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Abstract: The present work mainly developed a mathematical model based on the plug flow model
and coarse fly ash particles’ fragmentation model to describe the behavior and evolution of ash
formation and the influence of the biomass feeding rate and flue gas cooling rate on ash properties,
which is validated by literature data. The model considers homogeneous nucleation of alkali vapors,
heterogeneous condensation of vapors on newly formed particles and fly ash particles, and collision-
coagulation between aerosol particles, which is also applied to numerically study and analyze the ash
formation characteristics in the cases of practical boiler pulverized fuel combustion and SO2 sulfation.
The results show that the mathematical model can reasonably describe the ash formation and the
influence of the biomass feeding rate and the flue gas cooling rate on the mass PSDs of PM10 and
its elements. The initial nucleation temperature and initial nucleation particle size increase with the
biomass feeding rate, which is of great importance to the cooling rate on the initial nucleation number
concentration and the initial nucleation particle size. Elements Na, K, and Cl are mainly concentrated
in PM1, but rarely distributed in PM1–10. The condensation of Na, K, and Cl on coarse particles
increases with the biomass feeding rate and decreases with the cooling rate. The ash characteristics
obtained from the experiment condition with an ultra-high flue gas cooling rate and minimum
biomass selected may have a large deviation from that of practical biomass combustion, and the
sulfated reaction may reduce Cl corrosion rather than ash deposition.

Keywords: pulverized biomass combustion; PSDs; ash formation; modeling; PM10

1. Introduction

Biomass is regarded as renewable energy. It has great potential to be used as an alter-
native fuel for pulverized coal-fired power plants to mitigate CO2 emission [1–3]. However,
ash-related problems, including ash deposition [4] and consequent corrosion [1,5] of heat ex-
change surfaces, deactivation of the denitration catalyst [6–8], and particulate matter (PM)
emissions [9–12], are among the major technical issues for applications of sole biomass
combustion in existing power plants. The problems and their effects are significantly depen-
dent on the properties of the ash formed during combustion processes. The ash deposition
rate was found to be closely correlated with the concentration and composition of PM1
(PM with an aerodynamic diameter of <1 µm) in the flue gas [13]. The deactivation of the
denitration catalyst was proven to be associated with the deposition of alkali-containing
aerosols [6,8]. The emission of PM10 (PM with an aerodynamic diameter of <10 µm) has
serious environmental and human health implications [14] and, in particular, the emission
of PM1 is a major concern because of its low removal efficiency in air pollution control
devices [15]. Therefore, properly describing ash formation is essential for understanding
and managing ash-related problems during pulverized biomass combustion.

Pulverized biomass combustion generates inorganic PM or ash particles covering a
wide range of sizes. The mechanisms of PM1 and PM1–10 are different. PM1 [16,17] is mainly
from volatiles’ combustion, while PM1–10 (PM with aerodynamic diameter of 1–10 µm) [18]
is from char combustion and fragmentation during pulverized biomass combustion. The
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condensation of alkali vapors and the deposition of particles also lead to changes in the
composition and size of finer fly ash particles, which is one of the main characteristics of
ash formation between pulverized biomass combustion and pulverized coal combustion.
Therefore, it is an important part of describing the ash formation reflecting the formation
and evolution of particulate matter during pulverized biomass combustion. The formation
of PM1 can be described in detail through a plug flow model to investigate the coupled
processes of nucleation and condensation to predict submicron ash formation [19–22] or
associated ash deposition [23]. The coarse fly ash can be described through the fragmen-
tation model [23]. Due to the simultaneous or sequential transformation and interaction
processes and the coupling effect between mechanisms, their contribution and influence
on the formation and evolution of submicron particles and fly ash particles have not been
fully understood. Therefore, further research is needed to describe the main processes and
interactions of ash formation through the model approach, which is not only the basis for
predicting the formation and evolution of ash formation [11,24], but also the basis for the
evaluation of dust removal system performance and using additives to alleviate biomass
ash-related problems during pulverized biomass combustion and co-combustion [11,24,25].

The previous models (pre-models), such as coarse fly ash formation, homogeneous
nucleation, and sulfate reaction, were numerically studied [26–28], respectively. However,
it is difficult for pre-models to describe the behavior and evolution of the size and composi-
tion of PM10 during biomass combustion. Therefore, the present work mainly developed a
mathematical model based on the plug flow model and the coarse fly ash fragmentation
model to describe the behavior and evolution of ash formation during pulverized biomass
combustion, as shown in Figure 1. The main study areas are the properties and evolution
of submicron particles and coarse fly ash particles and the influence of the biomass feed-
ing rate and the flue gas cooling rate on ash properties such as mass concentration size
distribution and yields of PM10 and its ash elements (Na, K, and Cl), which is validated
by the experimental data in the literature [15]. Meanwhile, the model is also applied to
numerically study and analyze the ash formation characteristics during practical boiler
pulverized biomass (PF boiler) combustion and SO2 sulfation.
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2. Modeling

During pulverized biomass combustion, the major part of the inorganic matter in
the parent fuel transforms into residual fly ash, covering a wide range of particle sizes
through fragmentation-coalescence mechanisms [28]. A small fraction releases into gas
phase as the compounds containing alkalis, Cl, and S [20,29,30] during the combustion and
transforms into submicron particles through gas–solid mechanisms or condenses on fly
ash particles during the cooling of the flue gas. The main processes of ash formation are
schematically shown in Figure 1. Considering the differences in the formation mechanisms,
residual fly ash formation and gas–solid transformations are modeled separately. The
former was assumed to proceed in flame with the burnout of fuel particles and was
modeled with a fragmentation-coalescence model. The transformations of the vapors
into ash particles were assumed to take place during the cooling process of the post-
combustion flue gas and were described with a plug flow reactor model. The vapors
transform into submicron ash particles via homogeneous nucleation, collision/coagulation,
and heterogeneous condensation during the flue gas cooling. Meanwhile, the vapors
condense on existing particles, and the submicron particles collide with fly ash particles,
particularly the finer ones (mostly PM1–10). Since a considerable fraction of the inorganic
matter is volatile in the flame of pulverized biomass combustion, the vapor transformations
lead to the evolutions of the size and composition of the submicron and finer fly ash
particles [19,21] throughout the gas cooling, which are detailed in the modeling

2.1. Residual Fly Ash Formation Model

For pulverized biomass with a narrow size distribution (such as laboratory experimen-
tal fuel), a lognormal distribution can be approximately used to describe the particle size
distribution (PSD) of the fuel as the input of the model, expressed as:

F(x) =
1
2
(1 + er f (−

ln(dp)− µ

σ·
√

2
)) (1)

where F(x) is the percentage of the sieved mass with the size smaller than dp (µm), µ is the
logarithm of the average size (µm), and σ is the standard deviation to define the uniformity
of the particle sizes. The smaller σ is, the narrower the PSD. It is worth noting that, due
to the irregular shape of biomass particles, the sieve size, dp, is generally the width, the
smallest dimension, of the sieved particles [23]. However, as the model input, the volume-
equivalent diameter was used in Equation (1) instead. It virtually lumps the effects of the
size and shape of biomass particles on ash formation because their effects on the burning of
biomass particles were not considered in the modeling.

It is assumed that, during the combustion of a biomass particle, a char particle breaks
into several fragments and, after the burnout, forms spherical ash particles [31–33]. While
the uniform breakage is too idealized to represent the residual ash formation, the frag-
mentation is likely to be a stochastic process. Therefore, a fuel particle is assumed to
fragment randomly, and its fragmentation number follows a Poisson distribution [28]. The
probability function is:

p(x) =
(Kmean)

k

k!
exp(−Kmean), k = 0, 1, 2 . . . (2)

where p(k) is the probability of the breaking, Kmean is the mean breaking number, and k is
the fragmentation frequency, with k = 0 representing no fragmentation. With the number of
the fragments determined, the mass of the ash particle is:

mash = m f uel ·wash(1− wvap)/(k + 1) (3)
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where m f uel is the mass of the fuel particle, wash is the mass fraction of the ash in the
particle, and wvap represents the mass fraction of the ash released as the gases during the
combustion. The size of ash particles can be calculated as:

dp,ash = 3

√
ρ f uel ·wash(1− wvap)

ρash·(k + 1)
·dp (4)

The average numbers of fragments formed per particles during pulverized biomass
combustion were observed to be above 3 [23]. In the present model, it is set as 5, that is,
Kmean = 4, by fitting the PSDs of fly ash [15].

2.2. Model for the Evolution of the Aerosol

With the cooling of the flue gas, the vapors transforming into ash particles were
described by a one-dimensional plug flow reactor model [19,21]. The model considered
the processes of homogeneous nucleation, heterogeneous condensation, and coagulation
between aerosol particles. Gas phase reactions of chlorides, i.e., sulfation, affect gas–solid
transformations, and therefore ash formation and evolution. The effect can be consid-
ered [21,27,34], but not in the present model, which is focused on the effect of gas–solid
transformations on the evolution of the aerosol PSD and the prediction of submicron
ash composition.

Homogeneous nucleation was modeled based on the classical nucleation theory [35],
which results from the increased concentration of the clusters to form stable nuclei, leading
to homogeneous nucleation when the system becomes supersaturated. The nucleation rate
is [21,27]:

Jhom = (
2σ

πMi
)

1
2 νNA

2

S
exp(

−16π

3
ν2σ3

(kBT)3(ln S)2 ) (5)

where σ is the surface tension, Mi is molecular weight, v is the volume of the particle,
NA is the Avogadro constant, kB is the Boltzmann constant, 1.3806 × 10−23 J/K, T is the
temperature (K), and S is the saturation ratio, defined as:

S =
Pi

Ps
i (T)

(6)

where Pi
s is the saturated vapor pressure of matter i at temperature T.

The vapors also condense on existing particles in the system. The existing particles
include newly formed particles by homogeneous nucleation and resulting particles from
the processes of growth, such as coagulation, as well as residual fly ash particles. The
condensation leads to not only the size growth but also the evolution of the particles’
composition. At a certain saturation ratio, if the size of these particles exceeds the critical
nucleation size of the vapor, heterogeneous condensation occurs. The condensation rate on
a particle with a size of dp is given as [21,27,36]:

Jc =
2πdp,exD(Pi − Pe

i )

kBT
F(Kn) (7)

with dp,ex representing the diameter of an existing particle (µm), D representing the gas
molecular diffusivity, and Pi

e representing the vapor pressure on the surface of the existing
particle, which can be obtained from the Kelvin equation:

ln
(

Pe
i

Pi∞

)
=

4σMi
RgTρidp

(8)

where Pi∞ denotes the vapor pressure on an infinite plane. Since the sizes of the parti-
cles present in the aerosol system span from nanometers to micrometers, F(Kn) used in
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Equation (7) considers the diffusion over the range from the continuum to the free molecu-
lar regime, and expressed as a function of particle Knudsen number (Kn), given by [37]:

F(Kn) =
1 + ( 2D

dp

√
πMi
8RgT )

1 + 1.71·( 2D
dp

√
πMi
8RgT ) +

0.667πMi
RgT ( D

dp
)

2 (9)

In the flue gas system, heterogeneous condensation occurs simultaneously with ho-
mogeneous nucleation and competes for the vapors. Intensive condensation under certain
conditions even depresses the nucleation.

Considering a huge number of particles in the aerosol system, the collision/coagulation
occurs between the particles, and particularly between the finer particles because of their
higher number density. The evolutions of the particle size, number, and composition are
caused by coagulation. Assuming that the particle collision is bi-directional, and the col-
lided pair coagulates to form a spherical particle, the particle number changing with time
can be described by the classical Smoluchowski equation, written in a discrete form as [38]:

∂nk
∂t

=
1
2 ∑k−1

i=1 βi,k−1nink−i − nk ∑∞
i=1 βi,kni (10)

with nk denoting the number concentration of k-fraction particles in the system, and
βi,k representing the collision rate of the particle pair i and k, also known as the kernel
function depending on the collision mechanism. The collisions between fine particles are
dominant in the simulated aerosol system, where Brownian motion plays a key role [21,39],
and its kernel function is [38]:

βB
k,i =

2kBT
3µ

(v
1
3
k + v

1
3
i )(Ckv−

1
3

k + Civ
− 1

3
i ) (11)

with vi and vk representing the volumes of particles i and k, respectively, µ representing the
viscosity of the flue gas, and Ci and Ck denoting the Cunningham factors of particles i and
k, respectively, which are related to the Knudsen number:

C = 1 + Kn(a1 + a2 exp(−a3/Kn)) (12)

where a1, a2, and a3 are constants [38], with the corresponding values of 1.142, 0.558, and
0.999, respectively. Other processes, including the turbulence and diffusion, leading to the
coagulation can also be considered [20], provided that their kernel function is included.
The coagulation process of the aerosol system was simulated by employing a discrete MC
(Monte Carlo) numerical method [26], which facilitates tracking the changes in the particle
number, size, and composition due to the coagulation as well as condensation. Therefore,
the model is enabled to represent the evolutions of ash particles.

2.3. Model for the Evolution of the Aerosol

In the present model, the actual flue gas generated by the combustion of biomass is
determined according to the composition supply rate of the fuel and the air supply rate [15].
The concentration of alkali vapor (KCl or NaCl) in flue gas is obtained by calculating the
ratio of alkali vapor to the actual flue gas. We assumed that all K or Na will combine with
Cl in the form of ACl (A represents Na or K) [15]. Due to their similar physical properties,
an equal mole of Na was represented by K to simplify the model calculation [15]. The
model inlet and outlet temperature are 950 ◦C and 350 ◦C, respectively, according to the
literature [15]. The formation characteristics of PM10 and its main ash elements at the
outlet of the reactor, such as mass concentration size distribution and yield, were mainly
obtained. The biomass used in the experiment [15] has high alkali and chlorine contents
but an extremely low sulfur content. The produced submicron ash particles are dominated
by the chlorides [29,40], which enables the model to clarify the gas–solid transformation of



Energies 2022, 15, 4417 6 of 17

alkali chlorides and its influence on the aerosol evolution, while avoiding describing the
complex effects of the sulfation of the chlorides on the gas–solid transformation and ash
formation in the modeling.

The model was validated with the experiments of Liaw and Wu [15], in which wood
bark particles with a narrow size of 150–250 µm were burned at 1300 ◦C in air in a drop
tube furnace with well-controlled reaction conditions. The produced PM10 was collected
by a low-pressure impactor and analyzed for the particle size and elemental composition.
Moreover, the experiments were conducted at two different fuel feeding rates and four
different cooling rates, which allow the model validation of the effects of vapor and fly ash
particle concentration and the flue gas cooling rate on the submicron ash formation and the
evolution of the aerosol properties.

3. Results and Discussion

Considering the narrowly sized biomass particles (150–250 µm) fed in the experiments,
a log-normal distribution with the parameters of u = 2 and σ = 0.28 was used to fit the PSD
of the fuel particles as the model input. Assuming fly ash formation based on the stochastic
fragmentation model and the fitted fragmenting number of Kmean = 4 is used, the model
can well-represent the PSDs of coarse ash particles, i.e., PM1–10 formed in all experimental
cases. Considering that the sizes of larger ash particles are hardly affected by the vapor
condensation and particle coagulation, the PSD of fuel particles and the fitted fragment
number were fixed for the fragmentation model to predict the PSD of the residual ash
particles generated from the combustion of biomass particles. The calculated number and
mass PSDs of residual fly ash particles are shown in Figure 2, assuming that the particles
were broken stochastically. As can be seen, the coarse fly ash particles, containing a small
mass but a dominant number, with diameter smaller than 2 µm, may be accessible for the
vapor condensation and fine particle deposition through collision.
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3.1. Model Validation of the PSDs of PM10 and Its Elements

Figure 3 is the comparison of the mass-based PSDs of PM10 calculated by the model at
different cooling rates with the experimental measurements [15] at the biomass feeding rate
of 0.25 g/min. It can be seen that, in general, the model can well-reproduce the bimodal
PSDs of PM10. The model can also predict that the fine-mode diameter gradually moves
to the large size direction, the peak width becomes narrower, but the peak concentration
increases slightly with the decrease of the cooling rate. For example, with the decrease of
the cooling rate from 20,000 to 1000 ◦C, the peak diameter of fine mode predicted by the
model decreased from 0.077 to 0.042 µm, while the measured value decreased from 0.079 to
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0.042 µm. The model reflects that the nucleated particles are larger in size but smaller in
number at the lower cooling rate. Since a lower cooling rate means a long residence time
at a higher temperature, heterogeneous condensation and collision lead to greater growth
of submicron particles. The collision can also generate a small amount of relatively larger
particles, resulting in a wide distribution of submicron particles.
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Figure 3. The calculated PSDs of PM10 formed at four different cooling rates (1000, 2000, 6000, and
20,000 ◦C) at a biomass feeding rate of 0.25 g/min compared with the measurements [15].

The mass-based PSD of fine-mode particles calculated by the model and its variation
with the cooling rate were also roughly consistent with the experimental results at the
biomass feeding rate of 0.05 g/min (not shown here).

Figure 4 shows that the calculated PSDs of inorganic elements in PM10 with the cooling
rate being 1000 and 2000 ◦C/s were compared with the measurements and the calculated
condensation amounts of elements on coarse fly ash particles at the biomass feeding rate of
0.05 g/min. As can be seen, the calculated element mass PSDs were basically consistent
with the measurements in the fine-mode PSDs. The model can also well-predict that with
the decrease of the cooling rate, the fine-mode PSDs of elements (Na/K/Cl) gradually
moved to the large size direction, the peak width became narrow, but the peak concentration
slightly increased, which is consistent with the fine-mode PSDs of PM10. It is worth noting
that the mass PSDs of Cl measured in the experiment had a small peak in the range of
1–10 µm, while the calculated PSD of Cl did not contain this peak. The model calculation
only considers the heterogeneous condensation of alkali chlorine gas on the coarse fly ash
particles of 1–10 µm and ignores the combination of Ca and Mg with Cl, which can affect
the PSDs of Cl. However, the model can reasonably describe the influence of the flue gas
cooling rate on the mass and PSDs of elements’ (Na/K/Cl) fine-mode particles. It also
shows that the mass PSDs of Cl in PM1–10 may be underestimated if only considering the
deposition of alkali chlorine gas on coarse fly ash particles, which is also the direction
of subsequent model improvement. The mass PSDs of fine-mode particles calculated by
the model and their variation with the cooling rate are also in good agreement with the
experimental results at the biomass feeding rate of 0.25 g/min, as shown in Figure 5.
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Figure 4. When the cooling rate is 1000 and 2000 ◦C/s, the calculated mass PSDs of inorganic
elements in PM10 are compared with the measurements and the calculated condensation amount of
the elements on coarse fly ash particles at the biomass feeding rate of 0.05 g/min, where (a–c) are
PSDs of PM10. (d–f) Condensation of elements on fly ash particles.
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Figure 5. When the cooling rate is 1000 and 2000 ◦C/s, the calculated mass PSDs of inorganic
elements in PM10 are compared with the measurements and the calculated condensation amount of
the elements on coarse fly ash particles at the biomass feeding rate of 0.25 g/min, where (a–c) are
PSDs of PM10. (d–f) Condensation of elements on fly ash particles.

Figure 4d–f show the heterogeneous condensation of elements Na, K, and Cl in the
particle size range of 1–10 µm. As can be seen, with the increase of the cooling rate,
the condensation amounts of elements on existing particles increased, e.g., for Na, the
condensation amount on coarse fly ash particles within 1–10 µm, with the cooling rate
being 1000 ◦C/s, was much higher than that at 20,000 ◦C/s, indicating that heterogeneous
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condensation occurs much more on submicron particles and less on coarse fly ash at lower
cooling rates. Since the residence time of flue gas in high-temperature regions is longer at a
lower cooling rate, heterogeneous condensation and collision condensation mechanisms
lead to the evolution and growth of submicron particles. Compared with Figures 4 and 5,
the condensation amounts of elements on particles within 1–10 µm increased significantly
with the increase of the biomass feeding rate, because a higher biomass feeding rate can
produce higher vapor pressure, which can promote a much higher number of new fine
particles through homogeneous nucleation, and these elements will produce much more
condensation on coarse fly ash particles. It can be seen that the biomass feeding rate or
ash components significantly affect the heterogeneous condensation of elements on fly
ash particles.

3.2. The Properties of PM10 and Its Elements

Table 1 shows that the model calculated the initial nucleation number concentration,
initial nucleation particle size, nucleation temperature, and initial nucleation rate of alkali
chlorine gas, which varied with cooling rates at two different cooling rates. The initial
nucleation temperature, the initial nucleation size, and the number increased with the
biomass feeding rate, indicating that the homogeneous nucleation can be strengthened
with a higher biomass feeding rate, e.g., the nucleation temperature was about 650 ◦C with
a biomass feeding rate of 0.25 g/min, which is much higher than 596 ◦C at 0.05 g/min.
The higher biomass feeding rate will produce a higher alkali vapor concentration, which
can reach super-saturation at a higher flue gas temperature and result in homogeneous
nucleation, as a result of producing much higher numbers of submicron particles. However,
with the increase of the cooling rate from 1000 to 20,000 ◦C/s, the homogeneous nucleation
temperature decreased from 652 to 646 ◦C and the initial nucleation number concentration
increased from 5.87 × 107 to 32.9 × 107 cm−3, but its size decreased from 75.2 to 43.4 nm
at a biomass feeding rate of 0.25 g/min, which indicated that a higher cooling rate would
promote more but smaller particles. Since a higher cooling rate means a shorter residence
time, the collision probability between particles was reduced, which is not favorable to the
growth of new nucleation particles.

Table 1. The model calculated the initial nucleation number concentration, initial nucleation particle
size, nucleation temperature, and initial nucleation rate of alkali chlorine gas, varying with cooling
rates at two different cooling rates.

Biomass Feeding Rates
/g min−1

Cooling Rate
/◦C·s−1

Initial Nuclei Number
Concentration/107 cm−3

Initial Nuclei
Size/nm

Nucleation Temperature
/◦C

0.05

1000 2.6 59.7 596
2000 6.18 45.1 594
6000 6.21 45.2 593

20,000 21.8 30.3 588

0.25

1000 5.87 75.2 652
2000 8.96 65.9 650
6000 17.9 52.4 650

20,000 32.9 43.4 646

Figure 6a shows that the calculated peak diameter varied with the cooling rate at
two biomass feeding rates. It can be seen that the fine-mode diameter decreased with
the increase of the cooling rate, because the lower cooling rate means a longer residence
time, which can increase the heterogeneous condensation and promote the growth of
nuclei. The fine-mode diameter decreased from 0.066 to 0.0316 µm as the cooling rate
increased from 1000 to 20,000 ◦C/s at a biomass feeding rate of 0.05 g/min, indicating that
the cooling rate has an important influence on the characteristics of submicron particles.
Meanwhile, the coarse-mode diameters under the two biomass feeding rates were almost
unchanged (as shown in Figure 6). The formation of coarse fly ash particles is based on
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the “fragmentation-coalescence” mechanism, which is only related to the PSDs of fuel,
density, and the fragmentation number of fuel particles, but not related to the cooling
rate of flue gas. It can be seen that the flue gas cooling rate mainly affects the submicron
particles generated by homogeneous nucleation, heterogeneous condensation, collision
condensation, and other mechanisms based on the decrease of the flue gas temperature. It
can also be seen that at the same cooling rate, the ‘fine-mode’ diameter and ‘coarse-mode’
diameter at a biomass feeding rate of 0.25 g/min were above 0.05 g/min, indicating that
when the biomass feeding rate is large, the formed ash particle size is large, which is
consistent with the previous conclusions. Therefore, in the practical pulverized biomass
combustion, controlling the biomass feeding rate is of great significance for the emission of
fine particles.
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Figure 7 is a comparison between the calculated and experimental yields of PM10 at
different cooling rates under two biomass feed rates. It can be seen that with the increase
of the cooling rate, the calculated yield of PM0.1 increased, and the yield of PM1–10 had
little change (about 0.7 and 1.0 mg/g, respectively), which is consistent with the trends of
measurements, indicating that the model can predict the yield of PM10. With the increase of
the cooling rate, as shown in Figure 7a, the yield of PM0.1 increased and the yield of PM0.1–1
decreased, leading to the unchanged yield of PM1, about 0.68 mg/g, which means that a
higher cooling rate can promote homogeneous nucleation and generate more PM0.1. Since
the formation of PM1–10 is mainly based on the ‘fragmentation-coalescence’ mechanism, its
yield is almost unaffected by the cooling rate. It can also be found that the calculated yield
of PM1 was almost not affected by the biomass feeding rate (0.67 mg/g), but the yield of
PM1–10 increased with the biomass feeding rate, which is different from the experimental
measurement with the yield of PM1–10 being not affected by the biomass feeding rate.
The deviation of PM1–10 yield between the model and experiment is maybe because the
model calculation only considers the alkali chloride vapors and neglects the influence of
Mg and Ca.
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with different cooling rates at two biomass feeding rates. (a,b) are the calculated yields of PM at the
biomass feeding rate of 0.05 g/min and 0.25 g/min, respectively; (c,d) are the measured yields of PM
at the biomass feeding rate of 0.05 g/min and 0.25 g/min.

With the increase of the cooling rate, the calculated yield of Na (or K or Cl) in PM0.1
increased, the yield of PM0.1–1 decreased, and the total yield of PM1 remained unchanged
(~0.178 and ~0.172 mg/g). The calculated yield of PM10 was almost unchanged, indicating
that the condensation amounts of elements (Na, K, Cl) on the coarse fly ash particles were
too small to influence the total yield of PM10. It can be seen that the calculated condensation
amounts of elements (Na, K, Cl) on the coarse particles within 1–10 µm increased with the
biomass feeding rate, which is consistent with Figures 4 and 5; that is, a higher biomass
feeding rate leads to higher condensation amounts of elements on coarse fly ash particles.
The higher biomass feeding rate promotes the higher vapor concentrations of alkali vapors
in flue gas, thereby increasing their condensation on coarse particles. As can be seen in
Figure 8, the condensation of elements (Na, K, Cl) on coarse particles decreases with the
cooling rate because the flue gas residence time is too short for alkali chlorine vapors to be
fully condensed on coarse particles at a higher cooling rate (e.g., 20,000 ◦C/s). At a lower
cooling rate (e.g., 1000 ◦C/s), alkali vapors have a longer condensation time.

It can be seen that the cooling rate and biomass feeding rate have an important
influence on the mass PSDs and the yield of PM10 and its elements, which is manifested in
the change of fine-mode mass PSDs with the cooling rate, and the high biomass feeding rate
will significantly affect the characteristics of ultrafine ash particles (1–10 µm). The model
can be used to predict the yields of PM10 and its elements, as well as the condensation of
Na, K, and Cl on 1–10 µm particles.

Above all, the calculated results in Figures 3–8 provide direct evidence to demon-
strate the significant effect of the flue gas cooling rate and the biomass feeding rate on the
properties (e.g., overall and elemental PSD and yields) of PM1 and PM10. Heterogeneous
condensation can take place at a super-saturation ratio (SR) of slightly >1, however, ho-
mogenous nucleation only takes place at a higher SR, typically at 2–10 [19]. A high flue gas
cooling rate (20,000 ◦C/s) favors the homogenous condensation process, and the nucleation
rate is much higher. A higher cooling rate, such as 20,000 ◦C/s, means a shorter the resi-
dence time, which is too short for inorganic vapors to condense on coarse fly ash particles,
as a result of a lower condensation amount on PM1–10 (shown in Figures 4, 5 and 8).
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3.3. Further Numerical Research

The above model study is based on the experimental conditions in the literature [15],
which is carried out under the condition of a much higher air–fuel ratio (the ratio of air
and fuel feeding rate) and cooling rate than the actual suspension boiler combustion. In
this study [15], after calculation, the air–fuel ratios were 25 and 5, respectively, and the
air feeding rate was 5.6 L/min, corresponding to the two biomass feeding rates being
0.05 and 0.25 g/min. However, the air–fuel ratio of the practical boiler pulverized biomass
(PF boiler) combustion was generally about 1.2. Meanwhile, the flue gas cooling rates were
all above 1000 ◦C/s in the experiment [15], which was used to check the mathematical
model, while the practical flue gas cooling rate was 300–600 ◦C/s. A higher cooling rate
may underestimate the heterogeneous condensation of alkali vapor on fly ash particles or
overestimate the homogeneous nucleation of alkali vapor. To study the PM10 characteristics
generated from pulverized biomass during practical PF boiler combustion, the air–fuel
ratio was set as about 1.25 and the flue gas cooling rate was 400 ◦C/s (within the range
of the flue gas temperature cooling rate in the super-heater area of the typical biomass
combustion boiler). In this case, the biomass feeding rate was about 1 g/min, which was
called the “practical PF boiler combustion”. The influence of a small amount of sulfate
reaction in flue gas is not considered in the model calculation. Therefore, an “adding SO2”
case was introduced to study the effect of sulfur (S) on ash formation during combustion
in this model. During this case, 50 ppm SO2, 5% H2O, and 5% O2 were added to the flue
gas at a 0.05 g/min biomass feeding rate (the details about sulfation can be found in our
previous work [26]), and the flue gas cooling rate was 1000 ◦C/s. At the same time, the
“reference case” was also considered. During calculation, the inlet and outlet temperatures
of the model reactor were also 950 and 350 ◦C, respectively. The three cases in this model
are as follows:

(1) Practical PF boiler combustion case: air–fuel ratio is about 1.25, cooling rate is
400 ◦C/s.

(2) Adding SO2 case: biomass feeding rate is 0.05 g/min and cooling rate is 1000 ◦C/s,
adding 50 ppm SO2, 5% H2O, and 5% O2 to flue gas.
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(3) Reference case: biomass feeding rate is 0.05 g/min and cooling rate is 1000 ◦C/s.

Figure 9 shows the comparison of calculated mass PSDs of PM10 particles in the three
different cases. As can be seen, the mass PSDs of PM10 had bimodal distribution in the
three cases. Compared with the reference case, the mass PSD of PM10 calculated by the
actual PF boiler combustion case moves to the right, which indicates that the fine-mode
diameter calculated under the PF biomass combustion case is relatively large, because the
slow cooling rate is conducive to the collision of newly generated particles and is also
favorable to the heterogeneous condensation of alkali vapor on newly generated particles,
which promotes the growth and evolution of submicron particles. Moreover, there is
a ‘shoulder peak’ that appears near 1 µm, which is due to the collision/aggregation of
submicron particles with finer fly ash particles and the heterogeneous condensation of
alkali chlorine vapor on finer fly ash particles. It means that the formation of intermediate-
mode particles is not only related to the finer breaking of fly ash particles but also the
interaction of submicron generation. The significant difference between the predicted
results of the “practical PF boiler combustion case” and the “reference case” means that the
ash characteristics of biomass combustion under experiment conditions with an ultra-high
flue gas cooling rate and a lower biomass feeding rate may deviate from the practical ash
characteristics after pulverized biomass combustion.
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Figure 9. The comparison of calculated mass PSDs of PM10 particles in the practical PF boiler
combustion case, adding SO2 case, and reference case. At 800–1100 ◦C, KCl vapor is converted to
K2SO4 vapor through a global reaction [26,34]: KCl + H2O + SO2 + 1/2O2→K2SO4 + 2HCl. The
pre-exponential factor of the rate constant of SO2 oxidation, kSO2 = 69 s−1, and the activation energy,
Ea = 63 kJ/mol [34].

As can be seen in Figure 9, compared with the reference case, the PSD of submicron
particles calculated by the “adding SO2 case” was reduced sharply, with the peak diameter
being significantly reduced and the peak width being narrowed. In addition, there was also
a ‘shoulder peak’ near 1 µm, indicating that the mass PSDs of submicron particles were
significantly reduced, and a large number of alkali vapors migrated to the vicinity of 1 µm.
Since the sulfate vapor generated from sulfation was transformed into submicron particles
through homogeneous nucleation, due to the lower sulfate formation, the formed particles
were small in size but large in number. Alkali chloride vapor can only be transformed into
particulate matter by heterogeneous condensation, which has little effect on the growth of
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submicron particles. Submicron particles collide more with finer fly ash particles, combined
with chloride condensation, resulting in more particles near 1 µm. It can be seen that the
sulfate reaction can convert corrosive chlorides into low corrosive sulfate particles but
generates much larger PM1. Therefore, the sulfate reaction can reduce Cl corrosion rather
than ash deposition.

4. Conclusions

The present work mainly developed a mathematical model based on the plug flow
model and the fragmentation-coalescence mechanism to describe the behavior and evo-
lution of ash formation and the influence of the biomass feeding rate and the flue gas
cooling rate on ash properties, such as mass concentration and yields of PM10 and its ash
elements (Na, K, and Cl) during pulverized biomass combustion, which was validated by
the literature data. The model considered homogeneous nucleation of the alkali vapors,
heterogeneous condensation of the vapors on newly formed particles and fly ash particles,
and collision-coagulation between aerosol particles. The model was also applied to numeri-
cally study and analyze the ash formation characteristics during the cases of practical PF
boiler combustion and SO2 sulfation.

The numerical studies showed that the model can reasonably describe the ash forma-
tion process and characteristics of pulverized biomass combustion, and the influence of
the biomass feeding rate and the flue gas cooling rate on the mass PSDs of PM10 and its
elements. The model could predict that with the decrease of the cooling rate, the PSDs of
PM10 and its elements’ (Na, K, and Cl) fine-mode particles gradually moved to the large
size direction, and the peak width became narrow, but the peak value slightly increased.
The initial nucleation temperature and initial nucleation particle size increased with the
biomass feeding rate. A high cooling rate will promote the generation of particles with a
larger number but a smaller diameter. Elements Na, K, and Cl are mainly concentrated
in PM1, but rarely distributed in PM1–10. The condensation amounts of Na, K, and Cl on
coarse particles increased with the biomass feeding rate and decreased with the cooling
rate. Compared to the reference case, the mass PSDs of PM10 calculated under the practical
PF boiler combustion case moved to the larger direction as a whole and formed a “shoulder
peak” near 1 µm, indicating that the ash formation characteristics obtained from in the
experiment condition with the ultra-high flue gas cooling rate and minimum biomass mass
may have a large deviation from that of practical biomass combustion. The result of the
adding SO2 case showed that the sulfate reaction resulted in a lower number and smaller
size of submicron particles but formed a new ‘shoulder peak’ near 1 µm, indicating that
the sulfate reaction can convert corrosive chloride into low corrosive sulfate particles, but
generate a larger number of PM1, which indicates that it can reduce Cl corrosion rather
than ash deposition.
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Nomenclature
Rx the percentage of the sieved mass with the size larger than dp
dp diameter of fuel particle, µm
λ f uel the parameter to characterize the fineness of the fuel particles, µm
n f uel the index to define the uniformity of the fuel particle sizes
dp,ash the ash particle size, µm
ρ f uel the fuel density, kg/m3

ρash the ash density, kg/m3

m f uel the mass of a single fuel particle, kg
mash the mass of a single ash particle, kg
wash the ash content of the biomass
wvap the mass fraction of the ash released into gas phase
Kmean the average breaking times
k the breaking times of a single particle
C(i) Volume fraction of matter i
C∗i Growth rate of the critical cluster of matter i, mol/(m3·s)
Ck, Ci Cunningham sliding factor of particles k and i
dp,ex the diameter of an existing particle, µm
D Gas molecular diffusion rate, m2/s
F(Kn) Coefficient of correction
kB Boltzmann constant, 1.3806 × 10−23 J/K
Kn Knudsen number
Mi Molecular mass of matter i, kg
NA Avogadro constant, 6.022 × 1026/mol
Ne

i Equilibrium concentration of critical clusters, 1/m3

Pi Vapor pressure of species i, Pa
Ps

i Saturated vapor pressure of matter i, Pa
Pe

i Vapor pressure of the vapor on the surface of the existing particles, Pa
Pi∞ Vapor pressure on an infinite plane, Pa
Rg Gas constant, 8.314 J/(mol·K)
S Saturation ratio
T Temperature, K
Zi Zerdovich factor
σ Surface tension, N/m
ρi Particle density of species i, kg/m3

λ Average free path of gas molecules, m
nk Number concentration of particle k, 1/m3

βi,k Collision rate of particles (particles i and k), m3/s
vk, vi Volume of particles k and i, m3

µ Viscosity of medium, kg/(m·s)
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