (Pr) for heat transfer and the Schmidt number (Sc) for
species transport. In the present study, the normalization of the
source terms follows the procedure discussed in Refs. [17,37]. The
numerical implementation in DL_MESO [32] has been validated
on a constant-density, counterflow premixed propane flame. More
details about the conversion method and validation results can be
found in the supplementary material.

3. LBM simulation of gas-solid two-phase reacting flow
3.1. Char-combustion and alkali-release models

Well-established models for solid-char combustion and alkali
release are combined with the LBM to simulate the combustion of
a Zhundong coal pellet, previously studied experimentally [25].

During char combustion, oxygen diffuses to the solid surface to
react with carbon to form CO and CO,. Following [38], the reaction
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Fig. 1. Schematic diagram of the particle diameter d, and the diameter d. of the
char core particle, excluding the ash layer.

rate is modeled with the char temperature and the CO/CO, mole
ratio (Np). Neglecting the effect of char gasification, the carbon
reaction on the solid surface reads [38,39]:

24N, N, 1

Char+2(l+Np)02H 1+Npco+1+NPC02 (13)

Ny = Xeo _ 3 x 108exp(60 kcal/mol) (14)
o, RxT

Meomt = As x 2. % C, curnce % 5.98 x 104exp<_50‘1kj/““°1'1<>

kDo R x Tehar

(15)
where X; is the mole fraction (-) of species j; As is the reaction
surface area (m2) denoted by the burning rate meym, (kg/s);
Cosurface 1S the oxygen mass per unit area at the particle surface
(kg/m?); kp is the oxygen diffusion coefficient (m?/s); R is the
universal gas constant (kJ/mol); T and T, are the gas- and solid-
phase temperatures (K), respectively. Since ash forming around
the particle will inhibit the oxygen diffusion process, the ratio
of kp/kpo was amended to incorporate the inhibition effect. The
correction is expressed as, following [38,40]:

ko dpTo (Sh 8dg, +62°d2,)
ko, — dp,T (Sh 8d, +625d2)

where § is the ash thickness (m); Sh is the Sherwood number (-);
0 is the porosity of ash (-), usually ranging from 0.15 to 0.21; d,
is the particle diameter (m) and d. is the diameter (m) of the char
core particle, excluding the ash layer, as shown in Fig. 1.

The carbon conversion ratio (=), Cepgy is calculated from mgpap o,
the initial char mass (kg), as follows:

Cchar = (1 -

In the simulation, Cy,,, can be obtained from the ratio between
the initial and current numbers of solid phase grid points. Then d,
and d. can be determined by:

(16)

Mehar )\ 100% (17)
Mchar,0

_ Mehar,0 + Mash,0 (]8)

3
4z ( dpo
3 (2

(o

me = (mchar,o + mash,O) X (1 = Cehar)

3me \ /3
d = (m) %2 (19)
13
d. — 3 x Cehar X Mash,0 n % ’ (20)
P 47T X Pash 2

Masho is the initial ash mass in the solid fuel particle (kg); mc is
the mass of the char core (kg); p.q is the ash density (kg/m3). The
char and ash densities were set to be 1100kg/m3 and 900 kg/m?,
respectively. In addition, the Sherwood number for a sphere is
defined as:

Sh =2+ 0.6 x Re!/25c!/2 (21)
The sodium release rate calibrated from our previous experi-
mental work [25] is used:

(22)

Nagux = Cna x mp x 105118 x exp<287'8kj/mOl>

RxT

where mj, is the particle mass (kg) and Cy, is the sodium mass
fraction (-) in the char, with Cy,=0.287% experimentally cali-
brated for Zhundong char. The sodium release rate Nag,, (kg/s)
calculated by the above model is the mass flow rate of the sodium
element released from the whole burning particle. So, the sodium
mass source term in the gas phase around the char pellet is this
release rate divided by the mass flow rate of the gas phase flowing
through the pellet.

The CO generated from char combustion eventually burns in
the gas phase in the presence of oxygen. A one-step CO combus-
tion mechanism is introduced with a reaction-released heat of
83 kJ/mol [41]:

_ 5
CO+0.50, — COy k=223 x 1012exp< 17 Xng Tkj/ m°1>

(23)

This CO, production rate k (kg/s) provides the heat release rate
entering the balance equation for the temperature distribution
function. At the solid phase surface, effects of thermal radiation
Qaq (KJ/s) and char combustion released heat Qo (KJ/s) are also
considered! to compute the thermal budget of the solid phase,

Qud = Aco (Tf;low + Tv?,all - ZT];l,SuI‘faCe)
Qcomb = Qneat X Meomb (24)
Qcomb Qrad
=Q=
PcharCp A:‘Elocharcp

where A is the resolution (m) of the LBM grid expressed in
physical units; ¢ is the surface emissivity (-) and o is the Stefan-
Boltzmann constant (5.67 x 1078 W m=2 K4); C, is the heat
capacity (kJ/(kg K)) of char. The emissivity ¢ and heat capacity
Cp are corrected according to the mass fractions of the char and
ash in the pellet and determined by a linear interpolation. The
emissivity of char and ash is 0.85 and 0.5, respectively [42]. The
Cp of both char and ash are a function of the pellet temperature,
following the experimental data of Merrick et al. [43]:

Cp = Char% x Cp char + Ash% x Cp, 46n (25)
&p = Char% x &, char + ASh% x €p asn (26)
In practice, Q. is normalized by the char mass in the cell to

advance in time the temperature distribution function.

T Notice that there is no heat source applied inside the solid phase.



Y. Liu, J. Xia and K. Wan et al./ Combustion and Flame 211 (2020) 325-336 329
W (i+2,j-2) R (i+2,4-1) P (i+2,)) O (i+2,+1)
A Interaction
Gas region reglon
N (i+2,-2) K (i+1,-1) H (i+1,) E@t1/+1)
V (i42,-2) D (ij-2) C (ij-1) ij+1)
M (i-14-1) 1,j+1)

Fig. 2. Schematic diagram of algorithms for solid-phase consumption during char combustion.

3.2. Algorithms for gas-solid two-phase interactions in combustion

Five types of grid points exist in the computational domain in
addition to the boundaries, as illustrated in Fig. 2. They are orga-
nized as follows [44]: (a) grid points inside the solid phase, e.g., A
in Fig. 2, on which only temperature conduction is calculated, and
both species mass fractions and velocities are set to zero; (b) grid
points on the solid-phase boundary (surface), e.g., B, E, and G in
Fig. 2, on which the bounce back boundary condition was applied
for flow velocity and species compositions, and the corresponding
temperature source term (see Eq. (7)) is added according to the
reaction; (c) grid points in the inner layer of the gas-solid interac-
tion region, e.g., M, C, K, H, and F in Fig. 2, on which flow velocity
and the scalars are solved, and the source terms are generated
from both the solid-phase char combustion and the gas-phase CO
reaction; (d) grid points in the outer layer of the gas-solid inter-
action region, e.g., D, N, W, R, P and O in Fig. 2. According to the
buffer-zone interaction-layer approaches of immersed boundary
theory [45-47], a two-layer interaction region has been used in
the present study. For both the inner- and outer-layer interaction
regions, the flow velocity and scalars are solved, and the source
terms are generated from both the solid-phase char combustion
and the gas-phase CO reaction; (e) grid points in the gas phase,
e.g., Vin Fig. 2, on which general LBM simulations were performed,
and the source term was generated from CO combustion only.

The above five different types of grid points are distinguished
in the simulation by constructing a phase function (fypgse)- In Fig. 2,
fphase(A) =4, fphase(B) =3, fphase(c)zzv fphﬂse(D):‘1 and fphase(v) =0.
For lattice points with the phase function ‘0’, ‘1’ or ‘2, the velocity,
temperature, species compositions and density are solved; for grid
points with the phase functions of ‘3’ or ‘4", only temperature
conduction is solved (notice that the same temperature distri-
bution function is used for both phases, and only the sources
are different). In addition, the difference of the heat diffusivity
coefficient between the solid and gas phases was simulated by
using different relaxation times for solid and gas grid points.

To model char consumption as combustion proceeds, a criterion
based on the chemical reaction was set up for grid points on the
solid phase boundary (e.g., B). For the convenience of distinguish-

ing between gas- and solid-phase grid points, a gas-solid mask fgs
is used. When the grid point is in the gas phase, fgs =0. Otherwise
fes=1. In the present study, the weight coefficients for the inner
and outer interaction layers have been set to be 2/3 and 1/3, re-
spectively, which means the inner and outer layers will receive 2/3
and 1/3 of the solid-phase combustion-generated heat and gaseous
products, respectively, quantitatively as the mass and temperature
source terms. In the simulation, the solid phase mass consumption
Mg comp (kg) of B-type grid points is determined by the reaction
rate on the 24 surrounding grid points (in Fig. 2, D, C, N, K, H, W,
R and P account for 1/4 of the total sampling region for B):

fon
Ms_comb.t+dt = Ms_comb,r + Z Meomp X (l_fgs) X p3ase dt (27)

where ¥ denotes the summation of the contribution from the
adjacent grid points around the local one; dt is the actual LBM
time step (s).

The phase change is simulated by monitoring mg comp, the
cumulated mass consumed on the solid lattice points. When
Mg comp €xceeds 1/8 of the solid-phase mass over a lattice cell
(each lattice point contributes 1/8), the phase function of the
solid-gas boundary point (e.g., B in Fig. 2) is changed to that of the
gas phase. The velocity and scalars are then approximated from
the adjacent grid points (for B in Fig. 1, information from K, E, P,
C, F and H shall be used). The species mass fractions are obtained
by averaging and the temperature by energy conservation. To
secure mass conservation, the burnt solid-phase mass is added
to the total mass of the gas phase, and the reference gas density
is recomputed. This numerical procedure may be summarized as
(Ngas denotes the number of gas grid point):

A3:Ochar
8

fphase =1 fgS =0
= _ > Ygas>< (1_fgs) _ Qneat < dms,comb (28)
y= &8 el 4 Sheat X T s comb
Ngas Cp.charpchar

when mg comp >

har +
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Fig. 3. Simulation domain and boundary conditions.

3.3. Single char pellet combustion

In the experiment reported in [25], a 4-mm Zhundong coal
pellet with an initial mass of 50mg is suspended 1cm above
a laminar, fuel-lean (equivalence ratio: 0.8) methane flame. The
diameter of the burner is 3cm [48]. The composition of the gas
flowing through the pellet is estimated from CHEMKIN calcula-
tions, which is 3.9% 0,, 7.6% CO,, 15.4% H, and 72.8% N, (mass
fractions) when the flow velocity is 0.15m/s. The flame temper-
ature is 1892K, and the gas temperature is about 1600K at the
pellet location because of heat loss [25]. The coal pellet undergoes
devolatilization, char burnout and ash cooking. The data for the
char burnout stage was specifically extracted for the present work.
The char burning started 50s after ignition [27]. The initial mass
and diameter of the char pellet are 35 mg and 4 mm, respectively.
The swelling effect is neglected [42, 49]. During the whole course
of the char burning, the temperature varies from 1600K to 1760K,
and the flow Reynolds number based on the char pellet (0.004 m)
and flow velocity (0.15m/s) is 3.84.

The computational domain is 4.5cm in height and 3cm in
width (Fig. 3). Following the conclusion of the grid independence
study, the detail of which can be found in the supplemental
material, a 427 x 285 grid is used. The bottom boundary is the
inlet of the domain with fixed values of velocities and scalars.
The top boundary is the outlet with zero normal gradients. The
left and right boundaries are periodic (no thermal expansion
included in the modeling). The inlet velocity is 0.15m/s, and the
inlet temperature is 1600 K. At the solid surface, the bounce back
boundary condition is set for the flow and species mass fractions.
To match physical flow properties, the relaxation time in the
BGK model is set to 0.989. Both Pr and Sc are assumed to be
unity.

The instantaneous simulation results of the shrinking char
pellet, velocity and scalars at C,q =60% are shown in Fig. 4(b)-(h).
The image of the initial char pellet is shown in (a) for comparison.

As the combustion progresses, the mass of the char pellet
is continuously consumed and the pellet size shrinks [compare

Fig. 4(a) with (b)]. Since oxygen is fed from the bottom of the
pellet, the bottom surface of the char pellet is consumed faster
than the top, making the char particle non-spherical. As expected,
a wake develops downstream of the char pellet.

CO combustion increases gas temperature around the pellet.
The heat capacity of the char being much higher than the gas
one, the solid temperature stays below the gas temperature. The
temperature distribution inside the solid particle stays almost
uniform, which is consistent with the low Biot number estimated
from the experimental study [25,27].

The oxygen reaching the solid surface reacts with char, gen-
erating CO and CO,, so the O, mass fraction decreases around
the pellet while the CO and CO, mass fractions increase. The
generated CO further reacts with O, in the gas phase, thereby its
mass fraction decreasing sharply.

Sodium vapor is released from the burning char pellet without
further accounting for gas phase alkali reactions. Accordingly, the
sodium concentration decreases as the sodium vapor travels away
from the char pellet.

Comparisons against measurements of the char-particle mass
and temperature evolutions are shown in Fig. 5, confirming the
validity of the proposed approach. Because of the ash inhibition
effect, the slope of the carbon conversion decreases with time. This
phenomenon is well captured by the simulation. During the inter-
mediate stage, however, the simulation slightly underpredicts the
carbon burnout. This is attributed to ash inhibition over limiting
the char burning because of the fixed value of # used in Eq. (21).
Indeed, the porosity of the ash should start at a lower value and
then gradually increase towards 6 = 0.2, to match the carbon con-
version measurement in the final stage. Instead of looking for an
ad-hoc 6(t) response, it is discussed in a subsequent section how
the internal char pellet topology can be included in the simulation.

Overall, the temperature result is consistent with the exper-
imental one. At the initial stage the simulation underpredicts
the char-particle temperature, but at the final stage overpredicts
it. The difference at the initial stage is mainly attributed to the
measurement itself. The volatile combustion, prior to the char
combustion stage, heats the char pellet by flame radiation. How-
ever, this radiative effect of volatile burning was not considered in
the simulation. The difference at the final stage is attributed to the
evolution of the heat capacity and surface emission of the pellet,
which are initially determined by carbon and later by ash. Even
though a linear fitting was adopted in the simulation for the two
parameters, it is still not accurate enough to reproduce the change
of physical characteristics of the pellet, featuring a shrinking char
core imbedded in a thickening ash layer.

The elemental sodium flux at 1cm above the char pellet is
collected as in the experiment. The elemental sodium is defined
summing over all sodium species. The radial distributions of the
elemental sodium concentration at 1cm above the pellet are
also shown in Fig. 6, for three different times when the carbon
conversion ratio is 30%, 60% and 90%, respectively.

Considering the complexity of the processes at play, the pre-
dicted sodium fluxes are in quite good agreement with the LIBS
measurements. Because of the lower temperature predictions,
the sodium mass fractions at early times are lower than the
experimental data. Similarly, the overprediction of temperature
at the final stage leads to an overprediction of sodium release,
to which should be added the uncertainty in the experimental
determination of the sodium flux from the LIBS measurement
(which, for instance, neglects the effect of the shrinking pellet
on the gas flow). Moreover, the measured velocity distribution at
the initial stage was used to calculate the integral of the sodium
fluxes in the char burnout stages. In fact, the velocity distribution
evolves because of the shrinking of the pellet. So, the sodium flux
is expected to be larger than the value measured by LIBS.
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Fig. 4. Instantaneous LBM simulation results of char-pellet combustion (Cea = 60%).
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Fig. 5. Comparison between LBM simulation and experimental results on particle mass and temperature.

The prediction of the radial distribution of the elemental
sodium concentration shows a similar trend to that of the sodium
flux. It is lower than the experimental profile at the initial stage,
and becomes higher at the final stage of the char combustion,
still with a very encouraging overall agreement. The simulation
underpredicts the radial span of sodium diffusion. All the simula-
tion results at the radial distance of 0.009 m (r/L=2.25) from the
centerline are lower than the measurements. First, the released
sodium includes the sodium element from a variety of sodium
species, which may undergo differential diffusion. But in the
simulation, the Schmidt number was set to unity. Second, the

presence of ash is likely to introduce fluctuations in the sodium
release and thereby variability in the gas phase distributions, a
phenomenon which is neglected in the simulation.

3.4. Porous char combustion and sodium release

The developed LBM simulation framework is now used to
explore porous-char combustion and sodium release from porous
char. The porous char structure is taken from Minkina et al.
[50] on pyrolysis of a subbituminous coal particle under 1073 K.
The computational configuration is shown in Fig. 7. The physical
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Fig. 7. Porous char structure and boundary conditions of LB simulation.

size of the porous-char image is 500 x 500 um. The selected mi-
crostructure features pore blockage, flow channel bifurcation and
closed pores inside the char, with an overall porosity of 21.5%.

The objective is to model the combustion of a char particle
transported by a flow and entering a high temperature zone. Im-
posing a 2/3 pressure drop between the left and right boundaries
of the two-dimensional lattice, a flow develops through the char
with a Reynolds number of the order of 1.2, a value which is
representative of flow regimes usually observed in such porous
media. Initially, the porous char is filled with cold air (300K). The
hot air entering the simulated domain at a temperature of 1600 K
contains 23.3% oxygen and 76.7% nitrogen in mass fractions. After
checking the grid independence, a 300 x 300 lattice grid is used.
A zero-gradient boundary condition is used for all the scalars at
the outlet. The top and bottom boundaries of the domain are set
as periodic. As above, the bounce back boundary for flow velocity
and species mass fractions is applied at the solid surface, and heat
conduction is solved inside the solid phase.

The characteristic parameters of Zhundong char are applied as
they are very close to those of the subbituminous coal sample
used to build the porous structure for the simulation [50]. The

density, reaction parameters and sodium proportion are therefore
those of Section 4.3, which have been used to validate the LBM
methodology against experimental measurements. In the present
simulation, reactions due to CO in the gas phase and char on the
solid phase surface are both considered. Because the amount of
ash generated in this porous structure is expected to be small, the
ash inhibition effect on oxygen diffusion is also neglected.

Figure 8 shows the results observed at the time when 20% of
the carbon conversion is reached. The flow proceeds from left to
right and, because of the higher temperature carried by the flow,
the left side of the porous char structure is firstly consumed. Two
main flow channels are established. As these channels become
narrowed or bended, the gas flow accelerates or changes its
direction, with significant acceleration in the narrower zones. It
can be observed that CO generated at the char surface will burn
at the front side of the domain facing the incoming flow, causing
local high temperature that further heats the char structure.

The evolution of the porous structure and velocity distribution
during the porous char combustion processes are shown in Fig. 9
when the carbon conversion ratio is 0%, 20%, 40%, 60%, 80% and
100%. Closed pore spaces are opened and narrow flow paths are
expanded during char combustion, followed by an increase of the
porosity. This increase in porosity stimulates the overall burning
rate of char, and the destruction of internal pores releases the gas
phase components that were previously stored in the closed pores,
such as the alkali metal vapor.

Figure 10 shows that a significant proportion of the oxygen
entering the domain is consumed upfront of the char by combus-
tion both in the gas phase and on the solid surface. The remaining
oxygen diffuses through flow channels to react at the solid-char
surface to produce carbon monoxide and carbon dioxide. These
species are then transported into the porous medium. Due to the
complicated flow paths in the porous structure and the smaller
gas flow rate, the generated CO and CO, tend to accumulate at the
reaction front, with also a certain ability to diffuse upstream. Some
parts of CO will also reacted with the coming O, and forming
CO,. At early times, CO and CO, presented deep inside the porous
structure are due to flow transport and molecular diffusion, since
there is a lack of oxygen there.

Interestingly, the distribution characteristics of sodium vapor
released into the gas phase differ from those of the combustion
products (Fig. 10). The regions with high combustion-product
concentrations mainly feature the highest momentum levels, while
the regions with a high concentration of sodium are mainly those
with a weak flow velocity. Although sodium vapor is released from
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Fig. 8. Instantaneous velocity and temperature distributions in porous char at Cpg = 20%.
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the solid phase by heating, there is not that much of sodium at the
flame locations. Indeed, because of the large differences in trans-
port properties between the gas and solid phases, once released,
the sodium vapor rapidly diffuses inside the microchannels, while
the solid char needs to be heated for its consumption to propagate.
On the other hand, in retarded flow channels and closed pores,

(b) Ccha_r==2 O %

(e) Cchar::8 0 %

Fig. 9. Evolution of porous structure and flow field during porous char combustion.
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—
Scale: 0.003

() Cehar==100%

where flow transport is limited, the continuous accumulation of
sodium vapor released makes its concentration higher.

It should be pointed out that LBM simulation has also been
performed for the burning of a Zhundong coal char particle
with a lower overall porosity 11.1% (results not shown). The
porous structure was taken from in-house SEM (Scanning Electron
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Fig. 11. Averaged carbon conversion ratio and solid phase temperature during porous char combustion.

Microscope) images. Except that the time scale for the Zhundong
coal char particle to complete burning is longer due to a lower
porosity, we observed an identical trend of the distribution char-
acteristics of combustion products and sodium vapor in the porous
structure.

The time evolution of the average over the computational
domain of the carbon conversion and solid-phase temperature is
shown in Fig. 11. As the combustion progresses, the slope of the
carbon conversion ratio slightly decreases after a first increase,
and then increases again. This sequence is explained by the fact
that the char close to the left boundary, thus directly encountering
the incoming oxygen, burns very quickly; as the combustion pro-
gresses, the flame front of the char reaction is gradually moving
away from the left boundary, and the accumulation of the com-

bustion products and CO combustion in the gas phase weakens
the diffusion of oxygen to the reaction front, thereby decreasing
the char burning rate. As the combustion of char further con-
tinues, narrow flow channels expand, oxygen diffusion proceeds
and the increased reaction specific surface area favors char com-
bustion again. At the initial stage of the combustion, the solid
phase temperature starts to rise due to the heating by both char
combustion on the solid surface and CO combustion in the gas
phase. As the reaction proceeds, the reaction front shifts towards
the right, the unreacted proportion of the solid phase decreases,
making the average temperature increase. At the final stage of
the char combustion, the solid phase reaction rate is enhanced by
the accelerated gas diffusion and the reduced reaction area, so a
further increase of the average temperature is observed.
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4. Conclusions

Char combustion and alkali metal (sodium) release in a porous-
char particle were investigated using a lattice Boltzmann method.
The standard LBM flow formalism is modified to account for a
solid fuel phase, including gaseous and surface chemical reactions.
Single-step global kinetics are used and the decomposition of ash
was not considered, but the inhibition of ash on oxygen diffusion
is included.

The LBM simulation results were first validated against pre-
vious char combustion and sodium release measurements. The
pellet mass, particle temperature and sodium release are in quite
good agreement with the experimental data, demonstrating the
prediction capabilities of the proposed approach.

The combustion of an actual sub-bituminous porous char
particle is then addressed, simulating the flow dynamics inside
the particle. The production and diffusion of CO and CO, inside
the porous char structure follows the internal flow direction; due
to CO combustion in the gas phase and char burning on the solid
surface, most oxygen is consumed at the reaction front bordering
the particle, thus limiting the diffusion of O, inside the porous
medium; because of the different heat and mass transfer and
chemical time scales at play, the distribution of the volatile prod-
ucts, such as sodium vapor, differs from that of the combustion
products CO/CO,.
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