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Abstract
In this paper a subset of a detailed sodium chemistry mechanism [1] has been tabulated and coupled with a large-eddy
simulation (LES) solver to investigate alkali metal emissions during pulverised-coal combustion for the first time.
The combustion-conserved equivalence ratio of the hydrocarbon-fuel/air gas mixture, a mixture fraction for sodium
reactions and the gas-phase temperature have been used to define the initial conditions of chemical trajectories of
sodium reactions. A progress variable has been defined to track the sodium reaction progress. A four-dimensional
chemical lookup table is then built and coupled with LES of pulverised-coal combustion, where the volatile species
generation is predicted in-situ by the CPD (Chemical Percolation Devolatilisation) model [2] and gas-phase reactions
by the PaSR (Partially Stirred Reactors) model [3]. Characteristics of the reacting dynamics of sodium minor species
in a pulverised-coal jet flame are obtained.

Introduction
Turbulent solid-fuel combustion occurs in a variety

of power-generating combustion devices burning coal,
biomass or their blends. Alkali metal minor-species
emissions, including sodium species rich in some coal
and potassium species usually rich in biomass, acceler-
ate ash deposition on heat exchanging surfaces and de-
grade heat transfer efficiency, thus leading to severe op-
erating issues of the industrial combustion devices. Mod-
elling reacting dynamics of minor species in a turbu-
lent multiphase flame is still an open challenge, although
global combustion characteristics of a turbulent gaseous
flame can be reasonably predicted nowadays. In this
work a detailed sodium chemistry has been tabulated
and incorporated into high-fidelity simulation of a turbu-
lent pulverised-coal flame. This first attempt has made
possible numerical experiments of minor species forma-
tion and reacting dynamics prediction in laboratory- and
industrial-scale turbulent solid-fuel combustion.

Specific Objectives
In view of the research need to develop modelling

approaches to tracing alkali metal minor species in tur-
bulent solid-fuel combustion, the specific objective of
this work is to evaluate detailed chemistry tabulation and
its coupling with a high-fidelity multiphase flow solver.
Chemistry tabulation is appealing to the community due
to the low computational cost required for incorporating
detailed chemistry into reacting flow simulation.

Sodium Chemistry Tabulation
The following assumptions and simplifications have

been made in this work:
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1. In the laboratory-scale pulverised-coal jet flame con-
sidered in this study, char combustion is limited and
therefore not considered.
2. The sodium species and composition released from a
pulverised-coal particle is an important initial condition.
Although progress is being made (e.g. [4]), no detailed
knowledge has been obtained. Therefore atomic sodium
(Na) has been assumed to be the sole sodium species re-
leased from a sodium-rich pulverised-coal particle, since
it was predicted to be the favoured species in a flame en-
vironment. We understand this is a strong assumption,
which also facilitated the definition of a progress variable
for the sodium reactions. Once a proper sodium release
model is available, we can inherit the modelling approach
developed here only if a proper progress variable can be
found. In this respect automatic tools (e.g. [5]) to gener-
ate an optimal progress variable can be of assistance.
3. The sodium release rate, or the particle source term
in the transport equation for the sodium mixture fraction
ZNa is proportional to the pyrolysis rate or the source
terms in the transport equations for volatile species. This
simplification is based on the knowledge that the sodium
vapour generated inside the porous structure of a coal par-
ticle is transported outwards by the volatile produced dur-
ing the pyrolysis stage.
4. In the present study, a subset of the 24 reactions in
[1], including 4 elements Na, C, H and O and 5 species
Na, NaO, NaO2, NaOH and (NaOH)2 is considered.
Sulphur and Chlorine are not considered.
5. Since the magnitude of sodium species is very small
and at the ppm (parts-per-million) level, it is assumed that
the sodium reactions do not influence gaseous hydrocar-
bon volatile combustion.
6. Subgrid turbulence-chemistry interactions are not con-
sidered for sodium reactions. Therefore the source term
ω̇c obtained from the chemical lookup table is directly
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used as the source for the transported filtered progress
variable Ỹc.

For the pulverised-coal-particle-laden jet heated by a
co-flow [6], we define the initial conditions for chemical
trajectories of the 5 sodium species with 3 variables:
1. The combustion-conserved equivalence ratio φCH for
gaseous hydrocarbon fuel, defined as φCH = (2XC +
XH/2)/XO. XC, XH and XO are the mole fractions of
atomic carbon, hydrogen and oxygen in the gas mixture,
respectively. The mole fractions are evaluated on the LES
grids using filtered mass fractions Ỹi of gas species.
2. A mixture fraction ZNa for sodium reactions, which
is defined in this paper as the mass fraction YeNa of the
sodium element. A filtered convection-diffusion equa-
tion is used to transport Z̃Na or ỸeNa, with a source term
ṠeNa on the right-hand side of the equation accounting
for sodium vapour released from a pulverised-coal parti-
cle, which is proportional to the volatile release rate.
3. The gas-phase temperature Tg. The filtered gas-phase
temperature T̃g is obtained from the filtered energy equa-
tion transporting ρgTg with source terms due to gas-phase
combustion, radiative heat transfer and heat exchange be-
tween the gas and particle phases.

The equivalence ratio φCH and the sodium mixture
fraction ZNa are used to quantify the mixing among three
feeding streams: (1) the primary pulverised-coal-particle-
laden air jet, (2) the high-temperature co-flow and (3) the
volatile stream originated from coal particles. Note since
the release rates of volatile gas and sodium vapour are
proportional to each other, ZNa can be used to quantify
the mixing of the volatile stream into the gas mixture.

The gas-phase temperature Tg accounts for tempera-
ture effects on sodium species, including (1) temperature
rise due to gas-phase combustion, (2) heat loss due to ra-
diation and (3) heat exchange between the two phases.
Note the reactions of sodium minor species have negligi-
ble effects on Tg.

Figure 1(a) shows a scatter plot of ZNa against φCH

obtained from an instantaneous LES result. The data
points illustrates the mixing status among the 3 feeding
streams. The theoretical upper and lower bounds of ZNa

can be obtained from the compositions of atomic C, H
and O in the 3 feeding streams and are also shown in
the figure. The 2 bounds are also used as the minimal and
maximal ZNa at each equivalence ratio to build the chem-
ical lookup table. The upper bound indicates a mixture of
volatile and the primary air jet, and the lower bound indi-
cates a mixture of volatile and the hot co-flow. Since the
primary air jet flow carries the particle phase, a pure mix-
ture between volatile and the co-flow cannot form. Since
volatile is generated from a pulverised-coal particle af-
ter it is heated by the co-flow, a pure mixture between
volatile and the primary air jet cannot form either. There-
fore both the upper and lower bounds are not reached.

Figure 1(b) shows a scatter plot of Tg against φCH.
The conditional mean and fluctuations of the gas-phase
temperature at each equivalence ratio are also shown in

(a) Sodium mixture fraction ZNa(= YeNa) vs φCH

(b) Gas-phase temperature Tg vs φCH

Figure 1: Scatter plots of an instantaneous LES result.

the figure, together with the upper and lower bounds used
to build the table. The lower bound is chosen to keep the
temperature range for all the equivalence ratios less than
700 K. It can be seen that the conditional fluctuations are
completely contained in the 2 bounds.

After identifying the 3 parameters which define the
initial conditions of chemical trajectories of sodium
species, the time evolutions of these trajectories need to
be remapped into a progress variable space. A progress
variable Yc is a linear function of the mass fractions
of the 5 sodium species considered in this study. It
should monotonically evolve with the time t so that the
mass fractions Yi of all the sodium species can be ex-
pressed as singled-valued functions of Yc, i.e. Yi(t, ξ) =
Yi[t(Yc, ξ), ξ] = Yi[t(Yc), ξ] = Yi(Yc, ξ), where the ini-
tial conditions of a chemical trajectory is denoted by ξ =
ξ(φCH, ZNa, Tg). In addition, the gradient of the sodium
species concentrations in the progress variable space
∂Yi(Yc, ξ)/∂Yc should not be overly big [5]. Otherwise
a small deviation in the prediction of Yc would lead to
unacceptable errors when obtaining sodium species mass
fractions from the table.

In the present work, since atomic sodium Na is
the assumed sodium species ejecting from a pulverised-
coal particle, the total mass fractions of the sodium ele-
ment in all the other 4 sodium species, including NaO,
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NaO2, NaOH and (NaOH)2, should be a proper can-
didate for the progress variable. Since the total mass
of the sodium element is conserved during sodium re-
actions, this progress variable should monotonically in-
crease with the consumption of Na in time. In addi-
tion, since Y(NaOH)2

is orders of magnitude smaller than
that of the other sodium species, a large constant weight-
ing factor (104) has been applied to Y(NaOH)2

to reduce
the magnitude of ∂Y(NaOH)2

/∂Yc, thereby improving the
accuracy of the chemical table on predicting this minor
sodium species.

Therefore, the progress variable Yc is defined as

Yc = Yc,I + Yc,II, (1)

where

Yc,I = Σi(νNa,iWNa/Wi)Yi, (2)
Yc,II = (νNa,jWNa/Wj)Yj × (104 − 1). (3)

νNa,i is the number of the sodium element in species i
of the 4 sodium compounds, W is the molecular weight,
and species j is (NaOH)2.

To build up the sodium chemistry table, the chemi-
cal equilibrium state of gaseous hydrocarbon combustion
is first predicted using CANTERA and GRI-3.0 for each
initial condition ξ(φCH, ZNa, Tg), excluding sodium re-
actions. Then a zero-dimensional simulation of sodium
reactions is run for 2.0 s, which is much longer than
the residence time of a fluid particle of the jet flow, us-
ing CANTERA in combination with GRI-3.0 and the de-
tailed sodium chemistry [1]. It is also sufficiently long for
the sodium reactions reaching their chemical equilibrium
states except for a limit number of cases under some low-
temperature conditions. The obtained chemical trajectory
can then be remapped into the progress variable space.
Specifically, for each Yc, the corresponding i-th sodium
species concentration Yi and the source term ω̇c in the
transportation equation for Yc can be obtained and are
stored into the chemistry table. ω̇c is a linear combination
of the source for Yi with the same weighting factors as in
Eq. 2. Yc is normalised by the final maximal value be-
fore stored in the table. The normalised progress variable
C(t, ξ) = Yc(t, ξ)/Yc,max(2.0, ξ) monotonically evolves
from 0 to 1 for any single chemical trajectory of the
sodium reactions.

The equivalence ratio φCH, varying in [0, 1.85], is
discretised on a 100 nonuniform grid, with refined grid
points around φCH = 1.0 where the sodium species con-
centrations vary rapidly. 30 and 50 uniform grid points
are used for ZNa and Tg, respectively. 100 grid points
are allocated for the normalised progress variable C, and
the grid is refined for small C values at the initial stage of
the sodium reactions. The sodium chemistry database has
therefore φCH×ZNa×Tg×C = 100×30×50×100 co-
ordinates in total, on each of which the 5 sodium species
mass fractions and ω̇c are stored. The size of this com-
plete table is 700 MB.

(a) Tg = 1, 000K, YeNa = 5× 10−6, 0.27 ≤ φCH ≤ 0.58.

(b) Tg = 1, 700K, YeNa = 2.5× 10−5, 0.82 ≤ φCH ≤ 1.28.

Figure 2: Sample contours of the progress variable
source ω̇c stored in the table at a (a) low and (b) high
gas-phase temperature.

(a) Tg = 1, 000K, YeNa = 5× 10−6, 0.27 ≤ φCH ≤ 0.58.

(b) Tg = 1, 700K, YeNa = 2.5× 10−5, 0.82 ≤ φCH ≤ 1.28.

Figure 3: Sample contours of NaOH mass fractions
YNaOH stored in the table at a (a) low and (b) high gas-
phase temperature.

Figure 2 shows sample contours of the progress-
variable source ω̇c stored in the table at a low [1,000 K;
Fig. 2(a)] and high [1,700 K; Fig. 2(b)] gas-phase temper-
ature for C ∈ [0, 0.025]. ω̇c is relatively small, although
nonzero, and therefore not shown for C ∈ [0.025, 1].
At Tg = 1, 000K, the gaseous mixture is always fuel-
lean. For a fuel-lean mixture, ω̇c is large at the early
stage of the chemical trajectories due to fast oxidation of
Na towards NaO2, and decreases as the sodium reactions
progress. ω̇c,C=0 increases as φCH decreases. Figure 3
shows sample contours of the mass fraction of an impor-
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tant sodium species NaOH stored in the table at the two
temperatures. NaOH will be continuously produced as
the sodium reactions progress towards the equilibrium,
and more NaOH, although on the same order of mag-
nitude, will be produced if the gaseous mixture contains
more hydrocarbon fuel. At the higher gas-phase temper-
ature Tg = 1, 700K, a similar trend can be identified for
a fuel-lean mixture. For a fuel-rich mixture, however, the
production of NaOH tends to slow down.

The sodium chemistry table has been comprehen-
sively validated by comparing the sodium species mass
fractions predicted by the table and by the detailed
sodium chemistry directly, given a specified initial con-
dition ξ(φCH, ZNa, Tg).

The chemical lookup table, which is based on trajec-
tories obtained at a fixed value of the gas-phase temper-
ature Tg, cannot account for the variations of the sodium
compositions at a chemical equilibrium state due to the
variation of Tg. ω̇RTE

c has therefore been used as a relax-
ation towards the new equilibrium conditions [7],

ω̇RTE
c =

Y EQ
c (φCH, Z̃Na, T̃g)− Ỹc

γδt
, (4)

where δt is the time step; γ is a relaxation coefficient and
set to be 1 in this work. Therefore

˜̇ωc = ω̇TAB
c (φCH, Z̃Na, T̃g) + βω̇RTE

c , (5)

where β = 0 if the sodium reactions have not reached
chemical equilibrium, i.e. Ỹc < Y EQ

c . Otherwise β = 1.
ω̇TAB
c is the source term obtained from the table.

Volatile Pyrolysis and Combustion Models
Volatile species prediction is crucially important for

key pulverised-coal combustion characteristics such as
ignition and the liftoff height. In this study an advanced
pyrolysis model CPD has been incorporated into an LES
solver [8] to predict gaseous volatile species production
from a pulverised-coal particle according to the local
heating rate, thereby improving modelling of coal pyrol-
ysis over a wide range of operating conditions [9].

The filtered reaction rate ω̇i is calculated by the PaSR
model. PaSR has been applied to LES of both non-
premixed [3] and premixed [10] combustion. Each LES
grid cell is viewed as a partially stirred reactor containing
fine structures where mixing and reaction occur and the
surroundings dominated by large-scale flow structures.
ω̇i = κω̇(ρg, Ỹi, T̃g), where κ is the reacting volume frac-
tion, defined by the ratio between the volume swept by
the reacting structures and the volume swept by mixing
and reacting structures. It is therefore can be estimated by
κ = τc/(τc + τm), where τm and τc are a subgrid mixing
time scale and a chemical time scale, respectively. In this
work τm is approximated by the harmonic mean of the
smallest Kolmogorov time scale τK and the largest sub-
grid time scale τ ′ in a LES filtering volume; And the char-
acteristic chemical time scale τc is estimated by a laminar

flame thickness divided by a laminar flame speed.

LES Two-Phase Flow Solver
The filtered Navier-Stokes equations in the low-

Mach-number form for mass, momentum, species mass
and temperature are solved for the gas phase. The sub-
grid scale flow terms are computed by the Germano
model. In addition to volatile species and their combus-
tion products with air, Z̃Na and Ỹc are also transported.
For the sodium mixture fraction Z̃Na, there is a particle
source but no reaction source in its transport equation.
While for the progress variable Ỹc, there is a reaction
source, which is obtained from the sodium-chemistry ta-
ble, but no particle source. Pulverised-coal particles are
modelled as point sources and full two-way coupling be-
tween the gas and particle phases due to pyrolysis, com-
bustion and heat exchange between the two phases in-
cluding radiation has been incorporated.

A 2nd-order Crank-Nicolson scheme is used for time
advancement. A 3rd-order weighted essentially non-
oscillatory (WENO) scheme is used for scalar advection
in the species and temperature equations, while a 2nd-
order central difference scheme for scalar diffusion in the
species and temperature equations and all the terms in the
momentum equation.

The LES solver has been validated on a particle-laden
turbulent air jet [8], pilot-assisted [11] and coflow-heated
[12] pulverised-coal combustion.

The software package has been optimised on the UK
national supercomputer ARCHER [13]. The load bal-
ance of particles has been achieved via on-the-fly redis-
tributing particles among all the cores. In addition, us-
ing one-sided MPI communication instead of collective
MPI communication has greatly enhanced the parallel ef-
ficiency of redistributing particles among cores.

Results and Discussion
A coflow-heated pulverised-coal jet flame [6] has

been simulated and the LES results validated [12]. For
the case reported here, the setup is the same as that of
the inlet stoichiometric ratio 0.22 [6], except that we
have used properties of Loy Yang brown coal, for which
sodium date are available.

Two-dimensional snapshots of the 4 variables, i.e. C,
φCH, ZNa and Tg, which are the 4 coordinates of the
chemical lookup table, are shown in Fig. 4. Pulverised-
coal particles, which are carried by the cold primary air
jet, are heated by the high-temperature co-flow and re-
lease volatile as pyrolysis continues. Volatile gas then
burns around coal particles, thereby enhancing pyrolysis
and helping achieve stable ignition and combustion of the
pulverised-coal jet. Since the equivalence ratio φCH is 0
for the primary air jet and relatively low (= 0.52) for the
co-flow, the regions where large φCH values are found
is where volatile is generated from heated coal particles,
and therefore also is where the sodium element mass frac-
tion YeNa(= ZNa) is big due to the direct relationship be-
tween the production rates of sodium vapour and volatile.
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Figure 4: Sodium chemistry tabulation in LES of a weakly turbulent coflow-heated pulverised-coal jet flame. The
four planes show a snapshot of the equivalence ratio φCH (black solid: φCH = 1), the normalised progress variable
C, the mass fraction of the sodium element YeNa, and the gas-phase temperature Tg: the four coordinates of the
chemical lookup table for a subset of a detailed sodium chemistry. The three-dimensional plot shows the coal-particle
distribution with particle size and temperature information and the YNaOH = 2× 10−5 iso-surface.

Figure 5 shows instantaneous mass fractions of the
5 sodium species. It can be seen from Fig. 5(a) that
the atomic sodium Na features a higher concentration
in fuel-rich regions, since Na is the assumed outgassing
species released along with the volatiles from coal par-
ticles. NaOH is formed in both fuel-lean and fuel-rich
regions. The highest YNaOH is found close to the sto-
ichiometry φCH = 1. NaO is found to be produced
under the stoichiometric condition, but the magnitude of
its mass fraction is two orders lower than those of Na
and NaOH. Both NaO2 [Fig. 5(d)] and NaOH2 [Fig.
5(e)] are generated under fuel-lean conditions. However,
the concentration of NaO2 reaches a considerably higher
value near the ignition region of the pulverised-coal jet
flame - a flow zone where sodium vapour is already gen-
erated from coal particles, but the temperature is still low.
Finally, the concentration of (NaOH)2 is very low in the
whole domain.

Conclusions and Outlook
Tabulating a (subset of) detailed sodium chemistry

and coupling it with a LES solver has been attempted for
turbulent pulverised-coal combustion. This method pro-
vides a possibility of predicting formation and reacting

dynamics of minor species in a complex turbulent mul-
tiphase flame using high-fidelity simulation at a reason-
able computational cost. The onsite table size is 700/6
MB. One more dimension or coordinate (e.g. due to char
combustion) for the table would make direct loading of
the table onto each compute core during simulation dif-
ficult. Characteristics of sodium species in a pulverised-
coal flame predicted by the developed methodology re-
mains to be validated against measurement, which is cur-
rently unavailable and being planned by ZHW’s group at
Zhejiang University. Performance comparison between a
tabulated and reduced detailed chemistry, the latter case
requiring directly transporting these minor species at a
higher computational cost, will be interesting.
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(a) YNa (b) YNaOH (c) YNaO (d) YNaO2 (e) Y(NaOH)2

Figure 5: Sodium species distributions in a pulverised-coal jet flame. The white solid line indicates φCH = 1.
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