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ABSTRACT: Biomass combustion equipment is often susceptible Air and [ Online p CO2, H20,
to ash deposition due to the relatively significant quantities of Solld Fugl i ICP AFEs
potassium, silicon, and other ash-forming elements in biomass. To ﬁ]

evaluate the propensity for ash deposition resulting from biomass . [ Entrained- |
combustion, a biomass combustion model was integrated with a £ — flow
chemical equilibrium model to predict the fate and occurrence of @ on Conﬁl;tz}wn
:ash—forming eleme.nts in a pilot-scale egtrained-ﬂf)w burner. AT}‘le E %m Validation

integrated model simulated the combustion of‘whlte wood (v1rg}n Lz 00t I I Entrained:
wood) and recycled wood (treated wood) previously combusted in 2 g | ~ flow Fate
the burner. The key advantage of this model in comparison to a £ B ot B2 and
model with general equilibrium assumed is that it was able to D — AFE Emission Profile Occurrence
consider the rate of release of trace and minor species with time, Model

the local equilibrium in the particles, and separately, that in the

continuum phase (which also included any solid or liquid materials nucleating). The simulation generated the fate and occurrence
profiles of each ash-forming element along the burner. The qualitative comparisons between the modeled profiles and the previous
experimental findings under similar operating conditions show reasonable agreement. The concentrations of ash-forming elements
released from the burner were also compared with the experimental online inductively coupled plasma readings. However, the latter
comparison shows overestimation using the modeled results and might suggest that further considerations of other parameters such
as ash nucleation and coagulation are required. Nonetheless, based on the ongoing performance of the integrated model, future use
of the model might be expanded to a broader range of problematic solid fuels such as herbaceous biomass or municipal solid waste.

B INTRODUCTION

The global energy demand is predicted to grow by more than
twice its current value by 2040. Unless there is a change in
future energy policies, this growth will contrlbute to a global

establishes stable flames. A previous study also showed that
biomass has high conversion due to significant volatile matter
content.’

However, biomass combustion potentially causes more

energy-related CO, emission increase of 10 Gt." This emission
increase is corroborated by a study revealing that there was a
2.7% increase of global carbon emission between 2015 and
2018 due to intense coal and oil utilization for driving
economic growth in China and India.”

Coal replacement by biomass in solid fuel combustion is one
option to reduce global carbon emission. Biomass combustion
features no net CO, addition to the atmosphere since the
released carbon originates from the CO, absorbed by the
plants that are the precursors for biomass. Biomass combustion
also promotes reduced environmental pollution since biomass
has lower sulfur, nitrogen, and heavy metal content than coal.”

Biomass combustion also offers advantages in reactivity and
burnout behavior. Biomass is more reactive than coal, and
biomass ignition starts at a relatively lower temperature.* Low-
temperature ignition reduces combustion delay time and
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severe operational problems than coal combustion. Biomass
ash contains significant quantities of ash-forming elements
(AFEs) and chlorine. Alkali AFE reactions with chlorine
produce liquid alkali chloride aerosols, which can induce
fouling and corrosion on metal surfaces in commercial boiler
convective pass zones. Silicon and calcium reactions with O,
produce SiO, and calcium silicate-type compounds, which can
deposit on commercial boiler water walls and reduce heat
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transfer efficiency. Alkali chloride deposition rates are
enhanced when they further react with SiO, by forming sticky
liquid alkali silicate aerosols.

Table 1. Operating Conditions at the PACT Entrained-Flow
Burner

parameter value
inlet air flow rate (mol s™") 2.79
inlet gas temperature (K) 480
inlet white wood flow rate (g s™") 11.1
inlet recycled wood flow rate (g s™*) 11.7
Table 2. Characterization of Modeled Biomass
white recycled
analysis component wood wood
proximate analysis (% a.r. moisture 6.69 5.80
mass) volatile matter  78.10 73.90
fixed carbon 14.51 17.10
ash 0.70 3.20
ultimate analysis (% ar. mass) C 48.44 51.90
H 6.34 6.00
O 37.69 41.70
N 0.15 0.40
S 0.02 0.02
Cl 0.01 0.01
AFEs (ar. mass ppm in fuel)  Na 62.99 33544
K 547.59 650.62
Ca 1260.27 6355.36
Mg 216.28 745.53
Si 415.28 6257.57
Al 65.67 925.28
Fe 59.39 1602.47
P N/A N/A
Ti N/A N/A

Enhanced ash sticking probabilities due to liquid phase
formation cause several operational problems. Accumulation of
ash deposits on heat exchanger pipe surfaces is known to
reduce heat transfer rates and overall plant efficiencies.” The
growth of the ash deposits could stretch to neighboring heat
exchanger pipes and block gas flows.” Reduced gas flow rates
create local pressure and temperature buildup, causing damage
to the heat exchanger pipes.” The buildup of local temper-
atures enhances corrosion and further damages the heat
exchanger pipe surfaces. Sticky biomass ash also forms
agglomerations in fluidized-bed boilers. Agglomerations create
channels and reduce combustion efficiencies by inhibiting bed
fluidization.” Unplanned plant shutdowns are often mandatory
to facilitate the removal of the accumulated ash deposits.'’
Consequently, frequent shutdowns might adversely impact
plant lifetimes due to thermal stresses.""

Chemical equilibrium is considered here as a potential tool
to evaluate AFE phases in biomass combustion via predictions
of the fate and occurrence of the AFEs. The use of chemical
equilibrium in biomass combustion has been widely deployed
to enable estimations with the absence of reaction kinetic
parameters.'”~'* Due to lack of reaction kinetic parameters
and, to some extent, mass transfer effects, deviations between
theoretical calculation results and experimental measurement
results are anticipated.”

This paper aims to integrate a comprehensive steady-state
combustion model with a chemical equilibrium model to work
toward predicting the fate and occurrence of AFEs in biomass
combustion. The validity of the predictions was evaluated via
comparisons of the modeling results with previous findings and
online measurements. The predictions are expected to lead to
recommendations as to whether any examined fuel is safe to
burn and whether additional treatment of the examined fuel is
required to ensure an operationally safe combustion process.

B EXPERIMENTAL SECTION

The 250 kW entrained-flow combustion unit (Figure 1) at the
PACT facility in Sheffield was used to experimentally

ports for total/radiative heat flux, in-
furnace gas sampling, suction
pyrometry and 2D/3D laser imaging

furnace and

ICP sample

location
burner

cyclgne
heat exchangers

candle filter exhatist fan

Figure 1. Three-dimensional diagram of the PACT facility 250 kW combustion unit. Reprinted in part with permission from ref 19. Copyright

2018 MDPIL
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Figure 2. Flow diagram of PACT online ICP. Reprinted in part with permission from ref 19. Copyright 2018 MDPL

investigate the fate and occurrence of various elements during
solid fuel combustion.'*™"® Gas heaters consisting of primary,
secondary, tertiary, and overfire heaters preheat the oxidizer
before it enters the burner and combustion chamber. The
oxidizer from the primary heater outlet is mixed with the solid
pulverized fuel fed via the feeder, which is sent to the burner,
with the flows from the tertiary and overfire heater outlets
providing additional oxygen staged throughout the burner and
reactor to encourage complete fuel burnout and minimize
emissions. The scaled swirl burner was provided by GE. The
cylindrical furnace is 4 m in height and has an internal
diameter of 0.9 m. The burner column has eight axial sections,
each measuring 0.5 m in length, with a 0.1 m gap made of thick
refractories between adjacent sections. The solid fuel and
oxidizer enter at the top of the burner column in a down-fired
arrangement. Temperature profiles and gas concentration
profiles are measured with probes installed along the burner
centerline of the combustion chamber. The combustion gases
leave the burner column at the bottom and then flow
upward—the ash catch pot at the bottom of this section
collects large ash particles, and the cyclone at the top removes
smaller particles. The combustion gases then flow through the
heat exchanger. After heat transfer in the heat exchanger, the
combustion gases go through a candle filter to remove smaller
particulates and, potentially, some aerosols before being
released to the atmosphere via the stack. The operating
conditions of the combustor are listed in Table 1. The same
thermal input was used in both cases; due to the differences in
the energy content between the fuels, the fuel flow rate of the
recycled wood was slightly higher than for the white wood.
A small fraction of the combustion gases leaving the cyclone
flows are sampled for analysis with an online inductively
coupled plasma (ICP) spectrometer; this determines the levels
and species of combustion-generated entrained metal aerosol
emissions. The combustion gases are pumped to the ICP at
200 mL/min with a peristaltic pump and heated in the heated
sample line at 180 °C to avoid moisture loss. The combustion
gases are then cooled in the desolvator and the condenser at
150 and 2 °C, respectively, to trap moisture (Figure 2). The
dried combustion gases then enter the plasma flame at ~6000
K. At this temperature, any previously formed aerosols are
expected to completely vaporize and will be identified in the
optical detector located radially to the torch. The instrument
was calibrated according to the method outlined by Finney et
al."” This was conducted with solutions at a range of
concentrations for the species investigated herein. The element

16308

standards and blank solution were used to form calibration
curves for each element, where the average lower detection
limit was 0.041 mg/m® and the upper detection limit was 86.9
mg/m>. The correlation coefficients averaged 1.00.

The experimental measurement and the previous literature
findings based on the combustion of white wood and recycled
wood in the entrained-flow combustion unit were used in the
evaluation and validation of the integrated model. The
characteristics of both white wood and recycled wood are
listed in Table 2. The contrasting ash quantities allow the
evaluation of the influence of ash quantities on the fate and
occurrence of AFEs.

B THEORETICAL CALCULATIONS

Two separate models were developed, namely, the entrained-
flow combustion model (ECM) and the entrained-flow fate
and occurrence model (EFOM), based on compound fate and
occurrence in Figure 3. The ECM modeled the one-
dimensional entrained-flow combustion and generated the
profiles of both bulk temperatures and bulk gas concentrations
of major gases, e.g., CH,, CO, CO,, H,, H,0, and N,, in the
entrained-flow burner. These profiles were used as parameters
in the EFOM to calculate and generate the profiles of the fate
and occurrence of each AFE in the entrained-flow burner using
chemical equilibrium calculations.

The ECM and EFOM were developed within Matlab and
ChemApp, respectively. ChemApp contains digital libraries of
thermodynamic properties and allows calculations of the Gibbs
free energies for an enormous number of chemical compounds.
The digital libraries are without user interfaces and work as a
foreign object of a chemical equilibrium function called by
Matlab via a user-written bridging code. This calculation route
provides the same results as that of the well-known equilibrium
analysis software, Factsage, as a standalone program without
excessive time consumption.

The ECM conducts simultaneous numerical calculations of
bulk temperatures and bulk major gas concentration from the
top to the bottom of the burner column. The burner column is
discretized into thin slices. Each thin slice consists of a particle
phase and a continuum phase. In the particle phase, each
biomass particle falls from the top to the bottom of the thin
slice. During the fall, each particle loses mass and volume due
to thermal conditions and chemical reactions, e.g., heat
transfer, drying, pyrolysis, and/or heterogeneous reactions.
The loss mass is released to the bulk phase as an addition to
the bulk gas entering the thin slice. Each particle, now with

https://doi.org/10.1021/acsomega.1c06445
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Figure 3. General fate of AFEs and TEs during the falling of a particle
through a burner. Note that hy, h,, and h; here are simply stages of
combustion and not discretized heights.

reduced mass and volume, enters the thin slice below with an
updated falling velocity, size, and set of compositions
(proportions of char, wood, and ash).

The heat transfer to the particle phase from the bulk phase
consists of convective and radiative heat transfer. The change
of particle temperatures due to heat transfer is expressed in eq
E1l

ar, h (T, = T,) + oe(T,* — Tp“)s

P
dt mPcPP (El)

where T, T, t, hCP, o, €, my, cp,, and S, represent the particle
temperature, bulk temperature, time, particle convective heat
transfer coefficient, Stephen—Boltzmann constant, emissivity,
particle mass, particle heat capacity, and particle surface area,
respectively.

Wood, as the main constituent of the particle, is initially
pyrg(l)yzed into volatile matter and char according to reaction
RI.

wood — x,volatile + x,char (R1)

Char heterogeneous reactions are expressed in reactions
R2—R4 for CO, gasification, H,O gasification, and oxidation,
respectively.

char + COZ(g) — ZCO(g) (R2)
char + H,0(, — CO, + Hz(g) (R3)
char + OSOZ(g) i CO(g) (R4)

Moisture in the particle evaporates according to reaction RS.

H,00) = H,0, (RS)

The reaction and temperature kinetic equations and
parameters for pyrolysis, char heterogeneous reactions, and
drying (reactions R1—RS) are listed in Tables 3 and 4.Here,
Moy My Mney A, Epy Ry peogy Pr,ot Pory and ppop are the
particle wood mass, particle char mass, particle moisture mass,
pre-exponential factor, activation energy, gas constant, bulk
COy(y) pressure, bulk H,O,) pressure, bulk O,,) pressure, and
particle moisture density, respectively.Here, AH,, 595k, cp, and
MW are the chemical reaction heat at 298 K, specific heat
capacity, and molecular weight, respectively.

The falling velocity of each particle is calculated via egs
E12—-E14

(mp - Vpﬂb)g +

o~

p
0.5p,S,.; C
pb pro]p Dp (EIZ)

24
= Re, <0.1
Re P

P

2

Cp, =1 [24
Pr . +0.5407|, 0.1 < Re, < 6000
e
P

0.44, Re, > 6000

(E13)
~ chpb(vP - )

Hy (E14)

Rep

where v, Cp, Rey Vi, Py Sprojpr Vg Loy Vi and iy, are the
particle velocity, particle drag coeflicient, particle Reynolds
number, particle volume, bulk density, particle projected area,
gas velocity, particle characteristic length, bulk velocity, and
bulk viscosity, respectively.

The values of V,, L., and S, were determined according
to particle shapes. Visual observation, generating several
microscopic images of the particles, was conducted to
investigate the actual particle shape. The observation revealed
that most of the white wood and recycled wood particles were

https://doi.org/10.1021/acsomega.1c06445
ACS Omega 2022, 7, 16306—16322
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Table 3. Reaction Kinetic Equations and Parameters for Pyrolysis, Char Heterogeneous Reactions, and Drying”'~**
descriptor equation A E, (J mol™)
wood pyrolysis g = —A EA/RT), 44 % 10° 1.5 x 10°
dt ve  (E2)
dm,
CO, gasification dtP =-A e(_EA/RT")(Pcozb)O'g(mcp)2/3 (E3) 9.1 X 10° 1.7 X 10°
dm,
H,0 gasification dtP =-A e(*EA/RTQ(pHZob 4, (E4) 17 x 10° 1.8 x 10°
oxidation s = —A TR (YO (OB 5.3 x 10° 1.3 x 10°
dt Oy, °p (ES)
dryi Aty _ —A {TEVRS) 5.1 % 10° 88 X 10°
rymng i € szOP (E6)

Table 4. Temperature Kinetic Equations and Parameters for Pyrolysis, Char Heterogeneous Reactions, and Drying

descriptor equation AH, 505k J kg™)
T n
dm,, AHpoosc + P(Zv: cp, tp, —Cp )dT
wood pyrolysis ﬂ S N /298 T ‘ v r 42 %X 10°
dt dt MyCp, (E7)
T
2ePco(g) PCO2(g)
Aer,?_QSK + MW, & — P . dT;; -
CO, gasification d [ch ] [MW—C] 1.4 X 10
cO
d_T _ Mep 298 €02
dt dt MyCh, (E8)
T
‘PCO(g) ‘PH2(g) PH20(g)
H.O easificati AH, 08¢ + chg 5= o - & 4T, .
,O gasification E E 1.1 X 10
dT. dm, - 208 MWco MW, MWH,0
dt dt MyCp, (E9)
Tp
Peoy) 952 0a()
AH,, oax + — ¢ — dT
oxidation . " ( e ] ¢ [ MW, ] ’ —9.2 x 10°
CcO MW,
d_T _ Mep 298 o2
dt dt MyCp, (E10)
B
dr.  dm,, AH e + _/ (P = Pron) 9T
drying P __ i) ) 2.4 % 109

dt dt MyCh, (E11)

approximately cylindrical (Figure 4). Wood contains a lengths L, (eq E15). The particle lengths were calculated as a
significant quantity of cellulose fibers and lignin as a skeleton function of the particle sizes measured experimentally via eq
E16. The experimentally measured particle sizes (D) were as
if the particles were spherical. The calculated particle length
and diameter distributions are shown in Figure S.

ARP = f(LP) (E15)

3
_PZ = 3( D, )
(fL,)” 3 ™
Figure 4. Microscopic images of white wood. L: length of a single
particle; D: diameter of single particle. The molar mass of each volatile gas, e.g., CH,, CO, CO,, H,,
and H,O, produced from pyrolysis was solved via a system of

linear equations based on the ultimate analysis data. The mass
fraction of each volatile gas was calculated via eq E17

(E16)

holding the structure together. The structure forms parallel
alignment of the fibers, resembling long cylinders.” The

lengths and diameters of the particles graphically presented in n, MW,

the images were measured using the computer program Image]J X, = 25 MW

to obtain the particle aspect ratios as a function of particle i=1 iy VY (E17)
16310 https://doi.org/10.1021/acsomega.1c06445

ACS Omega 2022, 7, 16306—16322



ACS Omega http://pubs.acs.org/journal/acsodf
100 - ; ; Ah
/ SHE [T dh
{ c P JO) A L c
® 80 . = +C
g : e ApAh A (E24)
8 60 / ey
5] Vi P 7
° w0l [/ . > g
5 / by = 57 )
9 / i i=1 “ib(s1) (E25)
200 / S
N Vb(s1) = Vb(h-1) (E26)
0 500 1000 1500
Size (um) where Ag and Ah represent the burner column cross-sectional

Figure S. Cumulative particle length and diameter distribution: blue
solid line, cylindrical radius of white wood; blue dashed line,
cylindrical radius of recycled wood; red solid line, cylindrical length of
white wood; red dashed line, cylindrical length of recycled wood.

where x;, and n, are the mass fraction and molar mass of
volatile gas i, respectively.

The equations to calculate the molar mass rate profiles of
gases both released from the particle phase to the bulk phase
and taken by the particle from the bulk phase to the particle
phase (Fip) are listed in Table 5.

The total molar rates of gas i released from and taken by an
entire particle group of size j, Fy,;), are calculated in eq E23.

E =N Ak (EPrPY + Ep,gl +E
ip() — ) J

p,g2 + Ep,g3 + Ep,dr)(i)
%) (E23)

The number of particles in a particle size j group, N, is
calculated from the particle length and diameter distribution
(Figure S).

In the continuum phase, the concentrations, temperatures,
and velocities of the bulk gas are calculated multiple times due
to a series of thermodynamic condition changes.

For step 1, the addition of the released gas to the bulk phase
changes the concentrations, Cy, and the temperature of the
bulk gas as expressed in eqs E24 and E25. The bulk gas
velocity remains unchanged (eq E26).

area and burner column thin-slice height, respectively.

For step 2, the concentration, temperature, and velocity of
the bulk gas are changed due to homogeneous gas reactions
(reactions R6—R8), taking into account any gas released from
the particle in step 1.

CH4(g) + 1502(g) b CO(g) + ZHZO(g) (R6)
CO(g) + O.SOZ(g) — COZ(g) (R7)
Hz(g) + OSOZ(g) - HZO(g) (RS)

The reaction and temperature kinetic equations and
parameters for reactions R6—R8 are expressed in eqs
E27—E30 and Table 6.°%*

d[CH, I,
(g) (s2t) _ (—E,/RT;) 0.7 0.8
A —Ae T [CH4(g)]b(51) [Ozg) o)
(E27)
d[CO,
% = —A IO Iy [Ox ooy H: O ™
(E28)
d[H,, ]
(g) b(s2t) _ (—E,/RT) 0.25 15
it =—Ae [HZ(g)]b(sl) [OZ(g)]b(sl)

(E29)

Table 5. Molar Rates of Gas Released from and Taken by the Particle”

a

reaction equation CH,)

dmy,
. ax; x,——
(R1) Eo=—_d 1

(i) (E18)

N d
(RZ) Ep,gl - “(@) 0
1000 (E19)

(R3)

.i =a -
() (E20)

v dt
(R4) E o= a(w) 0
1000 (E21)

(RS) E =97
(e E22)

COyx) Hyg H,0 Ox) Ny

“py: pyrolysis; gl: CO, gasification; g2: H,O gasification; g3: O, gasification; dr: drying.

https://doi.org/10.1021/acsomega.1c06445
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AT _ dCHy g0
dr dt
Ty
PCO(g) |, 2PH20(g) _ PCH4(g) 15P0a(g)
AH, + - - a7
1x,298K (1000] [ 1000 ] [&] [ﬂ]
MWco MW MW, MW
298 e o >
i
+ HCO%hay
dt
Ty
PCO2(g) Peog) _ O30y
AH, + - - T
298K 1000 [ 1000 ] 1000
MWeo, MWco MWo,
298
e
8
¢ ¢ 0.5¢;
AH,, o5 + PH2OG) | PHa) _ OSPoxg) | 4
3 [ 1000 ] [ 1000 ] [ 1000 ]
d[H, g>Jb(sZt) 298 "o e e
dt Ky
(E30)

Table 6. Reaction and Temperature Kinetic Equations and
Parameters for Homogeneous Bulk Gas Reactions

reaction A Ex (J mol™) AH, 08¢ (J mol™")
(R6) 1.6 X 10" 2 X 10° -52 x 10°
(R7) 1.3 x 10" 1.8 x 10° -2.8 x 10°
(R8) (3.8 x 101! 1.7 X 10° -24 % 10°

The temperature of bulk gas in step 2, Ty, was obtained
from the calculations of eqs E23—E26. The concentration of
the bulk gas in step 2, Cy ) was then calculated via an
adjustment of temporary bulk gas concentration, Cys,), using
the ideal gas eq E31. The velocity of the bulk gas in step 2 was
finally calculated via eq E32.

c _ 28 Cib(sZt)
ib(s2) 7
RTye) Zi:l Cib(slt) (E31)
o Ty(2) ,
b(s2) — b(sl
D7 Ty (E32)

For step 3, the concentrations, temperature, and velocity of
bulk gas are modified due to heat loss from the burner to the
environment. The heat is consecutively delivered via
convection from the bulk gas to the internal surface of the
burner, conduction from the internal surface to the external
surface of the burner, and convection from the external surface
of the burner to the external environment. The convective heat
transfer coefficient for the convection from the bulk gas to the
internal surface of the burner, Ky, (), is calculated via eq E33

N ”b(sz)kcb(sz)

h, = —
b(s2) dgin (E33)

where Nu, kg, and dg;, represent the bulk Nusselt number,
bulk thermal conductivity, and burner internal diameter,
respectively.

The wall of the burner is a circular structure made of
polycrystalline, high-alumina fibers blended with aluminosili-
cate fibers and refractory alumina with a 4:1 alumina-to-silica

ratio. The thermal conductivity of this alloy, k,,), is calculated
via eq E34.

10713 62%x10° 13x10°
k = - +
w(s2) T 4

b(s2)

Ty
s2
— (92 X 107" Ty + 0.3052 (E34)

-3
Ty

Air is assumed to be the only gas present in the external
environment and is assumed to be approximately stagnant.
Under these assumptions, the convective heat transfer for the
air, h,, is estimated to be 10.45 W m™> K™'. The calculation of
the overall burner heat loss coefficient, U,(,), is expressed in
eq E3S

Ah
o )

1 dBint 1
dBimhc kw(sz) dBmthz

(E35)

where dg., is the burner external diameter. The bulk gas
temperature, concentrations, and velocity in step 3 are
calculated in eqs E36—E38.

Uw(sZ)(’Ii)(sZ) - T;)

Ti(s3) = Ty(a) —

dBmt 2
CPb(SZ)ppb(sz)vb(SZ)ﬂ( 2 ) (E36)
py Cib(sz)
Cib(s3) = RT, 27 C
b(s3) Luj=1 “ip(s2) (E37)
Vh(s3) = %)‘W )
b(s3) = b(s2
’ Tysa) (E38)

For step 4, in early modeling, the temperature of the gases
introduced to the burner was insufficient to initiate thermal
conversion (to put it simply, the burner did not ignite). Due to
the significant difference between the burner internal diameter
and the diameter of the gas introducer at the top of the burner,
experimental observations showed that bulk gas with a high
temperature was recirculated to the top of the burner and the
gas was heated as it was introduced to the burner. This
recirculation established steady-state combustion. To simulate
this phenomenon and initiate ignition, a small amount of heat
(essentially enough to raise the temperature to the ignition
point) was “loaned” to the bulk gas at the uppermost section of
the burner to initiate ignition in the model. Heat was loaned
gradually to the bulk gas until 0.1 m from the top of the burner
(eq E39).

Tign
7 CPi
Ploan = Fg(m)z xig(in) (1000) dT
i=1 MW
MW,
T (in) (E39)

The loaned heat was equally distributed in each individual
thin slice (Pjoanaz)- The loaned heat, Py ,,, was equally gradually
removed in each individual subsequent thin slice, P,.ovenm
once the thermal conversion was completed. Fy(), Ty(in), and
Ty, are the inlet gas flow rate, inlet gas temperature, and
ignition temperature set as the starting point of biomass
thermal conversion, respectively. The temperature of bulk gas
in step 4 was obtained by solving Ty in either eq E40 or eq

E41.

https://doi.org/10.1021/acsomega.1c06445
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Ti(sa)
7 Cp.
PloanAh = ”b(s3)ABintz Cib(53) 10010 dT
oo |
Ty(s3) I
(E40)
Ti(s3)
7 Cp.
PremoveAh = vb(53)ABintz Cib(sS) 100,0 dr
oo |
Ti(sa) !
(E41)

The concentration and velocity of bulk gas in step 4 (eqs
E42 and E43) and Tj4) were used as the final properties of
bulk gas leaving the thin slice (Cy), Vi, and Tyg)-

Civey = R;jb 7Cib(53)
o) Xz Cinges) (E42)
Vb(s4) = h”b(sz)
T2 (E43)

The EFOM separately calculated the fate and occurrence of
the AFEs in both the particle phase and bulk phase with the
profiles of concentrations (Cy), temperatures (T,), and
velocities (v,) of the major gases (as discussed above, CH,,
CO, CO,, Hy, H,0, and N,) as fixed quantities.

As discussed above, the pyrolysis of a given mass of wood
led to the production of a number of AFEs, which were then
included in the equilibrium calculations.

inorganic — Na(s) + K(S) + Ca(s) + Mg(s) + Si(s) + Al(s)

+ Fe(y) (R9)

Reaction R9 is a simplification of the decomposition since
AFEs are originally not in the form of pure elements.”® The
initial occurrence of each AFE depends on the AFE cellular
locations and interactions with the other AFEs and the organic
constituents. The simplification ignores the decomposition
heat of the inorganic constituents; however, the decomposition
heat value is significantly less than the heat transferred to the
particle via oxidation, convection, and radiation. A detailed
validation of this assumption has been conducted elsewhere,
and it led to a difference in temperature for the particles at <10
K, which was deemed acceptable.””

The AFEs formed in reaction RO were introduced to the
chemical equilibrium calculation to obtain the ash-forming
compounds (AFCs) formed at Tj;,). All AFCs that, after the
equilibrium calculation, were found to be solids or liquids
remained within the particle phase, and all gaseous AFCs that
were formed left for the continuum phase.

The AFC concentrations in the continuum (i.e., gas plus any
aerosols formed) phase similarly change in a series of steps
during each time step.

For step 1, the addition of the released gaseous AFCs
(GAFC) to the continuum phase changes the concentrations
of bulk AFCs (eq E44).

j, Ah 1
(Zjo FGAFCP(]))(‘/(') (i) dh)

AgAh

Canrcp(a) = + Caarcy(o)

(E44)

The concentrations of bulk solid and liquid aerosols (SAFC
and LAFC) entering the thin slice from above remained
unchanged (eqs E45 and E46).

Crarcy(s) = Crarcyg,-1 (E45)

CSAFCb(Sl) = CSAFCb(h_ 1 (E46)

For step 2, the concentrations of bulk ash-forming elements
in step 1 were used as the input to the chemical equilibrium
calculation at Ty, to obtain the concentrations of liquid and
solid aerosols (i.e, AFCs), eg, Coarch(y Crarcp(sy and
Csarcp(s2)- Here, the concentrations of aerosols can change;
this is the primary step where they are formed.

For step 3, the concentrations of gaseous AFCs were
adjusted using eq E47 to ensure that the pressure remained at
1 bar; the total quantities of solid and liquid aerosols do not
change from step 2 to step 3 (eqs E48 and E49).

CGAFCb(h) = By GAFCCGAFCb(SZ)

RTyy Xz catc, Carrcy(e) (E47)
CLAFCb(h) = CLAFCb(SZ) (E48)
CSAFCb(h) = CSAFCb(Sz) (E49)

where p, is the bulk pressure.

B RESULTS AND DISCUSSION

Entrained-Flow Combustion Model. The temperature
and dry O, molar percentage profiles measured in the burner
combusting white wood with air were compared with the
profiles generated with ECM (Figure 6). The comparison
shows that the ECM profile results were well validated with the
measured profiles. However, the peak temperature (+0.25 m
from burner top) shown in the ECM bulk temperature profile
was unable to be validated. The combustion occurred within
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Figure 6. Profiles of (a) bulk temperature and (b) bulk O, molar
fraction: solid lines, ECM; open circles, experiment at the PACT
facility.
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0.5 m from the burner top. The feed introducer diameter is far promoted both fuel and air to move away from the burner

shorter than the burner internal diameter. When both fuel and centerline. Due to less fuel at the burner centerline, the

air entered the burner, their combined velocity was reduced combustion was thought to occur primarily near burner walls

due to cross-sectional area expansion. The slower flow within the burner’s uppermost section, causing lower center-

16314 https://doi.org/10.1021/acsomega.1c06445
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line temperatures than near-wall temperatures. The occurrence
of the oxidation reactions near the burner wall distributed all
the O, to that location and left the burner centerline free of
O,(g)- Since ECM works as a one-dimensional model, not
accounting radial thermal distribution, and the temperature
probes were installed to measure several positions within the
burner centerline, the discrepancy between the modeled
temperature profiles and the measured temperature profiles
are expected within 0.5 m from the burner top.

EFOM: Alkali Metals (Figures 7 and 8). Figures 7 and 8
present the fate and occurrence of both sodium and potassium
along the burner as the bulk temperatures change. Each figure
exhibits different behaviors between the profiles before the
peak temperature (0.2 m) and after the peak temperature. The
occurrence profiles were simpler after the peak temperature
since only a relatively small number of compounds exist within
a broad height range. In addition, the evaluation and
comparison of the theoretical predictions with experimental
measurements were easier since the calculated and measured
temperatures for the continuum phase were similar after the
peak in temperature. The occurrence profiles before peak
temperature, however, were difficult to evaluate due to
significant changes in composition within a small number of
slices. Nevertheless, the actual quantities of trace elements
released are small because the temperatures before the peak
temperature are low so that the biomass does not release any
metals to the bulk phase until the temperature is close to the
peak temperature. This also applies to the other elements.

Figure 7 shows that once the peak temperatures were
achieved (0.2 m), all the alkali metals were devolatilized from
the particles since both sodium and potassium were very
volatile at relatively low temperatures. The alkali metals were
released mostly as alkali metal hydroxides and chlorides
(KOH(,), NaOH,), KCly, and NaCly)) and as small

16315

quantities of K(,) and Nay,) shortly before the bulk temperature
profiles reached the peak temperature, although the majority of
the metals were present as hydroxides owing to reactions with
moisture (reactions R10—R13).>°7*? It is reasonable to use an
equilibrium model here since reactions R12 and R13 are
frequently experimentally found to be in equilibrium due to
instantaneous forward and backward reaction rates at high
temperatures.33

K(g + H,0() — KOH, + 05H, (R10)
Nag) + H,Of) — NaOH,) + 05H, (R11)
ZKCI(g) + HZO(g) - KOH(g) + HCl(g) (R12)
2NaCl,y + H,0(,) <> NaOHy, + HCl, (R13)

Above and toward 2000 K, alkali metal hydroxides have a
tendency to decompose back into pure elements due to
extreme heat as the occurrence profiles of Na(,) and K, spike
at the peak temperature.”*

Below 0.5 m, alkali aluminum silicates (NaAlSi;Oy(,) and
KAISi,Og(,)) were formed in recycled wood combustion. With
the absence of alkali aluminum silicates in white wood
combustion, the difference in occurrence indicates that the
larger amount of alkali metals released from recycled wood was
sufficient to undergo a series of complex reactions with silicon
and aluminum oxides to form NaAlSi;Oy(,) and KAlSiZO(,(S).35
NaAlSi;Og(;) has frequently been found in the fly ash of
combustion of solid fuel with high sodium content.’® In a
commercial boiler, KAISi,Og(s) has frequently been found in
the refractory materials growing on the surface of superheaters
along with other alkali aluminum silicates, e.g., NaAlSi;Ogy
and KAlSiO4(S).37 The reaction of alkali metals with silicon and
aluminum oxides might have occurred via aerosol collisions

https://doi.org/10.1021/acsomega.1c06445
ACS Omega 2022, 7, 16306—16322
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prior to deposition on superheater surfaces and, subsequently,
within the refractory materials (reaction R14).*
2A1,0

+ Si0,, + KCly) + H,O(,

3(s) 2(s)
Ad ZKAISIZOG(S) + ZHCI(g) (R14)

Alkali chlorides (NaCl(g) and KCl(g)) were both formed with
small proportions in both white wood and recycled wood
combustion. The devolatilized alkali metals may have reacted
with chlorine once released from the particle phase to alkali
chlorides.” The alkali chlorides might have also reacted with
the volatilized sulfur (SO,)) to form a minor amount of alkali
sulfates (reactions R15 and R16). However, both reactions
RIS and RI6 are significantly slow and require adequate
reaction times for high conversion, e.g., during the growth of
the fouling scale initiated by alkali chloride layers."’

2KClig) + SOy + Oy < K,80, ) + Cl

*(g) 2(g) (R15)

2NaCl, + SOz(g) + Oz(g) - Na2804(g) + Clz(g) (R16)

EFOM: Alkaline Earth Metals (Figures 9 and 10). The
alkaline earth metals were unexpectedly very volatile and
released almost completely (+0.1 m) from the particle phase in
white wood combustion, probably due to less alkaline earth
metal quantities in white than in recycled wood.*" When
released, the alkaline earth metals, primarily calcium, exhibited
high tendencies to react with silicon to form solid alkaline
earth metal oxide aerosols.*

Ca,8i0,(;) was formed with the highest proportion as the
result of calcium oxide reaction with silicon oxide in white
wood combustion (reaction R17). The reaction to form
Ca,8i0y) is favored at temperatures from 1143 to 1873 K2

— 3Ca,Si0,, . + SiO

4(5) + anO(s)

(R17)

8CaOy, + 4Si0

2(s) 2(s)

Despite a substantial amount of carbon in the form of CO,
in the continuum phase, the formation of CaCO;, did not
occur due to the very high temperatures, and a small amount of
Ca(OH),(,) was formed in white wood combustion.***

Calcium formed a significant number of silicate aerosols with
magnesium, aluminum, and silicon in the combustion of
recycled wood. For white wood, the quantity of calcium was
much higher than the quantity of silicon, while recycled wood
featured similar quantities of both elements. The formation of
CaSiO;(y) is favored when the CaO-to-SiO, ratio is at around
1.7 CaSiOj;(y) is also formed via Ca,SiOy()’s further reaction
with SiO, ) (reaction R18).*®

Ca28i04(s) + Si0,, , = CaSiO

2(s) 3(s) (R18)

CaMg$i,O4(,) is formed in a lower proportion but still has
unclear mechanisms of formation. Despite this, CaM§Si206(S)
was evidently found in fir wood combustion fly ash.*

The occurrence of magnesium in white wood combustion
was primarily Mg(OH),(,y and MgOy,). Magnesium is mainly
devolatilized (+ 0.1 m) as Mg(OH)Z(g). The formation of
Mg(OH)Z(g) at around the peak temperature (0.1—0.3 m) was
likely due to magnesium’s reaction with moisture at a very high
temperature.”® As the temperature gradually decreases (>0.3
m), Mg(OH),(,) decomposed into MgOy,) (reaction R19).>!

Mg(OH)Z(g) - MgO(g) + Hzo(g) (R19)

In recycled wood combustion, the occurrence of magnesium
was dominated by Ca—Mg silicates. Once released from the
particle phase, magnesium formed CaMgSi,O4). CaMg-
Si,04(s) was converted to Ca,MgSi,Oy(,) at around the peak

https://doi.org/10.1021/acsomega.1c06445
ACS Omega 2022, 7, 16306—16322
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The alkaline earth metals were left in the particle phase at a
significant proportion at around 20 and 10% of the total initial
quantity of calcium and magnesium, respectively, in recycled

temperature (0.19 m) and regained its initial form when the
bulk temperature decreased (0.3 m) due to the stability of
CaMgSi,Og(s) at low temperatures.52

16317 https://doi.org/10.1021/acsomega.1c06445
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wood combustion. High quantities of alkaline earth metals in
the solid fuel might have increased the retention of the alkaline
earth metals in the particle phase due to formation of complex
silicates because of reactions with O, penetrating during char
oxidation. CaSiOj;() might have been formed via calcium
reactions with silicon and 0,>° The selectivity toward
CaSiOs ;) formation may have also been suppressed due to
the interference of magnesium and aluminum, formin§ the
other silicates, e.g., Ca;MgSi,Og,) and CaZAleiO7(S).54’S

EFOM: Silicon (Figure 11). The release of silicon (+0.1
m) exhibited similar behavior to the release of calcium in both
white wood and recycled wood combustion. This similarity
was probably due to silicon affinity with calcium in forming
calcium silicates as previously shown in Figure 9. Both silicon
and calcium were released from the particle phase in the forms
of Ca,8i0y) and CaSiOj(, in the combustion of white wood
and recycled wood, respectively.

When compared to white wood combustion, the very
distinctive behavior of silicon in recycled wood combustion
was the formation of a substantial fraction of liquid compounds
at around the peak temperature (0.19—0.3 m). The
combustion of recycled wood might have promoted the
formation of SiO,;) since recycled wood contains a greater
quantity of silicon than white wood. The formation of SiOZIg
has been previously described as SiO,(,) supersaturation.”
Silicon was likely volatilized as SiOg), subsequently reacting
with O, (reaction R20). SiO,(g) might have also been
formed via SiO(, heterogeneous nucleation with CO,,
(reaction R21).

- SiO

$i0, + 0.50

2g) 2(g) (R20)

2(g) 2(g) (R21)

16318

In the case of combustion of recycled wood, the saturation
of SiO,(,) might have been established via the breakdown of
CaSiO;() in the very hot environment at around the peak
temperature into other calcium silicate compounds and
SiO,(). The saturation of SiO,,) may have led to the
formation of calcium silicates when exposed to calcium
compounds and, further, to the nucleation SiOy () into
SiO,() (reaction R22).

30 = S10y¢ (R22)

SiOy(y later diminishes, and CaSiOj() again became the
dominant species below 2000 K. A tiny quantity of CaSiTiOs
was also found and has previously been found to be present in
such systems.”’

The remaining silicon left in the particle phase in recycled
wood exhibited a similar occurrence profile to the remaining
calcium (Figure 9). Silicon’s strong affinity with calcium
promoted the formation of calcium silicate compounds, e.g,,
CaSiO3(S), Ca3MgSi208(s), and CaZAIZSiO7(S).

EFOM: Aluminum (Figure 12). Aluminum was entirely
released (+0.1 m) from the particle phase in white wood
combustion, while almost 20% of the total initial aluminum
remains in the particle phase in recycled wood combustion.
The remaining aluminum in recycled wood combustion
indicated aluminum affinity with the remaining silicon and
calcium in forming aluminosilicate compounds.

In white wood combustion, aluminum was released in
significant quantities as AlO(,). At around the peak temper-
ature, aluminum was in the form of OAIOH(g) and
Ca,ALLSiO;(,). OAIOH,) was formed via the AlO, reaction
with moisture (reaction R23).

Alo(g) + H,O) — OA]OH(g) (R23)

https://doi.org/10.1021/acsomega.1c06445
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At bulk temperatures close to the peak temperature,
OAIOH(;) was found to be more prevalent, and at lower
temperatures, the strong interactions of calcium and silicon
with aluminum preferentially formed compounds such as
CayALSiO; (5. Since recycled wood contains more AFEs, the
formation of CaAl,Si,Og) was preferred in this case.
CaAL,Si,Og(;) might have been formed via further reaction of
Ca,ALSiO; () with oxidized silicon and aluminum (reaction
R24).%

Ca,AlLSiO,, . + 3SiO

+ ALO, ) — 2CaALSi,0

(R24)

7(s) 2(s) 3(s)

As bulk temperatures dropped (0.28—0.45 m) in white
wood combustion, MgAl,O, ) was formed along with MgOyy)
(Figure 10c). The coexistence of MgAl,O,(,) and MgO,) may
have been due to their stability in forming a solid solution at
temperatures above 1773 K.>* When approaching the end of
step 3 (0.45—0.56 m), the bulk temperatures were low enough
to allow MgAL, O, decomposition and CaAl,0,,) formation
via nucleation.

At around 0.5 m from the top of the burner in recycled
wood combustion, low bulk temperatures reduced the
proportions of CaAl,Si,Og) and alkali aluminosilicates, e.g.,
KAISi,O4(;) and NaAlSi;Og). The selectivity toward alkali
aluminosilicate formation was probably due to higher silicon
and alkali metal quantities in recycled wood than in white
wood.

In the bottom ash in recycled wood combustion, aluminum
remains as Ca,ALSiO; (). Although the mechanism of
Ca,ALSiO;(,) formation in the bottom ash is still unclear, the
formation might have occurred via calcium, silicon, and
aluminum chemical interactions enhanced with the larger
quantities of such elements in recycled wood than in white
wood.

EFOM: Iron (Figure 13). The entirety of the iron was
released (+0.1 m) from the particle phases in both white wood
and recycled wood combustion. Iron might have been
devolatilized in to the particle phase as Fe(,). However, the
primarily form of iron during the release was Fe(OH)Zl(g) due
to Fer,) reaction with moisture (reaction R25).°" The
remaining unreacted Fe(, was left along with FeO(,) in small
quantities. It was also possible that FeO(, could react with
moisture to form Fe(OH),.

FE(g) + 2H20(g) - Fe(OH)Z(g) + Hz(g) (RZS)

At peak temperatures (+ 0.2 m), the proportion of
Fe(OH)Z(g) decreased as the occurrence partition of Fe(,
and FeO(, increased. Very high temperatures might have
promoted Fe(OH)Z(g) decomposition via the reverse reaction
of R2S. As bulk temperatures gradually decreased (>0.2 m),
the proportion of Fe(OH)Z(g) increased and the quantities of
Fe(y), and FeOy decreased to zero.

However, while the Fe(OH)Z(g) proportion increased and
remained stable (>0.2 m) in white wood combustion,
Fe(OH),,) was converted to Fe;0,q (0.35-0.53 m) in
recycled wood combustion (reaction R26).”

Fe(OH)Z(g) s Fe304(1) + 2H20(g) + Hz(g) (R26)

The conversion of Fe(OH),,) to Fe;0,) is known as the
Schikorr reaction and might have been due to a greater
quantity of iron in the recycled wood than in the white wood.

Fe;O,q) was turned into Fe;Oyy) (>0.52 m) when bulk
temperatures dropped below 1870 K.**

ICP Measurement and Validation. The concentrations
of AFEs leaving the burner were compared with the AFE
concentrations measured using ICP. This would be expected to
pick up species in both the gas and aerosol phases. Figure 14

102 Il PACT
B EFOM
&
E 1l ]
o 10
3
2
2
[} 0L <
a 10
= =
o
S N
K]
UEJ | II I I| II |
102 ! ! ! !
Na Mg Al K Ca Fe
Element

Figure 14. Densities of AFEs leaving the burner in white wood
combustion. Error bar: measurement sensitivity range.

shows the comparison for white wood combustion and shows
that the AFE concentrations in uncooled combustion gases are
somewhat validated by the ICP measurement results. However,
certain limitations promote disagreement between the
measurement and the model results. The comparison shows
reasonable agreement for alkali metals but higher estimated
concentrations for alkaline-earth metals, silicon, aluminum, and
iron from the model.

Compared with the alkaline-earth metals, the alkali metals
are extremely volatile. As seen in Figures 7a and 8a, no alkali
metals remain in the particles. Since the fate and occurrence
calculations are based on the minimization of the Gibbs free
energy change on which not only temperatures and pressures
but also chemical compositions have an effect, the significantly
lower alkali metal molar quantities might not permit the
formation of alkali aluminosilicates as seen in Figures 7c and
8c. Instead, the released silicone and aluminum are prone to
form calcium aluminosilicates with calcium, e.g., Ca,SiOy), as
seen in Figures 9c and 12c. Since Fe;Oy() does not exist in
white wood combustion (Figure 13), Fe;O,(,) might be formed
via the Schikorr reaction at lower bulk temperatures at the
lower reaches of the burner.

Unlike the released alkali metal species, which are gaseous,
the calcium aluminosilicates are solid aerosols, which have the
tendency to form larger-size solid aerosols at relatively low
temperatures. The formation of larger-size solid aerosols was
promoted via aerosol coagulation. Some compounds might
form large growing aerosol particles via nucleation and
condensation or recondense on the existing ash particles.
SiO,), for instance, condenses on the surface of growing
Ca,8i0y,) aerosols. The condensation could promote a solid-
state reaction converting Ca,SiOy() into CaSiOj (reaction
R27). The nucleated aerosol particle sizes could further
increase via aerosol particles coagulation with other aerosol
particles or residual particles.

Ca,8i0, ) + Si0y, = 2CaSiO;

4(s) (R27)
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Large aerosol sizes reduce aerosol selectivity to escape the
burner and enhance aerosol probability to be retained at
burner bottom. The formation of large particles containing Si,
Al, Fe, and Mg via coagulation, aerosol growth, or
condensation on ash (neither of which are accounted in the
model and would be observed by ICP) is likely the reason for
the discrepancy between the modeled results and the results
from the ICP.

AFEs are distributed originally into several forms in wood,
namely, water-soluble salts, organically associated metal ions,
included minerals, and excluded minerals. Water-soluble salts
are mostly AFE sulfates, chlorides, and phosphates dissolved in
pore moisture. Some AFEs are also ionically bonded with
organics. AFE interactions among themselves also allow
formation of various minerals either distributed within organic
matrices or excluded from organic matrices entirely. As the
AFE with one of the highest concentrations in wood, calcium
and silicon are often trapped as (Ca,Mn)C,0,-2H,0O(s) and
SiOy) within organic matrices. SiO,() along with other
minerals, e.g., CaAl,Si,Og), AIZSiZOS(OH)4(S), etc,, is also
clumped as minerals excluded from organic matrices.”® AFEs
in both excluded and included minerals are more likely to be
retained in residual particles collected at the bottom of the
burner since minerals have worse volatilization behavior than
water-soluble salts and organics, although equilibrium-based
models such as those developed here cannot account for such
kinetic limitations.

B CONCLUDING REMARKS

The integrated ECM and EFOM were designed to predict and
evaluate the fate and partition of ash-forming elements in solid
fuel combustion. The predicted fate and partition of each ash-
forming element were qualitatively compared with exper-
imental results. The comparison exhibited that the exper-
imental findings have some areas of agreement with the
modeled results. However, some elements (Fe, Mg, Ca, and
Al) were not validated well by experimental measurements.
The predicted concentrations of several AFEs overestimated
the ICP readings due to the choice of an equilibrium-based
model and the likelihood that aerosols forming would in reality
recondense on ash particles and hence be removed from the
bulk phase, which was measured by the ICP.

The integration of the combustion and equilibrium models
developed here appears to be reliable yet still requires
improvement, particularly to consider the kinetics of ash-
forming element release, which are treated crudely here. Such
improvement will require the mathematical development of
nucleation and coagulation calculations and comprehensive
measurements of the initial forms of the ash-forming elements
together with kinetic expressions for their production.

B AUTHOR INFORMATION

Corresponding Author
Paul S. Fennell — Department of Chemical Engineering,
Imperial College London, London SW7 2AZ England, United
Kingdom; ® orcid.org/0000-0002-6001-5285;
Email: p.fennell@imperial.ac.uk

Authors
Wahyu Meka — Department of Chemical Engineering,
Imperial College London, London SW7 2AZ England, United
Kingdom; ® orcid.org/0000-0001-6195-9715

16320

Janos Szuhanszki — Energy 2050, Department of Mechanical
Engineering, University of Sheffield, Sheffield S1 3]D, United
Kingdom

Karen Finney — Energy 2050, Department of Mechanical
Engineering, University of Sheffield, Sheffield S1 3]D, United
Kingdom

Bijal Gudka — School of Chemical and Process Engineering,
Faculty of Engineering, University of Leeds, Leeds LS2 9]T,
United Kingdom

Jenny Jones — School of Chemical and Process Engineering,
Faculty of Engineering, University of Leeds, Leeds LS2 9]T,
United Kingdom

Mohamed Pourkashanian — Energy 2050, Department of
Mechanical Engineering, University of Sheffield, Sheffield S1
3JD, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c06445

Notes

The authors declare no competing financial interest.
Ash-forming elements: chemical elements of sodium, potas-
sium, calcium, magnesium, silicon, aluminum, and iron. Bulk
phase: see continuum phase. Continuum phase: burner
internal environment, not including solid fuel. Fate: states of
elements, e.g., remained in residual particles, flowing in the
continuum phase as gases, and flowing in the continuum phase
as aerosols (see continuum phase). Major gases: chemical
compounds of methane, carbon monoxide, carbon dioxide,
hydrogen, steam, oxygen, and nitrogen. Minor species: any
chemical compounds containing ash-forming elements (see
ash-forming elements). Occurrence: chemical compound
forms of elements. Trace species: any chemical compounds
containing trace elements, e.g., chemical elements of arsenic,
cadmium, copper, cobalt, chromium, nickel, lead, zinc, etc.

B ACKNOWLEDGMENTS

The authors would like to express gratitude to both the
Endowment Fund for Education (Lembaga Pengelola Dana
Pendidikan, LPDP) managed by the Indonesian Ministry of
Finance and the Department of Chemical Engineering at
Imperial College London in supporting this research.

B NOMENCLATURE

A = pre-exponential factor

Ag = burner internal cross-sectional area (m?*)

Ap = aspect ratio

C = concentration (mol m™>)

Cp = drag coeflicient

¢p = specific heat capacity (J kg™ K™')

D = diameter (m

dpey = burner external diameter (m)

dg;e = burner internal diameter (m)

E, = activation energy (J mol™")

F = released/taken gas molar rate for an individual particle
size cluster (mol s™')

F = released/taken gas molar rate for an individual particle
(mol s71)

g = Earth’s gravitational acceleration (m s™2)

h = height (m)

h, = convective heat transfer coefficient (W m™> K™')

h, = Earth’s atmosphere convective heat transfer coefficient
(Wm™2K™)
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k. = thermal conductivity (W m™ K™)

k,, = burner wall thermal conductivity (W m™ K™')
L = length (m)

L. = characteristic length (m)

m = mass (kg)

MW = molecular weight (g mole™)

Nu = Nusselt number

P = heat rate (W)

p = pressure (Pa)

R = gas constant (8.314 J mol™' K™')

Re = Reynold number

S = surface area (m?)

Sproj = Projected surface area (m?)

T = temperature (K)

t = time (s)

T, = Earth’s atmosphere temperature (K)
U, = burner overall heat transfer coefficient (W m™ K™!)
V = volume (m?)

v = velocity (m s™)

x = fraction

Greek Letters
AH,, 5sx chemical reaction heat at 298 K (J kg™")

€ emissivity

U viscosity (Pa s)

P density (kg m™3)

c Stephen—Boltzmann constant (5.670374419 X 107*
Wm™ K™

Subscripts

b bulk

c char

8 gas

gl COy(y) gasification

g2 H,0y,) gasification

g3 O,(g) gasification/combustion

GAFC gaseous ash-forming species

h burner thin slice index

i species i

ign ignition

in inlet

j particle size cluster j

LAFC liquid ash-forming species

loan loaned to the burner

M measured value

p particle

Py pyrolysis

remove removed from the burner

sl step 1

s2 step 2

s3 step 3

s4 step 4

SAFC  solid ash-forming species
v volatile

w wood

Ah individual burner thin slice
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