
Proceedings of the Combustion Institute 40 (2024) 105309

A
1
(

Contents lists available at ScienceDirect

Proceedings of the Combustion Institute

journal homepage: www.elsevier.com/locate/proci

Carrier-phase direct numerical simulation and flamelet modeling of alkali
metal emissions from pulverized biomass flames
Ali Shamooni a,∗,1, Xu Wen b,c,1, Paulo Debiagi c,d, Alessandro Stagni e, Jan W. Gärtner a,
Thorsten Zirwes a, Oliver T. Stein f, Christan Hasse c, Andreas Kronenburg a

a Institute for Combustion Technology (ITV), University of Stuttgart, Pfaffenwaldring 31, 70569 Stuttgart, Germany
b State Key Laboratory of Fire Science, University of Science and Technology of China, Huangshan Road 443, 230026 Hefei, PR China
c Simulation of Reactive Thermo-Fluid Systems (STFS), TU Darmstadt, Otto-Berndt-Straße 2, 64287 Darmstadt, Germany
d Nottingham Ningbo China Beacons of Excellence Research and Innovation Institute, University of Nottingham Ningbo China, Ningbo 315100, PR China
e Department of Chemistry, Materials, and Chemical Engineering, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy
f Engler-Bunte-Institut, Simulation of Reacting Thermo-Fluid Systems, Karlsruhe Institute for Technology, Engler-Bunte-Ring 7, 76131 Karlsruhe, Germany

A R T I C L E I N F O

Keywords:
Pulverized biomass combustion
Alkali metal emissions
Carrier-phase DNS
Flamelet modeling
Oxy-fuel combustion

A B S T R A C T

Combustion of biomass, as a CO2-neutral and renewable fuel, is an appealing option in transition to sustainable
energy sources. However, biomass combustion is prone to generate harmful alkali metals and corresponding
sulfates. In this study, we analyze the potassium-containing species emissions in the early stages of turbulent
pulverized biomass combustion (PBC) in an oxy-fuel atmosphere. To this end, a 3D carrier-phase direct
numerical simulation of pulverized walnut shells combustion is carried out. A realistic fuel composition
including heavy tars, obtained by the state-of-the-art CRECK-S-B model, KOH, KCl, and SO2 is considered
and detailed homogeneous kinetics for both hydrocarbons and K-Cl-S containing species is employed. The
DNS results show that in the considered conditions, the flame is predominantly non-premixed in the vicinity
of the stoichiometric surface, while in richer regions, in the center of the turbulent jet, a mix of premixed and
non-premixed combustion modes is prevalent. Potassium sulfate (K2SO4) forms in a high amount in a fuel-rich
and strained region in the center of the jet, mainly through the direct reaction of K-radicals with SO2. The
chemical time scale analysis reveals the slow processes of KOH consumption and K2SO4 production in this
region. Closer to the flame surface, K2SO4, KCl, and KOH are consumed which lead to the production of K
and KO2. The predictions from a flamelet/progress variable approach are compared to the DNS data. Overall,
the predictions of the flamelet model based on steady non-premixed flamelets are satisfactory. Specifically,
temperature, light hydrocarbon species, and Cl-containing species (HCl and KCl) are well predicted across the
jet flame. A major tar species (C8H8O3), K, KOH, and K2SO4 predictions show discrepancies with the DNS data
in the center of the jet, which can be related to the slow kinetics of these species and a mixed combustion
mode in this region.
1. Introduction

The combustion of fossil fuels is associated with an unsustain-
able carbon footprint, which can be mitigated by the combustion of
CO2-neutral biomass.

A practical challenge in pulverized biomass combustion (PBC) is the
deposition of alkali compounds and corrosion due to the high content of
alkali metals such as potassium (K) and elements such as chlorine (Cl)
in the ash or flue gases [1]. Depending on the biomass type and its ash
composition, it can be rich in elements K, Cl, silica (Si), and sulfur (S),
the ratio and interaction of which affect the concentration of released
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potassium compounds and the degree of further sulfation [2,3]. The
sulfates and alkali salts that are formed due to interactions of S- and
K-containing species (hereafter S- and K-species) may further nucleate
in cooling environments, form sticky deposits, and/or be released as
aerosols into the atmosphere, with severe environmental impacts [1,3,
4].

Experiments were carried out on different biomass types to identify
the release forms and mechanisms of alkali species and to quantify
them [2,4–7]. It was found that the potassium content of biomass can
be released in the forms of gaseous K, KOH, KCl but the amounts
highly depend on the biomass type, e.g., the ratio of K to silica and/or
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chlorine [2,7], and the surrounding composition [5]. Similarly, the
specific released compounds containing Cl and S depend on the biomass
type and environment [2]. Possible reaction paths of vaporized K-
species and their interaction with Cl- and S-containing species have
been identified [3,4,6] which resulted in detailed gas-phase K-Cl-S
species sub-mechanisms.

Unlike the numerous existing experiments, there are no exten-
sive numerical analyses of the emissions of alkali metals in PBC.
Ma et al. [8] numerically investigated K release during combustion
of pulverized wood in a 1 MW industrial furnace with a simplified
KOH release and gas-phase oxidation mechanisms. Mousavi et al. [9]
considered a high silica (K∕Si ≈ 1), low Cl (K∕Cl ≫ 1) biomass
nd numerically studied the release of gas-phase K-species inside a
40 kW entrained flow gasifier. While they used a multi-step K-release
echanism, a global gas-phase reaction mechanism was employed.

The computational cost of employing detailed chemistry motivates
he use of tabulation methods. Flamelet modeling approaches have
een extensively used for pulverized coal combustion (PCC) simula-
ions and have shown their advantages, as detailed chemistry can be
ncluded in simulations at a relatively low cost by pre-tabulation of
remixed/non-premixed flamelets [10]. The application of flamelet
odels for PBC is, however, in a developing stage [11]. In particular,
an et al. [12] analyzed the performance of a flamelet model with
premixed look-up table in the prediction of sodium emissions in

oal combustion by comparing the results to DNS data. They pointed
ut that while the trends in conditional averages are captured, the
oncentrations of sodium oxides are under-predicted. It is not known
hether tables based on non-premixed flamelets are able to circumvent

his issue. In a wider view, there is no study on the validation of
lamelet models for the prediction of K-species emissions in PBC.

Carrier-phase direct numerical simulation (CP-DNS) is a promis-
ng approach to determine the governing parameters of solid fuel
ombustion, examine associated sensitivities, and provide validation
atasets for numerical modeling [13–15]. Wan et al. [16] conducted
he 2D CP-DNS of pulverized corn straw for the investigation of K-
pecies formation and their interaction with Cl- and S-species in an
ir atmosphere. They found that high strain rates help to enhance
he transformation of KOH to K, KHSO4 and K2SO4 while KCl is

insensitive to the strain rate. While they used detailed K-Cl-S kinetics,
the fuel composition was relatively simple without including heavy
tars. Considering the complexity of biomass volatile content [17], a CP-
DNS database with a more realistic fuel composition involving complex
hydrocarbons as well as heavy tars seems necessary. Further, due to the
mentioned distinct interaction of different K-species with the flow field,
an extension of their work to a 3D setup to more accurately model the
flow field strain/stretch processes is required.

The aim of this work is first, extending our fundamental knowledge
on the physical aspects of alkali metal emissions in PBC. 3D CP-DNS of
turbulent PBC in an oxy-fuel atmosphere with a detailed composition
of biomass volatiles including heavy tars, obtained by the CRECK-S-B
model [17], KOH, KCl, and SO2 is carried out. Detailed homogeneous
inetics for both hydrocarbons and K-Cl-S containing species is consid-
red, which to the best of the authors’ knowledge, is done for the first
ime. Oxy-fuel atmosphere is considered since oxy-fuel combustion is
eemed a promising technology for the energy transition and allows
or the reduction of CO2 emissions by means of carbon capture and
torage. Pulverized walnut shells carried by a mixture of CO2/O2, are

mixed with a surrounding hot environment in a temporally evolving
jet setup and burn, which mimics the early stages of PBC. Combustion
mode and chemical time scale analyses are performed to gain a better
understanding of the complex chemistry involved. The second objective
is a performance test and a-priori analysis of the flamelet model, which
is extended to predict alkali metal formation in PBC.
2

Table 1
Ultimate analysis (UA), proximate analysis (PA), and lower heating value (LHV) of the
walnut shells [22,23].

UA (wt%daf) PA (wt%dry)

C 55.04 N 1.54 Fixed carbon 37.9
H 6.79 S 0.1 volatiles 59.3
O 36.52 Ash 2.8

LHV [MJ/kg] 20.16

2. Modeling

2.1. Carrier-phase DNS of PBC

The carrier gas phase is described in an Eulerian framework, while
the biomass particles are treated in a Lagrangian framework with a
point-particle approach. Mass, momentum, and energy transport equa-
tions are solved in a low-Mach number formulation for the gas phase.
Since finite-rate chemistry is employed, individual species transport
equations are solved, and the unity Lewis number assumption with a
Prandtl number of 0.7 is invoked. Radiation is considered by the dis-
crete ordinate method (DOM) using 16 directions. Absorption/emission
coefficients are treated in a way similar to [18]. For the solid phase
the mass, momentum and energy balance is considered as described
below. The mass loss of particle reads d𝑚𝑝 = −(�̇�𝑝,𝑣𝑜𝑙 + �̇�𝑝,𝑐𝑜𝑔)d𝑡, where
he devolatilization mass loss is �̇�𝑝,𝑣 = (𝑚𝑝,𝑉 𝑀,0 − 𝑚𝑝,𝑉 𝑀 )𝐴e−𝐸∕𝑅𝑢𝑇𝑝 ,
ith 𝑇𝑝, 𝑚𝑝,𝑉 𝑀,0, and 𝑚𝑝,𝑉 𝑀 the particle temperature, the initial and

nstantaneous mass of volatile matter, respectively, and the rate coeffi-
ients (𝐴 = 7 ⋅ 105 [1∕s], 𝐸 = 5 ⋅ 107 [J∕Kmol]) are calculated by fitting
o detailed kinetics as described in the next section. The overall char
onversion rate (�̇�𝑝,𝑐𝑜𝑔) is calculated with Smith’s intrinsic model [19]
ith an enhancement factor to account for the higher char reactivity of
iomass [1]. With the assumption that the drag force is the dominant
orce on the particle, a non-spherical drag model with a shape factor
f 0.75 is applied [20]. The particle temperature is governed by [10]
d𝑇𝑝
d𝑡

= 1
𝜏𝑐𝑜𝑛

(𝑇 − 𝑇𝑝) +
𝜀𝑝𝐴𝑝𝜎
𝑚𝑝𝑐𝑝,𝑝

(𝛩4
𝑟 − 𝑇 4

𝑝 )

+
�̇�𝑐ℎ𝑎𝑟
𝑚𝑝𝑐𝑝,𝑝

+
�̇�𝑑𝑒𝑣𝑜𝑙
𝑚𝑝𝑐𝑝,𝑝

,
(1)

where 𝜏𝑐𝑜𝑛 =
(

Pr𝜌𝑝𝑑2𝑝 𝑐𝑝,𝑝
)

∕
(

6Nu𝑐𝑝𝜇
)

is the convective heat transfer
time scale [21], Nu the Nusselt number, and Pr the Prandtl number
(= 0.7). 𝜇 and 𝑐𝑝 are the gas viscosity and heat capacity at the particle
position, respectively. 𝑑𝑝, 𝜀𝑝 and 𝐴𝑝 are the particle diameter, emissivity
and surface area, respectively. 𝜎 is the Stefan–Boltzmann constant,
𝑐𝑝,𝑝 the heat capacity of the particle, expressed according to [18]. 𝛩
is the Eulerian phase radiation temperature that is calculated with
the DOM, and �̇�𝑐ℎ𝑎𝑟 and �̇�𝑑𝑒𝑣𝑜𝑙 are the heat of char conversion and
devolatilization, respectively [18]. The particle emissivity is initially
𝜀𝑝 = 0.9 and decreases linearly with char burnout to the ash emissivity
(= 0.5) during char conversion. Char conversion is activated when
𝑚𝑝,𝑉 𝑀∕𝑚𝑝,𝑉 𝑀,0 = 0.9 [18]. The two-way coupling between the two
phases is governed by the exchange of mass from devolatilization and
char processes, momentum from drag force, and enthalpy from radi-
ation and convection, as well as the heat of devolatilization and char
conversion, which have been described in detail elsewhere [10,18].

2.2. Fuel composition and gas-phase kinetics

The properties of the employed biomass are reported in Table 1.
The ash analysis shows (by wt%) 2.20% SO3, 6.20% P2O5, 9.90% SiO2,
1.50% Fe2O3, 2.40% Al2O3, 16.60% CaO, 13.40% MgO, 1.00% Na2O,
32.90% K2O and 0.10% TiO2 [23]. This corresponds to 0.7644 and
0.12936 wt% of K and Si by mass, respectively, in biomass which places

walnut shells in a relatively low Si/K category [2]. The chlorine content
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Table 2
Composition of walnut shell volatiles (wt%).

CO 13.4 CO2 16.5
H2O 8.4 H2 0.34
CH4 2.7 CH2OHCHO 4.7
C6H5OCH3 1.4 C6H5OCH3 1.4
C6H6O3 5.8 C2H5CHO 4.1
CH3OH 4.1 CH2O 1.8
C6H10O5 5.8 C2H4 4.3
CH3CO2H 1.2 C5H8O4 3.5
C24H28O4 0.62 C5H4O2 4.4
C2H5OH 0.45 CHOCHO 0.84
CH3CHO 0.97 C7H8O 0.49
HOCHO 0.43 C8H8O3 7.1
C2H3CHO 0.36 CH2OHCH2CHO 0.95
KOH 1.3 KCl 0.13
SO2 0.26

of 0.049 wt%(dry) places walnut shells in a low Cl/K category. Thus,
it is assumed that at combustion relevant temperatures, K, Cl, and S
content of the biomass is fully released [2]. The experiments in [2]
show that a biomass with low Cl/K and Si/K releases a high portion of
its K-Cl-S content at elevated temperatures. We refer to Si lean group
(SL fuels in [2]), specifically oat (SL1) in Tab. 1 of [2] which has a
similar ratio of Cl/K and Si/K as walnut shell. In Fig. 2b of [2] it is
seen that at 1473 K 80% of K in oat is released. Similarly, Figs. 3b and
4b of [2] show 100% and 70% release of Cl and S, respectively. The
release ratio increases with temperature as shown in these analyses.
Thus, it is realistic to assume that K-Cl-S are fully released at flame
temperatures that particles experience in the DNS.

The hydrocarbon (HC) species in the volatile matter and volatile
yield are obtained by performing 0D simulations using a detailed multi-
step devolatilization model, i.e., the CRECK-S-B model [17]. Specifi-
cally, the CRECK-S-B model is used in an a-priori manner considering
different heating rates relevant for the current DNS setup. The resulting
HC species are averaged to obtain the HC volatile species masses.

The K-Cl-S species are determined in another way on the basis of
the elemental composition of biomass and its ash. Considering that the
simulation is performed in high temperature combustion conditions, we
have assumed that the released forms of K-Cl-S are KOH, KCl, and SO2,
which is a common assumption in such conditions and for this category
of biomass [2,3,5,9]. By considering the molecular weight ratios, the
K, Cl, and S content of biomass are converted to KOH, KCl, and SO2

asses, respectively. When combined with HC species and normalized
o one, we can obtain the full composition of volatile matter including
-Cl-S species that is reported in Table 2. This composition is held

ixed and the fuel is released by a first order kinetic model with the
ates obtained by fitting to the CRECK-S-B results. This means that
ollowing [8,12], the release rate of K-Cl-S species is considered the
ame as the one of the other volatile species. As mentioned in [12,16],
he K-Cl-S vapor generated in the pores of particles is transported by
he released volatile gases during the pyrolysis and so it is relevant to
ssume that their release rates are similar [12,16,24].

An automatic reduction code based on flux and sensitivity analy-
es [25] is used to reduce the detailed CRECK-G-2003 [26] hydrocarbon
inetics to a mechanism with 106 species and 2297 elementary reac-
ions. To this end, atmospheric pressure, combustion-relevant temper-
tures and lean-to-rich equivalence ratios are selected as the operating
ange to sample reaction states. The reduction is targeted at retaining
he accuracy of the gas-phase model in ignition delay times, flame
emperature and flame speed considering the fuel mixture reported in
able 2. Next, the potassium, chlorine, and sulfur sub-mechanism [6]

s combined with the reduced hydrocarbon mechanism. The resulting
omogeneous kinetics involves 141 species and 2559 elementary reac-
ions which is provided in the Supplementary Material. OpenSMOKE++
DE solver [27] combined with a chemistry load balancing technique

or large scale parallel computations is employed to efficiently integrate
3

he resulting stiff ODE system.
2.3. Flamelet tabulation method

For a flamelet model to describe the emissions of K-Cl-S compounds
from biomass flames, the mixture fractions for volatile matter 𝑍𝑣𝑜𝑙
and char off-gases 𝑍𝑝𝑟𝑜 [28] are considered to characterize the mixing
between the fuel species and the oxidizer. To avoid numerical issues for
the extraction from the flamelet look-up table (FLT), the flamelet solu-
tions are mapped to a unit square space, i.e., 𝑋 = 𝑍𝑝𝑟𝑜∕

(

𝑍𝑣𝑜𝑙 +𝑍𝑝𝑟𝑜
)

and 𝑍 = 𝑍𝑣𝑜𝑙 + 𝑍𝑝𝑟𝑜. To consider the gas species released by in-
terphase mass transfer in the flamelet table, the 1D non-premixed
flamelet equations are solved for different values of 𝑋. To consider the
interphase heat transfer, the temperature boundaries of the flamelet
equations are also varied, with the fuel temperature being set equal
to the oxidizer temperature (𝑇𝑓 = 𝑇𝑜𝑥) based on the findings of the
detailed analysis of the pulverized coal combustion characteristics [29].
For ease of extraction from the flamelet table, the flamelet boundaries
are mapped to the normalized total enthalpy space, which is defined
as 𝐻𝑒,𝑛𝑜𝑟𝑚 =

(

𝐻𝑒 −𝐻𝑒,𝑚𝑖𝑛
)

∕
(

𝐻𝑒,𝑚𝑎𝑥 −𝐻𝑒,𝑚𝑖𝑛
)

. Here, 𝐻𝑒,𝑚𝑎𝑥 and 𝐻𝑒,𝑚𝑖𝑛
are the maximum and minimum total enthalpies for specific values
of 𝑋 and 𝑍. To consider the strain rate effects in the flamelet table,
the scalar dissipation rate 𝜒𝑠𝑡 is varied from the equilibrium state
to the extinction limit. Then, the parameter 𝜒𝑠𝑡 is transformed to
reaction progress variable 𝑌𝑃𝑉 space following the flamelet/progress
variable (FPV) approach [30]. The progress variable is defined as
𝑌𝑃𝑉 = 𝑌CO2

+ 𝑌H2O + 𝑌CO + 𝑌H2
[31]. Finally, the thermo-chemical

quantities, grouped as 𝛹 , in the flamelet table are parameterized as 𝛹 =

(

𝑋,𝑍, 𝑌𝑃𝑉 ,𝐻𝑒,𝑛𝑜𝑟𝑚
)

. In this work, the performance of the flamelet
model in predicting the alkali species in a biomass flame is evaluated
through an a priori analysis. In the a priori analysis, the trajectory
variables 𝑋, 𝑍, 𝑌𝑃𝑉 and 𝐻𝑒,𝑛𝑜𝑟𝑚 are obtained from the DNS, and the
tabulated values are compared to the reference DNS results. While 𝑌𝑃𝑉
and 𝐻𝑒,𝑛𝑜𝑟𝑚 can be obtained directly from the species mass fractions and
total enthalpy in the DNS, additional governing equations are solved for
the mixture fractions of volatile matter 𝑍𝑣𝑜𝑙 and char off-gases 𝑍𝑝𝑟𝑜 in
the DNS to facilitate flamelet tabulation. The reader is referred to [28]
for the formulation of the governing equations.

3. Computational setup

Following our previous work [15], the computational domain is a
3D box with 𝐿𝑥 = 36mm, 𝐿𝑦 = 48mm, and 𝐿𝑧 = 24mm, where 𝑥,
𝑦, and 𝑧 are the stream-wise, cross-stream, and span-wise directions,
respectively. A central jet of dry pulverized biomass particles in an oxy-
fuel atmosphere consisting of 73%CO2/27%O2 by volume [11] with an
initial width of 𝐻 = 3.0mm, a temperature of 𝑇 = 680K and a velocity
of 𝑈𝑥 = 15m∕s is mixed with an opposed-direction stream of hot gases
with 𝑈𝑥 = −15m∕s at 1680 K which are the products of biomass
volatile-air combustion at 𝑍𝑣𝑜𝑙 = 0.0744. Isotropic and divergence-free
perturbations with 5% turbulence intensity and a length scale of 𝐻∕6
are superimposed on the mean velocity to speed up the transition to
a fully turbulent stage. The transition occurs at around 𝑡 = 20 𝑡𝑗 with
the jet time defined by 𝑡𝑗 = 𝛥𝑈∕𝐻 = 0.1ms. 𝛥𝑈 = 30m∕s is the initial
velocity difference between the two streams. The particle diameter is
initially set to 𝑑𝑝 = 25 μm [16] and decreases during char conver-
sion. Depending on the seizing process, such particle sizes in PBC are
achievable (5–46 μm) [32]. The particle size in the DNS considers the
limitations of the point-particle assumption regarding the 𝑑𝑝∕𝛥𝑥 ratio,
the required mesh resolution to resolve the turbulence (𝛥𝑥∕𝜂), and the
flame structure [16]. The number density of the injected particles is
1.0 ⋅ 1011 particles/m3, typical for a pulverized solid fuel combustor.
Initially, the particles with a density of 650 kg∕m3 [5] have the same
velocity and temperature as the local carrier gas. The grid resolution is
100 μm which results in 41,472,000 uniform-size computational cells.
The mesh is fine enough to place at least 10 grid points across the
flame front based on the OH profile, as well as to resolve all scales
of turbulence. A low-Mach finite-volume reactive multiphase solver
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Fig. 1. Snapshots of (a) KOH, (b) SO2, (c) K, and (d) K2SO4 mass fractions in the
central 𝑥-𝑧 plane of the DNS domain at 3ms (30 𝑡𝑗 ). Particles are removed for better
illustrations. The white lines correspond to 𝑍𝑣𝑜𝑙,𝑠𝑡 iso-lines.

similar to our previous works [15,33] is used. The simulation is carried
out with a fixed computational time step of 5 ⋅ 10−7 s until 𝑡 = 4ms
corresponding to 40 𝑡𝑗 . We note that the time scale of the full PBC
process including full char conversion is a few orders of magnitude
larger than the 𝑡 = 4ms considered in the DNS. However, the current
work focuses on early-stage events in PBC when release and combustion
of volatiles from biomass is dominant. The maximum residence time in
the DNS (40 𝑡𝑗 = 4ms) was set in such a way as to mimic the residence
time of particles in the near quarl region of a swirl burner [11]. In Fig.
5e of [11] it is seen that volatiles are mostly released within and in the
vicinity of the quarl zone up to about 80 mm below the quarl. With
the gas velocity difference of 15 m/s near the injection zone [11], the
estimated residence time is ≈5 ms which agrees with the DNS setup.
The computational cost for 40 𝑡𝑗 simulation of PBC in the current setup
is approximately 2.35 M CPUh (72 h on 32,767 AMD-7742 cores) on
the Hawk HPC at HLRS Stuttgart.

4. Results and discussion

4.1. Characterization of alkali metal formation

In Fig. 1a-d, snapshots of selected K-species and SO2 are depicted at
3ms (30 𝑡𝑗 ). This is the time when sufficient fuel has been released from
the biomass particles and mixed with the surrounding oxidizer, such
that a stoichiometric mixture fraction surface has established itself in
the mixing layer, which is shown by the white iso-lines. In Fig. 1a and
d, it can be seen that KOH and K2SO4 peak in the rich region inside
the upper and lower flames, which are roughly aligned white iso-lines
of 𝑍𝑣𝑜𝑙,𝑠𝑡. Volatile-rich regions are common in pulverized coal/biomass
burners. These mostly exist close to the burner in the quarl zone,
where particles are rapidly heated by the recirculated volatile gases
and combustion products [11]. Fig. 1b shows that SO2 has its minimum
amount in the region where K2SO4 peaks. It can also be observed that
SO2 and K have relatively high values in the volumes surrounding the
region with high K2SO4.

We further analyze these behaviors by investigating K2SO4 profiles
in 𝑍 space in Fig. 2, where instantaneous 𝑌K2SO4

versus mixture fraction
is depicted. The points are colored by the reaction rate of K2SO4. As can
be seen, at this stage of combustion, K2SO4 mainly forms in the rich
mixture and is consumed toward the stoichiometry, where it reaches
its minimum. The conditional average of the molar reaction rate of
4

Fig. 2. Scatter plot of 𝑌K2SO4
vs. mixture fraction at 3ms colored by reaction rate

of K2SO4. Note that 𝑠𝑖𝑔𝑛𝑙𝑜𝑔(�̇�K2SO4
) = 𝑠𝑖𝑔𝑛(�̇�K2SO4

) log10(1 + |�̇�K2SO4
|) with 𝑠𝑖𝑔𝑛 (.) the

sign function, is used to distinguish the sign change of �̇�K2SO4
. Positive and negative

values highlight K2SO4 formation and destruction regions, respectively. The red and
gray dashed lines show conditional averages. The blue and red lines correspond to
characteristic flamelets at minimum and maximum 𝜒𝑠𝑡, respectively.

Fig. 3. Reaction path analysis conditioned on DNS cells where �̇�K2SO4
> 0 using the

flux of element K. Percentages beside the arrows show the flux magnitude normalized
by the sum of volume-averaged fluxes of K in the figure (= 0.254Kmol∕m3∕s). Thickness
of arrows is weighted by the corresponding normalized flux magnitudes.

K2SO4 viz.
⟨

�̇�K2SO4
|𝑍𝑣𝑜𝑙

⟩

is shown as a red dashed line and provides
an overall behavior of K2SO4 reaction rate. It shows that on average,
the sign change of �̇�K2SO4

i.e. formation to destruction of K2SO4 occurs
in rich zones with 𝑍 ≈ 2𝑍𝑣𝑜𝑙,𝑠𝑡. Characteristic flamelets show that at
lower strain rates K2SO4 peaks at lean conditions (blue line), whereas
at high strain rates, which are prevalent in the DNS, K2SO4 exists in a
slightly higher amount on the lean side, is near-zero at stoichiometry,
and progressively increases to its largest values on the rich side.

Alkali metal emissions are not available from experiments of tur-
bulent PBC. Here, the qualitative agreement of DNS and characteristic
flamelets at two distinctive scalar dissipation rates in Fig. 2 assure
the reliability of the DNS. This is because single flamelets are mainly
governed by the underlying kinetics which has been validated using
experimental observations of K-Cl-S species interactions in pyrolysis
and post flame conditions [4,7].
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Fig. 4. Rate of production analysis conditioned on DNS cells where �̇�K2SO4
is negative.

Contributions are normalized by the sum of each species reaction rate. Red and blue
colors show reactions contributing to more than 5% of the production and destruction
of the relevant species, respectively.

In Fig. 3, we evaluate the formation pathway of K2SO4 by the
conditional path-flux analysis, i.e., calculating the space-averaged flux
of element K in regions of the DNS domain where �̇�K2SO4

> 0. The pro-
cedure for the evaluation of space-averaged production (destruction)
pathways was described in [33] and is provided in the Supplementary
Material as well. It can be seen that KOH is decomposed and produces
K and KO through R2311: KOH+H ←←→ H2O+K, and R2309: KOH+OH ←←→

H2O + KO, respectively. The reaction numbers refer to the kinetics in
the Supplementary Material. KO is converted to K by reaction with CO
released by particles (R2310: KO + CO ←←→ CO2 + K). K is converted
to KO2 by reaction with the available oxygen through the third-body
reaction R2301: K+O2(+𝑀) ←←→ KO2(+𝑀). KCl, which is also present in
the volatile matter, contributes to KO2 production similarly to K (see
the flux weights beside the arrows from K to KO2 and from KCl to KO2).
Further, KO2 contributes to K2SO4 formation through the production of
KOSO3 by reaction with the other volatile species, i.e., SO2. SO2 con-
tribution to K2SO4 production involves another path, which is through
the direct reaction with K and the production of KOSO. KOSO will
then be converted to KOSO3. Finally, KOSO3 produces K2SO4 either
directly, or indirectly through KHSO4. We note that the contribution of
SO2 is different from what is normally considered. It is believed that
in a cooling environment, SO2 produces SO3 by direct oxidation and
that SO3 further reacts with KOH and KCl to produce the precursors of
K2SO4. The different active paths in the current simulation can be due
to the abundance of K and KO2 radicals with which SO2 favors to react.

In Fig. 4, we analyze the fate of K2SO4 and the formation of other
relevant species closer to the stoichiometric surface by the rate of
production analysis, conditioned on regions with �̇�K2SO4

< 0. Note
that the panel for K2SO4 in Fig. 4 shows the contributing reactions for
the destruction of K2SO4 while for the other species, the contributing
reactions for their production is shown. It can be seen that K2SO4
mainly converts to KOH, KCl, and KHSO4 through backward reactions
R2393 and R2394. Almost all SO3 production can be associated with
KHSO4 through backward reaction R2374 (SO3 panel). SO3 and KHSO4
are main contributors of KOSO2 (KOSO2 panel) which then partly
produces KO through backward reaction R2370 (KO panel). Other KO
contributors are KOH (R2309 backward) and KO2 (R2313 forward).
Note that KOH is a volatile species and was also produced by the de-
struction of K2SO4 as mentioned above. KO2 has been mainly produced
by K (KO2 panel), and finally K has been mainly produced by KOH (K
panel). It can be concluded that in regions away from the jet center
toward the stoichiometry, the destruction of K2SO4 promotes alkali
species formation. KCl, and KOH further produce K and KO2.

The analysis in this section showed the formation of K2SO4 in highly
strained, rich zones of the jet at relatively low temperatures. In [16],
a similar behavior was predicted from 1D flamelets but not observed
in the DNS. This is mainly due to the lean condition, as a result of
5

the low particle number density that was considered in [16]. In fact,
high concentrations of K2SO4 can be also achieved in 0D simulations
(not shown for the sake of brevity) when rich mixtures (𝑍 > 0.3
corresponding to 𝜙 > 2.5) of the fuel and oxidizer at low temperatures
(𝑇 < 1300K) react within residence times of the order of a few
milliseconds. This highlights the low-temperature chemistry effect in
such conditions.

4.2. Evaluation of the flamelet approach

In Fig. 5, the comparison of the FPV results (markers) to the DNS
data (lines) along a line across the flame at the middle 𝑥-𝑧 plane
is shown. As shown in Fig. 5, temperature and light hydrocarbon
species (Figs. 5a–b) and the main hydrocarbon volatile species, ethane
(Fig. 5c) are predicted well across the jet. Fig. 5c shows that C8H8O3,
a representative tar species, is over-predicted in the center of the jet.
In Figs. 5d–f, chlorine- and potassium-containing species are depicted.
As illustrated in Fig. 5d, the Cl-containing species, HCl and KCl, are
well predicted across the flame. Further, as shown in Figs. 5e–f, K-
species mass fractions are reasonably predicted across 𝑦, although
discrepancies can be observed in the central region where K, KOH, and
KHSO4 are over-predicted, while K2SO4 is notably under-predicted.

We further analyze the DNS data at 3ms to investigate the reasons
for the observed discrepancies. In Fig. 6 (top), averages of the chemical
time scale (𝜏𝑐) of important species are depicted. The chemical time
scale of the species is defined as the ratio of its concentration to its
molar reaction rate and is calculated by the DNS data. Here, spatial
averaging of a quantity 𝑞 viz. 𝑞 (𝑦, 𝑡) is performed over homogeneous
directions 𝑥 and 𝑧. A Favre-averaged quantity is defined as 𝑞 = 𝜌𝑞∕𝜌
with 𝜌 the density of the mixture. A large difference between the
chemical time scales of C8H8O3, KOH, and K2SO4 (in the order of
milliseconds) and other species, i.e., CO, C2H6, and KCl, is observed
in the central region. This is a rich zone (see the red dashed line),
where temperature is lower than the temperature at stoichiometry
(see the background color). Toward the stoichiometry, most of the
processes become faster. Slow processes of oxidation of KOH, formation
of K2SO4, and decomposition of heavy tars in this zone and notably
faster combustion processes in the vicinity of the stoichiometry happen
simultaneously, which affect the predictions via steady-state flamelets.

In Fig. 6 (bottom), we further investigate the combustion mode
using the scatter data of the heat release rate colored by the flame
index (𝐹𝐼) from the DNS. 𝐹𝐼 is defined as 𝐹𝐼 = (∇𝐹 ⋅ ∇Ox) taking
into account major hydrocarbon and alkali species as fuel (𝐹 ) and O2
as oxidizer (𝑂𝑥). As can be seen, in the vicinity of the stoichiometry,
non-premixed combustion mode is prevalent as the 𝐹𝐼 is negative. This
explains the good performance of the flamelet model near the stoi-
chiometric surface. However, in the richer regions a mixed combustion
mode can be observed, which is identified by the scatter points having
considerable heat release with negative and positive 𝐹𝐼 . This is due
to the reaction of K-Cl-S species and heavy hydrocarbons mixed with
O2 in the center of the jet. The presence of such a mixed combustion
mode may adversely affect the predictions of the non-premixed flamelet
model.

To summarize this section, lighter hydrocarbons, including CO,
C2H6, as well as KCl, show fast chemistry across the jet, while the major
tar species (C8H8O3) and K-species including, KOH, and K2SO4, show
notably higher chemical time scales in the low-temperature rich zone.
Furthermore, multiple combustion modes coexist. While the steady
non-premixed flamelet model is able to accurately predict the composi-
tion space variables including K-species in regions with fast chemistry,
to consider the transient effects and the multiple combustion modes,
an unsteady multi-regime flamelet model for pulverized solid fuel
combustion should be developed, extending earlier work from [34].

The scope of the current work is to generate a high-fidelity database
with detailed kinetics to assess the flamelet modeling approach and
gain a better understanding on the physical aspects of alkali metal
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Fig. 5. Comparison of FPV predicted values (markers) and DNS (lines) at 3ms along the 𝑦-direction at the center of the DNS domain. The vertical dashed line shows the location
of Favre-averaged 𝑍𝑣𝑜𝑙,𝑠𝑡.
Fig. 6. (Top) Chemical time scale analysis at 3ms. The vertical dashed lines show the
location of 𝑍 = 𝑍𝑣𝑜𝑙,𝑠𝑡. The background color shows the Favre-averaged temperature.
(Bottom) Scatter plot of heat release rate (�̇�) in the 𝑍 space at 3ms, colored by the
flame index (𝐹𝐼). 𝑠𝑖𝑔𝑛𝑙𝑜𝑔(𝐹𝐼) is used to highlight the sign change (see Fig. 2).

interactions in a turbulent flame and no parametric analysis has been
performed. We believe that parameters such as particle number density,
particle size, and turbulence do not influence the flamelet model’s
performance. However, they may affect the volatile flame formation
and the alkali metals interactions. Given the high computational cost of
the simulation, we leave the parametric studies for future work where
we probably need to reduce the complexity of the kinetics to be able
to do it with a reasonable computational cost.

5. Conclusions

3D CP-DNS of turbulent pulverized walnut shells combustion and
the emissions of alkali metals in an oxy-fuel atmosphere with detailed
kinetics is carried out. A detailed composition of biomass, including
heavy tars, obtained by the CRECK-S-B model along with KOH, KCl,
and SO2, is considered as the fuel which is released by the particles
during the turbulent mixing and particle heat up. The DNS results are
analyzed and used in an a-priori assessment of the flamelet/progress
variable (FPV) approach.
6

A predominantly non-premixed flame in the vicinity of the stoi-
chiometric surface forms, while in the rich region in the center of the
turbulent jet, premixed and non-premixed combustion modes co-exist.
The released K-radicals from KOH and KCl react directly with SO2 in the
highly strained and rich regions, which yields large amounts of K2SO4.
Closer to the flame surface, K2SO4, KCl, and KOH are consumed which
lead to the production of K and KO2.

Overall, the predictions of the flamelet model based on steady
non-premixed flamelets show a good agreement with the DNS data.
Specifically, temperature, light hydrocarbon species, as well as C2H6,
and Cl-containing species (HCl and KCl) are well predicted across the
jet, while C8H8O3 is over-predicted in the center of the jet. K-species
mass fractions are reasonably predicted across the flame except the
center of the jet, where K, KOH, and KHSO4 are over-predicted, while
K2SO4 is under-predicted. This is partly due to the mixed combustion
mode in this region, which affects the performance of the non-premixed
flamelet table, and partly due to the slow kinetics for tar and K-species
in this region. While CO, C2H6, and KCl show small time scales and
their concentrations are close to the flamelet manifold, the chemical
time scales of C8H8O3, KOH, and K2SO4 are notably higher in the rich
zone and such finite rate effects are difficult to capture with tabulated
chemistry methods based on steady-state flamelets.

Novelty and Significance Statement

1. Pulverized biomass combustion (PBC), an appealing option for
sustainable energy transition, is investigated. 2. This is the first 3D
carrier-phase DNS of alkali metal emissions in turbulent PBC, with a de-
tailed fuel composition for biomass volatiles and detailed kinetics with
141 species and 2559 reactions. 3. Oxy-fuel combustion, a promising
technology to reduce CO2 emissions is considered. 4. The DNS data
used for an a priori assessment of the predictions of a flamelet model
in PBC.
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