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Abstract: During coal combustion, char chemical reaction is the slowest step, particularly in the last burnout stage,

where the char consists of small amounts of carbon in a predominant ash framework. Existing kinetics models tend

to deviate from experimental measurements of late char burnout due to the incomplete treatment of ash effects. Ash

can improve pore evolution through vaporization, hinder oxygen transport by forming an ash film, and reduce

active carbon sites and available surface per unit volume by penetrating into the char matrix. In this work, a

sophisticated kinetics model, focusing on these three ash evolution mechanisms (ash vaporization, ash film, and ash

dilution) during pulverized coal (PC) char combustion, is developed by integrating them into a thorough

mechanistic picture. Further, a detailed comparison of the three distinct ash effects on PC char conversion during

air (02/Ny) and oxy-fuel (O2/CO2) combustion is performed. For the modeled coal, the mass of ash vaporization is

approximate 3 orders less than the mass of ash remaining, which participates in ash dilution and ash film formation,

both in O2/N; and O»/CO, atmospheres. The influence of these phenomena on burnout time follows the order: ash

dilution > ash film > ash vaporization. The influence of ash vaporization on burnout time is minor, but through

interactions with the ash dilution and ash film forming processes it can have an impact at high extents of burnout,

particularly in O,/CO; atmospheres. In O2/N, atmospheres the residual ash predominately exists as an ash film,

whereas it mainly exists as diluted ash in the char matrix in O»/CO, atmospheres. The residual ash particle is

encased by a thick film when the ash film forming fraction is high (low ash dilution fraction). These results provide

in-depth insights into the conversion of PC char and further utilization of the residual ash.
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Nomenclature:

Symbols
A pre-exponent factor (g/s/cm?/atm”) 0 burning rate (g/cm?%/s)
CO carbon monoxide P pressure (atm)
CO; carbon dioxide R radius (cm)
d diameter (cm) 7 average radius of the pore channel (cm)
D diffusion coefficient (cm?/s) R ideal gas constant (8.314J/mol/K)
E activation energy (kJ/mol) Sq internal specific surface area (cm?/gc)
F mass fraction (wt.%) T temperature (K)
m, M mass (g), molar mass (g/mol) X fraction of ash forming an ash film
MO, metal oxides Y ash content
MO metal suboxides and metals V vaporization rate (mol/s), volume (cm?)
N inclusions number per char particle At time duration (s)
Greek alphabet
o mode-of-burning parameter T tortuosity
p mass density (g/cm?) Oc constriction factor
n,n' effectiveness factor g porosity
0 thickness of ash film volume fraction of inclusion
Subscript
0 initial eff effective
a ash ex external
a,f porous ash tot total
af ash film g Ls gas, liquid, solid
a,n nonporous ash inc inclusion
c carbon i,j computational shell number
cc char core vap vaporization
Superscript
eq equilibrium n intrinsic reaction order




1. Introduction

During char particle combustion in pulverized coal (PC) furnaces, the particle may undergo full oxygen

diffusion control due to fast chemical reaction at high temperatures at the beginning of combustion, combined

chemical reaction and oxygen diffusion control at intermediate stages of burnout, and complete chemical reaction

control due to slow reaction within the char-ash matrix during final burnout [1]. Char conversion is generally the

slowest step in the process of coal particle combustion, particularly in the last burnout stage, where the char

consists of small amounts of carbon in a predominant ash framework [2]. Numerous studies have addressed char

conversion rates based on carbon reactivity. However, far fewer studies have considered the influence of ash

mineral matter, which affects the number of active carbon sites per volume, pore structure, and oxygen diffusion [2,

3], and thereby also plays an important role in char conversion [2, 4-6].

Ash minerals in coal exist either as inherent, organically bound, atomically dispersed impurities or as

adventitious mineral matter. During combustion, the former (including Hg, As, alkali and alkaline earth metals, etc)

easily vaporizes and diffuses out of the char matrix, while refractory elements (e.g. Si, Al, and Fe) partially

volatilize. These volatilized mineral constituents are essential for the formation of ultra-fine particulate matter (PM).

However, for most coals the overwhelming majority of the inorganic matter remains associated with the char

particles and ultimately exits the boiler as residual fly ash [1, 7-11]. The ash transformations can have important

effects on char thermal conversion, and they become increasingly important during burnout [5]. Ash vaporization

not only promotes pore structure generation and development [1, 5], but also reduces the available ash within the

particle that may impact carbon consumption, such as by the generation of low-melting alkali salts and

consequently pore plugging by molten ash [11].

Until now, numerous char burning kinetics models have been developed, and some of these have considered

the influence of ash [2, 12, 13]. The Carbon Burnout Kinetic (CBK) model, developed by Hurt et al. [2], integrates

an apparent char oxidation kinetics model, thermal annealing, and ash inhibition. This model was the first attempt



to provide a description of ash inhibition on char combustion during burnout. As reported by Hurt and Davis [6] for

char particles from two US high-volatile bituminous coals, the apparent kinetics model shows small errors for

carbon conversions below 50%, but by 70% conversion the reactivity has decreased by a factor of two. Meanwhile,

the estimated deactivation from thermal annealing is too small to match the observed level of reactivity loss [2].

Therefore, it is apparent that the influence of ash inhibition on char conversion must be accounted for to accurately

describe the complete burnout process [2]. Existing models such as CBK have accounted for ash inhibition using a

simple ash film model, in which it is assumed that the ash liberated during char combustion accumulates on the

outer surface of the particle and acts to hinder oxygen diffusion to the encapsulated char core [2, 3, 6]. The ash film

model undoubtedly is applicable to fluidized bed combustion, in which larger fuel particles burn at moderate

temperatures [14, 15]. However, for PC particle combustion the ash film model appears to overestimate the

resistance of O, diffusion to the particle [5, 16].

Although the ash film concept is widely employed in existing char kinetics models, a macroscopic ash film

buildup at the char surface is rarely found [3, 6, 17]. Alternatively, evidence has been found that at typical char

combustion temperatures ash mineral components exposed on the surface of the burning char particles can diffuse

back into the char matrix itself [3]. The effect of this process of concentration of ash constituents within the char on

subsequent char combustion can be modeled as an ash dilution impact [4, 5], which has been demonstrated to have

a dramatic influence on the apparent kinetics reaction order [4]. Recently, considering the possibility of the ash film

effect and an ash dilution effect acting in tandem, which is the most realistic scenario, a sophisticated intrinsic

kinetics model was developed to predict the ash inhibition during PC char combustion [5]. Char combustion

simulations with this model revealed that the ash film influences char combustion throughout its lifetime, whereas

ash dilution only inhibits combustion significantly during the final burnout stage [5]. This combined ash inhibition

model has been shown to give good predictions for coal and biomass char combustion and gasification [5, 18], as

well as the formation of ultra-fine particles during PC char combustion [1, 8].



Several studies have previously analyzed the separate effects of ash volatilization, ash film formation, and ash
dilution during PC char combustion. For example, ash vaporization improves pore generation and development [1,
5], ash film formation hinders oxygen transport to the reacting char surface [2, 3, 6], and ash dilution reduces active
carbon sites and surface available per unit volume [4, 5]. However, there has been no previous effort to integrate
these three distinct ash effects into a thorough mechanistic picture during PC char combustion. Therefore, it is the
primary purpose of this work to develop and apply a sophisticated kinetics model, with a focus on the various
effects of the three ash evolution mechanisms during PC char combustion in air (O2/N2) and oxy-fuel (O/CO3)

atmospheres.

2. Model description

An intrinsic kinetics model that considers the combination of ash film and ash dilution effects acting in
tandem was developed previously and used to predict ash inhibition during char combustion [5]. Meanwhile, an
extended model, named the Char Burning and Particulate Matter Kinetics (CBPMK) model, consisting of the
above-mentioned char burning model and an ultra-fine particle formation kinetic model, has been developed and
used to model ultra-fine particle formation via ash vaporization during PC char combustion in O»/N; and O/CO»
atmospheres [1, 8]. Although all three ash effects were considered in the CBPMK model, the interactive influences
were not considered, in particular the effect of ash vaporization on the char structure and consequently on carbon

conversion.

2.1 Intrinsic kinetics model of char combustion
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Fig.1 Schematic of the char combustion model with integrated ash effects



As shown in Fig.1, in which the ash effects are integrated into the char combustion model, the initial char
particle is divided into numerous equally spaced concentric shells. It is idealized that part of the ash liberated
during combustion of each burned shell is used to thicken an ash film on the particle periphery, and the rest is
assumed to penetrate and be uniformly distributed in the remaining char core. At the same time, some of the ash
vaporizes, depending on the temperature, reducing atmosphere, ash content and components, and physical
morphology of the char particle [1, 8, 10]. Any effects of catalysis [3, 19, 20] and char fragmentation [21, 22] are
neglected in this model.

In contrast to apparent kinetics models, which are heavily dependent on an empirical mode-of-burning
parameter, o, in Eq.1 to describe the gross effects of internal char consumption [2, 4, 23], an intrinsic kinetics
approach to carbon conversion is adopted here and used to calculate the unburned carbon mass meccci+1, as
described in Eq.2.

PePeg=(mec[meo)*  (Eq. 1)
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where the outmost shell is numbered i, and the adjacent inner shells are numbered i+1 and i+2, in turn. The overall
burning rate, g, consisting of both internal and external burning rates of the char, is given by Eq. 3.

G = (=Yoo =Oree +1PeecSec [6)4ee (EQ.3)
where # is the internal effectiveness factor, the ratio of the actual internal burning rate to the maximum possible
internal burning rate. The carbon burning rate per unit external surface of char core, gc.x, is calculated according to
the Arrhenius expression shown in Eq.4, which includes oxidation and gasification by both CO, and H,O. More
detailed model descriptions of the time-dependent char combustion temperature 7., carbon density pccc, internal

surface area Sg, porosity, diffusion, etc. have been presented in our previous paper [5].

Goex = Ao, eXP(—Eo, [RT,) F5” + Aco, €XP(= Eco, [RT. ) RGT + Ao €xp(=Ey o [RT) B (Eq. 4)



2.2 Integrated ash effects

As the char particle burns, a portion of the ash mineral vaporizes, and a designated fraction X of the ash
liberated after the burnout of each outmost shell is used to form or thicken an ash layer, with the remaining fraction
of liberated ash assumed to penetrate uniformly into the char core. By comparing model results with experimental
char combustion temperatures and burnout over a range of combustion conditions for a high-volatile bituminous
coal, a value of 0.16 was recommended for the presumed fraction of liberated ash forming an ash film [5]. While
this value of X has been empirically determined, it is expected that the ash fusion temperature and char combustion
temperature, which together influence the ash flowability in the char, should have important effects on the ash
disposition. Here, a range of 0.075-0.3 is assumed for X, which brackets the empirically determined value.

A mass balance on ash in the ash film is expressed as Eq.5.

Pun (1=0,0)[ (26 +d ) =2 |/6= X (@2, =2 ) (Yoipres 76—V, 202 )+, (Eq.5)
where the left-hand side is the ash film mass for shell i+1 after the burnout of char shell i, the first term on the
right-hand side accounts for the newly added ash film mass (excluding vaporization and accounting for the fraction
X of the liberated mass contributing to the ash film), and the second term on the right-hand side accounts for the
inherited mass of the ash film from shell i. pax and 8,1, representing the nonporous ash density and ash porosity, are
assumed to be 2.65x10° kg/m® and 0.25, respectively [2]. 6, Yas, and pec; are the time-dependent ash film thickness,
ash content in the char, and char density in the char core, respectively. Vvap, is the instantaneous vaporization rate of
included minerals.

The vaporization rate is calculated by assuming that all ash minerals are uniformly distributed as oxide
inclusions (MO,) throughout the char matrix and vaporize in the forms of sub-oxides or fully reduced metals
(MO,..1) according to R1 [1, 8, 10]. SiO; is employed as representative of the refractory oxides.

MO (s1) +CO — MOr-1(g) +CO, (R1)

Based on vapor diffusion within the porous char, the mineral vaporization rate, Vyap, can be given as Eq. 6,



Vew =" Nyo, 47140 D, P35, /RT,, (Eq. 6)
where rvo, Nvo, and Pyt are the inclusion radius, number, and partial pressure of the suboxide or reduced metal,
as computed through reaction R1. The effectiveness factor #' is the ratio of the total vaporization rate of inclusions
to the vaporization rate of Nvo isolated inclusions. The effective Knudsen diffusivity Der is calculated according to

Eq. 7, wherein the ratio of the tortuosity to the constriction factor of the pores, /o, is assumed to be 6 [22].
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Nmo, the number of isolated inclusions within the char matrix, is a function of the transient char particle size, dc.,
and the volume fraction of inclusions in the char, €', and is given by Eq. 8.
; 3
Nyo, =0'(0.5d,, /1o, ) (Eq. 8)
@' is calculated according to Eq.9, where Fmon, and ma are the initial mass fraction of the inclusion in the ash and

the initial ash mass, and Fmon, and mag; are the transient mass fraction of inclusion in the ash film and the ash film

mass when shell i+1 begins to burn.

.

H’ = 6{FMO”ma,0 - , (VvapAt)j _FMO”,imaf,[ j/pmoﬂ.d‘ij (Eq 9)
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o

2.3 Kinetic parameters selection and modeling conditions

We employ the same kinetic parameters as used as in our previous papers [1, 5, 8], wherein the char burning
characteristics and the vaporization rates of different inclusions predicted by the kinetic models were found to
compare favorably with available experimental data. The pre-exponential factor is 8.0 kg/s/cm?/atm®! for the
oxidation reaction and 5.0 kg/s/cm?/atm®’ for gasification by CO,, and the corresponding activation energies are
150 kJ/mol and 251 kJ/mol. The intrinsic reaction order for reaction with oxygen is assumed to be 0.1 and for
reaction with CO> is 0.5. The H,O gasification reaction is ignored. The investigated combustion parameters span a
wide range, as summarized in Table 1, to evaluate the variation in ash effects as a function of char characteristics

and combustion conditions.



Table 1 Summary of simulation conditions

Parameters Symbol Unit Nominal value Minimum Maximum
Gas temperature T K 1650 1500 1800

O; content 02 vol.% 21 12 27

Char particle size d wm 65 40 90

Ash content F, wt.% 15 5 25
Inclusion content Fine wt.% 30 10 90

Ash film fraction X wt.% 15 7.5 30

3. Results and discussion

3.1 Ash distribution under various combustion conditions
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Fig.2 Distribution of ash vaporization, ash dilution, and ash film under various combustion conditions in O»/N> (a,

b, and c) and O,/CO: (d, e, and f) atmospheres

Fig.2 shows the mass distribution of ash vaporization, ash dilution, and ash film under various combustion
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conditions in O2/N; and O»/CO; atmospheres (according to the parameter set shown in Table 1) at the point of 99%

consumption of the char carbon. It can be seen from Figs. 2a and 2d that in both O»/N> and O2/CO; atmospheres the

ash vaporization mass increases with increasing combustion gas temperature, O, content, char size, ash content,

and evaporable inclusion content, as well as decreasing ash film forming fraction. Elevated combustion gas

temperature and O» content causes higher char burning temperatures, which elevate both the vapor diffusion

efficiency (Detf, Eq.7) and the vapor equilibrium partial pressure (Pv®Y, Eq.6), leading to greater vaporized ash

mass. Increasing char size, ash content and inclusion content increase the inclusion number (NMmo, Eq.8) and

inclusion volume (6', Eq.9) and consequently ash vaporization, though the lower char combustion temperature with

a high ash content almost neutralizes the effect of the added ash content on the amount of vaporized ash. An

increased ash film fraction not only reduces the amount of ash dilution and resultant inclusion content but also

reduces the char combustion temperature [5] and therefore decreases the amount of ash vaporization. Note that the

total amount of ash vaporization during combustion in O»/CO; atmospheres is lower than that in O2/N; atmospheres

by about a factor of six, due to the much lower char combustion temperatures in Oo/CO; atmospheres [1, 24, 25].

In O2/N> atmospheres, as shown in Figs. 2b and 2c, the ash dilution mass increases at high gas temperature

and O, content, whereas the ash film mass decreases. High gas temperature causes high char burning temperature,

which not only improves the external char conversion rate (gcex, Eq.4) but also significantly accelerates char

internal reaction rate through the effectiveness factor (1, Eq.3), thereby favoring ash dilution. Similarly, an elevated

O; content in the bulk gas causes a higher char burning temperature and greater O diffusion into the char matrix,

thus improving the internal char conversion rate.

In contrast, in O»/CO; atmospheres increasing the gas temperature and O content produce opposite trends in

the ash dilution mass and ash film mass as those in O2/N; atmospheres, as shown in Figs. 2e and 2f. This result is

due to the strong internal diffusion control of the CO» gasification reaction and external diffusion control of

oxidation reaction [25], such that increasing the gas temperature and the O, content promotes the external reaction

11



of the char matrix slightly more than the internal reaction, consequently increasing ash film mass and decreasing
ash dilution mass. Because of the strong role of internal reaction in O/CO; atmospheres, the residual ash mainly
exists within the char matrix as dilution ash rather than an external ash film, which is dominant in Oz/N;
atmospheres. Indeed the amount of dilution ash is larger by over a factor of two for oxy-fuel combustion relative to
combustion in air.

In both O2/N> and O»/CO> atmospheres, increasing the char particle size and ash content results in growth of
both ash film and dilution ash, because these factors increase the total amount of ash in the particle. As expected, an
increase in the presumed ash film forming fraction increases the mass of ash in the external ash film and decreases
the ash dilution mass. A change in the volatile inclusion content shows no tangible effect on the mass distribution of
the ash film and ash dilution, due to the much lower mass of vaporized ash, which is approximate 3 orders less than

the mass of ash dilution and the ash film.
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Fig.3 Changes in the ash distribution during combustion with different char particle sizes and ash contents in

02/N,

Although an increasing char particle size and increasing ash content cause an increase in the mass of ash
vaporization, ash dilution, and ash film (Fig.2), an examination of the relative ash mass distribution in response to
these factors gives insightful trends. As shown in Fig.3, both a larger char particle size and higher ash content,
which result in a lower char burning temperature [5] and hinder the diffusion of mineral vapor towards the char

surface, result in a decreasing ash vaporization fraction. The mass proportion of ash dilution decreases with larger

12



char size and higher ash content. This is due to the hindered oxygen diffusion within the particle from these factors,
resulting in a lower internal reaction rate relative to the external reaction rate. It is clear from these examples that
the global combustion environment (temperature and atmosphere) and char properties (size, ash content,

evaporable inclusion content) have important effects on ash evolution and distribution.

3.2 Effects of ash distribution on char conversion

Fig.4 shows the effects of ash vaporization and ash film forming fraction X (or ash dilution fraction, 1 - X) on
the char conversion characteristics (with a carbon conversion ratio of 99 wt.%) under the nominal combustion
condition. The ash distributions, especially the ash film and ash dilution, significantly affect the char conversion
characteristics, including the burnout time and the structure of the residual ash particle (i.e. the thickness of the

external ash film and the size of the internal residual char core).
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Fig.4 Effects of ash vaporization and ash film (or ash dilution) forming fraction on char conversion in O»/N»

As shown in Fig.4a, a high vaporizable inclusion content causes a slightly thinner ash film and slightly longer
burnout time, while there is no impact on the size of the internal residual char core. A high ash film forming
fraction causes a thick ash film, a small residual char core size, and a longer burnout time, as shown in Fig.4b. The

ash distributions do not impact the residual ash particle size, which remains unchanged at 27.4 um, but the residual

13



ash particle is encased by a thick film when the ash film forming fraction is high. High fractions of ash vaporization

and ash film forming fraction extend the burnout time, whereas high ash dilution fraction shortens the burnout time.

3.3 Importance of combined ash effects
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Fig.5 Effects of the different ash evolution routes on the char burnout time at different extents of carbon conversion

(left panel: O2/N2; Right panel: O2/CO»). The x-axis indicates the different range limit values for the variables listed

in Table 4 that were considered for each simulated combustion condition.

Fig. 5 shows the quantitative effects of the ash distribution on the char burnout time under different

combustion conditions at 70, 90, 95, and 99 wt.% carbon conversion. In O2/N; atmospheres, the relative deviation

from the nominal combustion condition is between -1.8 — +0.3% when ignoring ash vaporization, -32— +13%

14



when ignoring ash film formation, and -30 — +101% when ignoring ash dilution. Due to the stronger influence of

internal char conversion in O»/CO; atmospheres, and thus the possibility of high CO/CO; ratio improving inclusion

reduction and vaporization (R1), the importance of ash vaporization (-7.2 — +3.2%) is greater than in Oy/N;

atmospheres. However, because of the lower combustion temperatures in O2/CO; atmospheres, the impact of the

external ash film (-16 — +13%) and ash dilution (-0.8 — +38%) is less than in O./N; atmospheres. In both

atmospheres, as the carbon conversion ratio increases from 70 wt.% to 99 wt.%, the relative deviations caused by

the ash film and ash dilution first increase and then decrease, whereas the relative deviation from ash vaporization

consistently increases.

4. Conclusions

A sophisticated intrinsic char kinetics model that includes ash vaporization, external film formation, and ash

dilution effects within pulverized coal char particles has been developed and is used here to investigate the

combined ash effects on PC char conversion during air (O2/N>) and oxy-fuel (0O»/CO;) combustion. Both in O»/N»

and O,/CO, atmospheres, the ash vaporization mass increases with increasing combustion gas temperature, O»

content, char particle size, ash content, and evaporable inclusion content, whereas it decreases with increasing ash

film forming fraction. In O»/N; atmospheres, higher gas temperature and O, content cause increasing ash dilution

mass and decreasing ash film mass. However, they show the opposite effects in O/CO; atmospheres. The residual

ash mainly exists as dilution ash in O»/CO, atmospheres because of the internal diffusion control of CO;

gasification, rather than ash film, which is dominant in O»/N> atmospheres because of the external diffusion control

of oxidation. Although large char particle size and high ash content increase the mass of all ash constituents, the

proportions of ash vaporization and ash dilution decrease, and the ash film proportion increases. For the case of

SiO; ash modeled here, the mass of ash vaporization is approximate three orders less than the mass of ash

associated with ash dilution and an external ash film, and the ash vaporization in O/CO> atmospheres is lower than

that in O»/N> atmospheres by about a factor of six due to the lower char combustion temperatures in O/CO;

15



atmospheres.

Despite the minor amount of refractory ash that is vaporized, it can still influence the char conversion rate by

up to nearly 10% for oxyfuel combustion conditions. In both O»/N;, and O,/CO, atmospheres, the influence of the

three modeled ash phenomena on char burnout time follows the order: ash dilution > ash film > ash

vaporization. With increasing carbon conversion, the importance of ash vaporization increases, whereas the

importance of ash film and ash dilution first increase and then decrease.
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Figure captions

Fig.1 Schematic of the char combustion model with integrated ash effects

Fig.2 Distribution of ash vaporization, ash dilution, and ash film under various combustion conditions in O2/N; (a,

b, and ¢) and O,/CO: (d, e, and f) atmospheres

Fig.3 Changes in the ash distribution during combustion with different char particle sizes and ash contents in O2/N»

Fig.4 Effects of ash vaporization and ash film (or ash dilution) forming fraction on char conversion in O2/N»

Fig.5 Effects of the different ash evolution routes on the char burnout time at different extents of carbon conversion

(left panel: O2/Ny; Right panel: Oo/CO,). The x-axis indicates the different range limit values for the variables listed

in Table 4 that were considered for each simulated combustion condition.
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