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" A computational fluid dynamics (CFD) model has been developed for the ash deposition rate.
" The CFD-based deposition model has been tested on two coals with three dissimilar biomasses.
" A numerical coal slagging index (NSI) has been employed to estimate the extent to which the deposits were sintered.
" Reasonably good agreement has been obtained for the CFD model and NSI.
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During the combustion of coal and biomass blends, ash particles are deposited on the furnace wall, or on
the heat transfer surfaces, and gradually they become sintered and harder. This makes it difficult to
remove the deposits by soot blowing, and therefore manual cleaning is often required. In this paper, a
computational fluid dynamics (CFD) model that predicts the deposition rates in boilers has been devel-
oped. This deposition model is based on the combined sticking probabilities of the ash particle viscosity
and the melting behaviour of the ash particles. A numerical slagging index (NSI) is also employed to esti-
mate the degree of the sintering of the deposits. The NSI is based on the ash viscosity, ash fusibility, ash
chemistry and ash loading and the experimental data from the entrained flow reactor (EFR) at Imperial
College, London, have been used to validate the models. We have found that the predicted results from
the ash deposition model on the coal fired with short rotation crop (SRC) and miscanthus are reasonably
consistent with the experimental measurements. Further, the NSI has been used to rank the investigated
coal-biomass mixtures according to their degree of sintering.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The co-firing of coal with biomass is an attractive option for
power generation due to the substantial reductions of carbon diox-
ide (CO2), nitric oxide (NOx) and sulfur dioxide (SOx) emissions [1].
Coal may be replaced partially, or almost entirely, by biomass in
power generating plants, the extent depending on the economic
and national energy policies that prevail at the time. Biomass co-
firing takes advantage of the high efficiencies obtainable in coal-
fired power plants and can be used with a wide range of coals
and biomass.

Biomass can be divided into two main categories: woody fuels
and agricultural residues (straw, olive waste). In a pulverized
coal-fired power station, some ash particles impact on the heat
transfer surfaces and are retained, forming deposits that cause
slagging in the boiler or fouling in the convective pass. The use
of biomass in coal fired plants may present additional technical
problems. A major one is related to the low melting point of the
biomass ash, which may create serious deposition problems. These
deposits are removed naturally by shedding, or mechanically by
soot blowing from a boiler, but because of the strength of certain
deposits, boilers may be temporarily shut-down for manual clean-
ing. Both the strength of the deposit and the rate of the deposition
are important. Further, the rate of ash deposition at operating con-
ditions close to those for the real boilers are very difficult to be
determined effectively. The major pathways for the ash particle
transport to the boiler walls, inertial impaction, thermophoresis,
heterogeneous reactions and condensation, have been well docu-
mented [2–4]. Nevertheless, the understanding of their pathways
and thermal behaviour in terms of the quantitative deposit forma-
tion and the strength and degree of fusion on the heat transfer sur-
face are still incomplete.

A number of experimental techniques have been adopted to
study deposition under controlled conditions involving simplified
laboratory rigs such as flow reactors [2,3,5–9]. However, many
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Nomenclature

C specific heat
Cd spherical drag coefficient
Cs thermal slip coefficient
Ct numerical constant
Dp diameter
F force
g gravitational acceleration
h convective heat transfer coefficient
I inertial deposition rate
m mass
R molar gas constant
Re Reynolds number
S surface area
Sx numerical slagging index
t time
T temperature
Ti thermophoretic deposition rate
Tb biomass ash softening temperature
Tc coal ash softening temperature
Ts overall softening temperature

U velocity in the x-direction
V velocity in the y-direction
a particle static contact angle
c overall thermal based ash loading
cb thermal based biomass ash loading
cc thermal based coal ash loading
d particle surface energy
ep the particle emissivity
g impact efficient
gmi

melt phase sticking probability
gpi

viscosity sticking probability
hR the radiation temperature
j fluxing oxide to sintering oxide
k gaseous mean free path
lf critical viscosity
lp particle viscosity
qp particle density
r Stefan–Boltzmann constant
1 bulk phase
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studies have been undertaken with large industrial boilers or large
pilot combustion test facilities and the present situation with these
are summarised in two recent Refs. [10] and [11] which also indi-
cate the limitations in the CFD models. The entrained flow reactor
(EFR) is often used because the temperature and reaction times can
be accurately controlled [5–10]. Hutchings et al. [5] describe the
design and operation of an EFR to assess the slagging propensity
of a coal ash. Manton et al. [6] discussed coal ash slags and deposits
from both single and blended fuels in an EFR. Borroso et al. [7]
examined the slagging behaviour of coal blends under different
operating conditions in an EFR. Wu et al. [8] have studied the co-
combustion of coal with biomass up to 20 wt% of the total thermal
input, and the influence of additives on the co-combustion was
investigated. Wigley et al. [9] have presented experimental data
on the deposition efficiency, as well as the extent to which the
deposits were sintered for up to 60 wt% of coal replacement by bio-
mass in an EFR. These investigations provide an objective assess-
ment of the slagging propensity of coal ash and biomass and
they can be run at varying deposition rates as needed. However,
the major shortcoming of the EFR is the lack of a standard testing
procedure.

There are no tools available that can unequivocally predict the
slagging and fouling properties of any given fuel. The ash fusion
temperature, ash viscosity, and ash chemistry are the three most
basic tools employed for characterizing coal ash slagging and
deposits during combustion [12]. Most of the ash deposits are de-
rived from the minerals and inorganic components of coal, biomass
and their blends. Their consolidation occurs by two main mecha-
nisms: (i) viscous necking (flow sintering) of adjacent particles at
a rate determined by the viscosity, and (ii) the bonding of particles
by melting type or quantity [13,14]. The sintering between parti-
cles enhances the stickiness and increases the resistance to the
thermal shock and erosion. In addition to the stickiness, the ten-
dency of a particle to deposit is also affected by the particle surface
energy and its static angle of impact. The effects of these factors
have been tested in both biomass and coal combustion
[10,11,15,16].

The ash fusion test (AFT) and cone deformation are other widely
used tools that are employed in predicting the progress of the sin-
tering mechanism [17]. The AFT, which determines the tempera-
ture at which the various stages of the ash softening and flow
takes place, is based on the judgment of the analyst as to when
the ash reaches and passes through the defined stages of the soft-
ening. Since the assessment of this method is subjective rather
than objective, the results obtained may be misleading. Therefore
the most frequently used parameter for correlating fusibility with
its composition is the basic/acid (B/A) ratio. This is because an in-
crease in the percentage of the basic component of the ash lowers
the melting-point of the ash – the basic components are also
known as the fluxing agents [18]. The ratio B/A, which was origi-
nally introduced for the assessment of coal ash, is restrictive and
cannot be applied to certain types of biomass materials, especially
those with a high phosphorus content in their ash. Although phos-
phorus is acidic, many publications, such as Kupka et al. [19], have
shown that the presence of phosphorus acts as an additional flux-
ing agent for the development of the low-melting-point phases in
the fly ash. Therefore, in order to account for this influence, the
phosphorus contents have been added to the basic oxides [18,19].

Several attempts have been made to find reliable models to pre-
dict accurately the ash deposition rates in boilers. In particular,
some models have used the particle viscosity as a function of tem-
perature to determine the capture efficiency of the ash particles on
impaction with the boiler walls for coal ash [2,15,20]. In the case of
co-firing, the appearance of the melt phase is thought to increase
not only the tendency for the ash particles to adhere to the furnace
walls but also the rate at which the strength of the deposits build-
up [21]. Computational fluid dynamic (CFD) models have been
widely used [2,11,16,22,23] but at present some of these models
suffer from a lack of accuracy since they rely on the modelling
assumptions that have not been validated to a satisfactory level.
However, CFD models often can predict the trends correctly,
although in the case of coal-biomass co-combustion, additional
complexities are introduced because of the behaviour of the ash
[24–27].

Most papers that model ash deposition from co-combustion cal-
culate the ash particle viscosity under high temperature regions to
determine the particle collection efficiency [15,27]. Further,
knowledge of the melting fraction and particle melting tempera-
ture in the high temperature region are also essential in determin-
ing the sticking probability. The effects of these criteria have been
tested in biomass combustion but in the co-combustion of coal and
biomass little has been reported. Most of the experimental studies
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on biomass co-firing have suggested that the viscosity and melting
fraction are the key requirements for determining the ash sticki-
ness [9,19,27]. However, so far no modelling investigations have
taken advantage of combining the effects of these components in
determining the particle collection efficiency.

The object of this paper is to develop a CFD-based model to pre-
dict the deposit formation and the extent to which the deposits are
sintered. The paper draws upon the experimental results from
Imperial College EFR for the rates of the deposition and sintering
of the coal and biomass blends [9]. A comparison is made between
these results and the computed data and the validity of the depo-
sition model discussed. The numerical slagging index (NSI), previ-
ously proposed [15], is tested with the results from these coal/
biomass mixtures.
2. Theoretical model

2.1. Combustion models

In the modelling of the deposition rates, accurate calculations of
the temperature field is a key issue since it influences the mass,
size and composition of the particles that may impact on the depo-
sition surface. In the devolatilization step, the volatile matter
(gases and tars) from the thermal decomposition of the coal leaves
the particles. A number of devolatilization network codes have
been developed in the literature for coal, biomass and their blends
[24]. We have used combustion sub-models that have been previ-
ously used and validated by the authors [24,25]. The model uses a
two-step reaction mechanism for the volatile combustion and the
eddy dissipation model was used to couple the turbulence and
the chemical reactions. Further, the char combustion sub-model
is based on the Smith intrinsic model [28].
2.2. Particle trajectories

In addition to solving the transport equations for the gaseous
phase (Eulerian frame of reference), a discrete second phase
(spherical particles) is simulated in a Lagrangian frame of refer-
ence. In this framework, the transport of the solid fuel particles
is governed by the particle momentum equation, written in its
one-dimensional form for the x-direction in a Cartesian coordinate
system, as follows [2]:

dUp

dt
¼ FD þ Fg þ Fv þ Ft ð1Þ

where Up is the velocity of the particle, FD, Fg, Fv and Ft are the
x-components of the drag, gravitational, virtual mass and
thermophoretic forces, respectively, that are acted on a unit mass
of the particle, and the trajectory of particle in the x-direction is
resolved by the equation [2]:

dx
dt
¼ Up ð2Þ

The drag force on each particle may be estimated by using the
following equation [2,29]:

FD ¼
18lCdRe
qpD2

p24
ðU � UpÞ ð3Þ

where l is the viscosity of the gas, qp and Dp are the density and
diameter of the particle, respectively, U is the gas velocity, Cd is
the drag coefficient that frequently is obtained experimentally,
and it may be expressed as a function of the particle Reynolds num-
ber Re [30].

The Reynolds number is determined as follows [2]:
Re ¼ qDpjU � Upj
l

ð4Þ

where q is the density of the gas.
The virtual mass force is given by [29]:

Fv ¼
q

2qp

d
dt
ðU � UpÞ ð5Þ

The thermophoretic force due to the local temperature gradient
in the gas flow in the x-direction is calculated as follows [29]:

Ft ¼ �
6pDpl2csðK þ ctKnÞ

qð1þ 3cmKnÞð1þ 2K þ 2ctKnÞ
1

mpT
@T
@x

ð6Þ

where the Knudsen number Kn ¼ 2k=Dp [29],

k ¼
ffiffiffiffi
p
2

r
l
p

ffiffiffiffiffiffi
RT
p� �

ð7Þ

and K = k1/kp, cm = 1.14, cs = 1.17, ct = 2.18, R is the gas constant and
T is the temperature of the gas.

The energy balance equation of a fly-ash particle, which is
solved along its trajectory, in order to obtain the corresponding
temperature at the point of impact, is given as follows [29]:

mpCp
dTp

dt
¼ hApðT1 � TpÞ þ epAprðh4

R � T4
pÞ ð8Þ

where mp is the mass of the particle, Cp is the specific heat of the
particle, Tp is the particle temperature, h is the convective heat
transfer coefficient and T1 is the bulk phase temperature. The sec-
ond term on the right hand side of the Eq. (8) is the heat transfer
due to the radiation, ep is the particle emissivity, r is the Stefan–
Boltzmann constant, and hR is the radiation temperature relating
to the radiation intensity.

2.3. Deposition models

The major ash deposition mechanisms during coal and biomass
combustion are the inertial impaction (I.g), thermophoresis (T),
condensation (C) and chemical reaction (R) [4]. A deposition rate
based on these mechanism is described by

dm
dt
¼ I:gþ T þ C þ R ð9Þ

During the first stage in the formation of the deposits, the alkali
salts condense on the heating surface. In this case, the metal sur-
face controls the deposition. However, in the case where the tem-
perature on the heat transfer surface is set at higher temperatures
(P1250 �C), the slagging mechanism becomes more of a bulk prop-
erty of the mixed fuel than a surface issue. Therefore Eq. (9) re-
duces to the following:

dm
dt
¼ I:g ð10Þ

The stickiness of the coal ash is determined from the
viscosity-based models, while the stickiness of the biomass ash is
determined from its melt fraction and the particle softening
temperatures. Since a particle and deposit layer consists of a mix-
ture of salt and silica rich material, the sticking probabilities of both
the coal ash viscosity and the melting components of the biomass
have been combined as follows:

g ¼ xgc þ ygb ð11Þ

where x, y, gc and gb are the ratios of the coal in the blend, the ratio
of the biomass in the blend, the coal ash sticking probability and the
biomass ash sticking probability, respectively.

For the coal ash sticking model, the sticking probability is pri-
marily concerned with the viscosity of the fly ash. Further, the fly
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ash viscosity is linked to the configuration of the oxide melt, and it
is very sensitive to the changes in the temperature and composi-
tion. In this case, the sticking probability is defined as the ratio
of the critical viscosity, lf, and the particle viscosity, lp, at a certain
temperature [2]. The assumption is that any impact that involves
any viscosity below a critical value results in the particle sticking
to the heat transfer surface. Therefore, the particle stickiness can
be expressed as follows:

gci
¼

lf

lp
; where lp > lf and gpi

¼ 1; where lp 6 lf ð12Þ

A number of different values have been suggested for the criti-
cal viscosity, as discussed by Huang et al. [2], and this paper a value
of 105 Pa s was adopted following the suggestion of Degereji et al.
[15]. The particle viscosity (Pa s), as a function of the particle tem-
perature, can be calculated from the Watt–Fereday model [31] as
follows:

lp ¼ 10y�1 ð13Þ

where

y ¼ 107m=ðT � 150Þ2 þ c ð14Þ

m ¼ 0:00835 ðSiO2Þ þ 0:00601 ðAl2O3Þ � 0:109

c ¼ 0:0415 ðSiO2Þ þ 0:0192 ðAl2O3Þ þ 0:0276 ðFe2O3Þ
þ 0:016 ðCaOÞ � 3:92

and the values for the two parameters, namely the slope, m, and the
intercept, c, are computed from the species concentration in weight
percentages of the ash with the following assumption [32]:

ðSiO2Þ þ ðAl2O3Þ þ ðEquiv : Fe2O3Þ þ ðCaOÞ þMgO

¼ 100 wt% ð15Þ

For biomass ash, a combination of the particle softening tem-
perature and the melting fraction has been used to estimate the
stickiness of the particle and both are related to the salt material
within the biomass particle. According to Ma et al. [16], a particle
would be perfectly sticky when it has been completely melted and
the softening temperature of the biomass can be estimated using
the following empirical equation:

Tb ¼ 1:81ðCaOÞ þ 4:20ðAl2O3Þ � 2:41ðK2OÞ þ 5:31ðP2O5Þ
þ 1017

�
C ð16Þ

where CaO, Al2O3, K2O and P2O5 are the relative mass concentra-
tions of these species in the biomass ash and they are normalized
so that they sum to 100%.

However, when a particle has not burnt out completely, only a
fraction of the melt will be sticky. In other words if the tempera-
ture of the particle has reached the melting temperature of the
potassium species (about 700 �C), or other salts, but has not yet
reached the particle softening temperature estimated by Eq. (16),
the potassium or salt species will be melted and the following
expression is used to calculate the sticking probability of the bio-
mass ash:

gbi
¼ msilicate

msalt þmsilicate
:fmelt;silicate þ

msalt

msalt þmsilicate
:fmelt;salt ð17Þ

where msalt, msilicate, fmelt,salt and fmelt,silicate are the mass of the salt,
the mass of the silica, the melt fraction of the salt and the melt frac-
tion of the silica, respectively. While msilicate and msalt are estimated
from the equilibrium calculation, fmelt,silicate and fmelt,salt are obtained
from the melting curves of the potassium and silica particles,
respectively [33].
In the modelling work of Kaer [33], it has been assumed that the
mass of the molten phase is non-sticky if the mass of the molten
phase is below 15%. Between 15% and 70%, the mass of the molten
phase is assumed to be sticky. Above this percentage, the mass of
the molten phase is assumed to be flowing. Further, the thermody-
namic equilibrium calculations are used to calculate the amount of
the melt fraction considering the possible phases of the liquid slag
and solid solution.

Establishing whether a colliding particle actually sticks or re-
bounds from the heat transfer tube begins with the calculation of
the excess energy. This is in addition to the stickiness of the parti-
cle on the deposit surface. In order to represent this numerically, a
rebound criterion, as derived by Mueller et al. [14] is employed.
The rebound tendency has previously been assumed to be a func-
tion of the viscosity, impact velocity and static angle of the particle
[34]. If a particle possesses the necessary excess energy, Ex (>0), the
particle is judged to bounce off the surface, otherwise it will stick.
The particle excess energy is calculated using the following empir-
ical formula [14,32]:

Ex ¼
D2

4
ð1� cos aÞ � 3D2:3

25
ð1� coaÞ0:63 þ 2

3D
� 1 ð18Þ

where D is the ratio of the maximum deformation of the particle
diameter to the actual particle diameter and this ratio is related
to the particle Weber number and the Reynolds number as follows:

D ¼ ð12þWeÞ1=2½3ð1� cos aÞ þ 4ðWe=Re1=2Þ�1=2 ð19Þ

The Weber number is defined as follows:

We ¼
qpU2

pDp

d
ð20Þ

where a is the static contact angle and d is the particle surface
tension.

A numerical slagging index (NSI) previously developed has been
implemented for various coals and their blends [35] was modified
to account for the coal/biomass blend. The NSI is generally ex-
pressed in terms of the incoming ash, c and the ash viscosity, l,
as follows [35]:

SX ¼ c=LogðlÞ ð21Þ

For coal/biomass blends, the effects of the biomass addition can
be predicted on the deposit sintering by determining the viscosity
of the blend ash from the ash content and the ash chemistry of the
individual fuels [9]. Thus, the weight of the incoming ash has been
defined in terms of the content of the ash and the heating value of
the individual fuels as follows:

c ¼ xcc þ ycb ð22Þ

where cc and cb are the weight of the coal ash and the weight of the
biomass ash, respectively. Also, the modified Watt-Fereday ash vis-
cosity model used previously [31] has been redefined as in equation
(13) in order to account for the softening temperatures of both the
coal (Tc) and the biomass (Tb) as defined in Eqs. (25) and (16),
respectively, as follows:

LogðlÞ ¼ m:107

T2
s

þ c ð23Þ

T2
s ¼ xT2

c þ ðy=jÞT
2
bÞ ð24Þ

Tc ¼ aðSiO2Þ þ bðAl2O3Þ þ cðFe2O3Þ þ dðCaOÞ þ eðMgOÞ
þ f ðaÞ þ g þ 150

�
C ð25Þ

where the factor, j (fluxing-sintering oxides) [18,19] in Eq. (24), is
introduced and it is estimated as follows:
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j ¼ Fe2O3 þ CaOþMgOþ Na2Oþ K2Oþ ðP2O5Þ
SiO2 þ Al2O3 þ TiO2

ð26Þ
3. Model implementation

3.1. Source of experimental data

The furnace used for this study was the Imperial College EFR as
represented in Fig. 1. The measurement techniques employed and
the data obtained were reported by Manton et al. [6] and Wigley
et al. [9] and these are summarized as follows. The reactor consists
of an assembly of four electrically heated furnaces, approximately
5 m long vertical tube and with a diameter 100 mm. These fur-
naces comprise of three heating elements; molybdenum disilicide
(MoSi2), silicon carbide (SiC) and two Kanthal AF wire (FeCrAl al-
loy) that heat the reactor body, thus providing a temperature gra-
dient from 1650 �C at the top to 1200 �C at the bottom. A series of
joints between each furnace facilitates the introduction of probes,
which allows the ash and char samples to be withdrawn from the
combustion. The gas temperatures at the ports 1 and 2 are approx-
imately 1400 �C and 1250 �C, respectively. Further, uncooled cera-
mic probes have been used to collect the ash deposits and the
burner section consists of the primary inlet through which the pri-
mary air and the pulverized coal are fed, and the secondary air inlet
for the hot swirling air. The coal flow rate of 0.014 gs�1 was used,
the primary air flow rate was 0.067 kgs�1 at 70 �C, and the second-
ary air flow was 1.167 kgs�1 at 300 �C.

The effects of the five types of biomass have been studied:
miscanthus, short rotation coppice (SRC), olive residue, palm ker-
nel expeller cake and sawmill residue. The two coals used, Russian
Fig. 1. Schematic diagram of the Imperial College EFR based on [5,6].
and South African, are typical bituminous UK power station coals
with high and low slagging potentials, respectively.

Coal was blended for each of the five biomasses 0, 20, 40 and
60 wt% of the fuel. The fuel samples studied were dried, milled
and sieved so that their diameters were less than 100 lm. The
samples were then blended for 15 min, and all feeds were dried
at 120 �C in nitrogen gas prior to use. 100 g of fuel mixture was
run for a duration of 30 min, and the deposit sample was collected
on probe 2 which is located in the midsection of the EFR. The probe
has thermocouples that register the surface temperature of the
deposits. Our understanding of the paper is that the experiments
were run as sets of data for each biomass since the experimental
conditions changed slightly from set to set as described in
Section 4.3.

Naturally, fouling occurs on the convective heat surfaces, while
the slagging is formed on the furnace wall, or on the partially fo-
uled wall (convective surfaces exposed to radiant heat). In many
studies using an EFR [5–7,9], a mullite probe is used for the deposit
collection rather than a metallic probe since it (i) provides a porous
ceramic surface, which is very similar to a partially fouled wall in
comparison to the polished surface of the metallic probe, and (ii)
the long exposure time that occurs during the formation of the ini-
tial deposit layer on the metallic surfaces is avoided.
3.2. CFD model

In the present study, the computational simulations of the EFR
has been performed using the commercial CFD code, FLUENT ver-
sion 13.0.0 [29]. To reduce the computational complexity, symmet-
rical conditions were assumed. This resulted in a model of one half
of the EFR and then the use of the symmetry to predict the full do-
main solution. In the work by Hutchings et al. [5], the deposits
were collected at the probe position, where the gas temperature
is about 1400 �C on an uncooled ceramic probe are generally of
highly fused nature and give little indication of the likely slagging
propensity of the coal. However, when deposits are collected at the
probe position, where the gas temperature is about 1250 �C on an
uncooled ceramic probe, they range from a thin dusty covering of
lightly sintered ash particles to well-bonded and coherent depos-
its. The type of the deposit depends on the nature and proportions
of the mineral matter present in the fuel. Further, the deposits col-
lected under these conditions closely resemble those sintered
deposits from the bulk ash on the furnace walls and the superheat-
ers of large furnaces and therefore are suitable for characterization.
For this reason, the samples of fly ash particles inside the EFR con-
sidered in the experimental work of Wigley et al. [9] were collect
on mullite tube 2 set at a temperature 1250 �C. As a consequence,
mullite probe 1 (port 1) was not considered in the CFD build-up of
the present calculations. The grid used to model the combustion
using the EFR contains approximately 1,200,000 cells and the bur-
ner region is shown in Fig. 2. The particle sizes were distributed be-
tween 1 and 95 lm in 10 injection groups, with a mean particle
Fig. 2. Geometry details of EFR in the near burner region.



Fig. 3. Contours of the furnace temperature (�C) in a vertical plane of the furnace
studied (a) particle (b) gas.
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size of 85 lm and a spread parameter 1.3 has been used. The mesh
was refined to yield about 1.2 million cells, and it was found that
the gas temperature and the velocity profiles show no significant
difference between using 1.0 and 1.2 million cells. Therefore, the
prediction results have been obtained using 1.2 million computa-
tional cells. The deposition code, Eqs. (11)–(18), has been devel-
oped and was compiled and linked to the main code in FLUENT.
The main code in FLUENT calculates the particle trajectories while
the role of the deposition code is to add stickiness to the particle as
it is being transported from the combustion zone to the furnace
wall or the heat transfer surface.

3.3. Fuel properties

The properties of the coal and biomass are given in Table 1.
With differing chemical properties in the ash content between
the five biomasses investigated, their slagging tendencies vary
with the level of the biomass addition [9]. The deposition model
is limited to only SRC, miscanthus and olive that are fairly rich in
alkali content. Palm was not modelled because of the lack of appro-
priate information on the melting behaviour of the phosphorus
ash. However, all the five biomass materials were employed in
the NSI calculation. The data from miscanthus, olive, palm, SRC
and sawmill were taken from the ‘Phyllis’ biomass database [36],
while the ash content and its composition were taken from Wigley
et al. [9].

4. CFD predictions and discussions

4.1. Gas phase and particle temperatures

The furnace temperature is of importance since it is closely re-
lated to the deposition potential on the heat transfer surface.
Fig. 3a and b shows the predicted particle and gas temperatures
for pure coal. The combustion of the injected particles starts imme-
diately after the particles have mixed with the oxidizing air at the
exit of the burner. This is promoted by the recirculation zone
observed in the vicinity of the burner. Further, the particles are
rapidly heated by radiation from the hot reactor walls.
Table 1
Coal and biomass ash content (wt%) and chemical composition (wt%) [9,32].

Component Russian coal Miscanthus

Proximate analysis wt% On dry basis
Volatiles 30 83.5
Fixed carbon 76 29.3
Moisture 5.56 30.7
Ash 12.6 2.3
CV(MJ/kg) 27 18.5

Ultimate analysis wt% On dry basis
C 76.5 48.1
H 4.5 5.8
O 4.9 41.9
N 1.9 0.3
S 0.4 0.1
Cl 0.25 0.16

Ash composition wt% On dry basis
SiO2 60.1 57.0
Al2O3 24.0 2.4
Fe2O3 6.0 3.4
CaO 4.1 10.0
MgO 1.1 3.1
K2O 3.0 18.2
Na2O 0.4 1.1
TiO2 1.2 0.2
MnO 0.1 0.4
P2O5 0.0 4.2

N/A = not available.
It can be observed that the majority of the particles within the
vicinity of the burner reach a temperature of about 1500–1600 �C,
where large numbers of the particles melt. These particles are com-
pletely fused and potentially flow around the mullite probe or the
furnace wall when they impact on a surface or wall. For this reason,
as previously explained, the deposition probe 1 was not considered
in this calculation. In a particle temperature range of about
Olive Palm Short rotation crop Sawmill

79.0 77.1 80.5 81.2
33.1 34.0 32.1 31.6
24.0 23.0 18.5 19.0
5.7 4.2 2.4 2.5
22.0 21.4 18.7 19.1

42.2 4.31 50.2 50.1
5.1 5.1 5.9 6.2
45.6 45.2 42.2 42.4
1.62 1.51 0.1 0.5
N/A N/A N/A 0.05
N/A N/A N/A 0.013

32.1 15.1 17.3 40.7
6.6 3.2 4.4 8.1
4.9 5.3 3.8 3.8
12.4 10.7 33.3 28.6
12.2 12.0 8.6 4.1
18.9 9.7 13.8 6.8
0.4 0.3 1.0 1.1
0.2 0.1 0.3 1.1
0.0 1.0 0.4 3.6
12.2 42.7 17.0 2.1
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1250–1400 �C, which corresponds to the position where probe 2 is
located, the particles have been reported to display a semi-molten,
more compact aspect and potentially remain sticky on the mullites
upon impaction [5,6]. However, particles that emerge from the
burner and those in the lower section of the EFR experience lower
particle temperatures. A temperature range of about 1250–1800 �C
has been obtained in the vertical plane of the furnace which is in
reasonably good agreement with the measured data which is in
the temperature range 1200–1700 �C. The values are slightly over
predicted by only about 6% and therefore this gives confidence in
the accuracy of the coal combustion model.

The predicted gas temperature profiles in the boiler for pure
coal firing and blends with SRC for up to 60% co-firing ratio are pre-
sented in Fig. 4. For the co-firing ratio of 20 wt%, the temperature
profile does not differ significantly from that for pure coal. How-
ever, for a co-firing ratio greater than 20 wt%, a significant differ-
ence is observed. The results show that the temperature of the
gas at the exit of the furnace decreases when the proportion of
the SRC blended with coal increases.
Fig. 5. Contour of the (a) gas velocity (m/s) on the symmetry plane and (b) particle
deposition rates (kg/m2 s) on the furnace wall and probe 2.
4.2. Gas velocity

Fig. 5a illustrates the gas velocity on the symmetry plane of the
EFR. It can be observed from the figure that the mixing of the air
and the fuel near the burner exit is promoted by means of the recir-
culating flow produced by the motion of the primary air and the
strong swirling motion of the secondary air. Since, in the EFR, the
particles are entrained into the gas flow, the flow of the gas down
the centre of a 0.1 m diameter tube (see Fig. 5a) indicates the ab-
sence of any dispersion which causes the particles to experience
differing flow velocities and residence times.

Many publications (for example [5,6,8]) have shown that the
combusting gas flow produced by the EFR under well-controlled
conditions is necessary for the precise determination of the particle
heating rates and this is considered as an advantage over the use of
large rigs. The velocities introduced at the two air inlets (see
Fig. 5a), which evolves into a single peak velocity, has adequately
captured this advantage. A peak velocity of about 4.2 ms�1 is ob-
tained for the hot travelling gas at corresponding temperatures
of about 1600 �C. The gas velocities in the central region of the
EFR have been found to be approximately twice the average veloc-
ity and this is in good agreement with what has been reported by
Hutchings et al. [5]. Further, we have found that the radial velocity
profile decreases from the peak values on the centreline, to almost
zero on either side of the reactor wall.
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4.3. Deposition rates

A view of the EFR deposits on a deposition probe can be seen in
Fig. 5b. The operating conditions used as the boundary conditions
for both the coal and coal/biomass blends are the same. Fig. 5b
shows that the deposition occurs on the furnace walls and on the
mullite probe. Close to the burner, it can be seen that the reactor
walls initially contains no deposits, and then the deposits are
formed rapidly at about 0.2 m away from the burner exit by the
impacting ash particles. The impacting ash particles that remain
on the heat transfer surface have been reported to constitute most
of the deposits formed on the pulverized furnace walls [5]. These
ash particles may possess sufficient inertia to transverse the
boundary layer and impact on the furnace walls. In addition, the
intensity of the volatile combustion results in a zone of sharp tem-
perature rise and a significant number of the particles soften,
thereby increasing the tendency to stick to the walls. Due to the
streamline flow of the particles under the influence of gravity, a
high concentration of deposits (slagging intensity) has been found
in the central region of the mullite probe. Another factor that con-
tributes to the high concentration of the deposits in the central re-
gion of the mullite probe is due to the high degree of carbon burn
out that occurs further downstream where the probe 2 was lo-
cated. However, at a lower section of the EFR, the ash particles
are less sticky due to the lower temperatures in this region.

A photograph of the ash deposition on the probe after 30 min of
exposure time for pure coal [9] is shown in Fig. 6a. The dark part in
the photograph shows the deposits scattered over the probe with
most of them are concentrated in the central region of the probe
and all on the upper surface. The predicted deposition pattern
(see Fig. 6b) is reasonably consistent with that observed experi-
mentally, particularly in the central region. This indicates that



Fig. 6. Visual comparison between the experiment [9] and the computation.

Table 2b
Comparison between the computed and the measured data for South African Coal and
different levels of biomass.

Biomass Level of biomass addition (wt%)

0 20 40 60

SRC experimental 10.2 4.1 12.7 14.6
SRC normalized to 9.1% 9.1 3.7 11.3 13.0
SRC computed 10.1 10.1 10.3 10.8
Miscanthus experimental 8.0 8.2 10.3 12.7
Miscanthus normalized to 9.1% 9.1 9.3 11.7 14.5
Miscanthus computed 10.1 11.5 12.3 13.1
Olive experimental 10.9 11.8 11.5 16.4
Olive normalized to 9.1% 9.1 9.9 9.6 14.6
Olive computed 10.1 11.2 12.7 14.0

 Miscanthus
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the model is valid and has provided the right qualitative prediction
which serves as a basis for quantitative validation.

The deposits collected on the mullite probes were first charac-
terised by the deposition efficiency. Tables 2a and 2b shows the
deposition efficiency (the proportion of incident ash retained on
the probe) on a probe which has been calculated during the co-
combustion of coal and different masses of the biomass materials
in the EFR [9]. The deposition efficiency was calculated for each
EFR run based on the mass percentage of the fuel ash calculated
that impacts on the projected surface area of the probe that was re-
tained in the collected deposit. The projected surface area is calcu-
lated from the probe outer diameter of 20 mm and the EFR inner
tube diameter 100 mm. Two coals, Russian and South African,
and three biomass, SRC, Miscanthus and Olive waste were studied.
Although the experiment has been performed under identical
operating conditions as that for pure coal, the variability in the
deposition efficiency was observed in the experimental data.
According to the authors, the source of the variability is associated
with the heating condition to the operational temperature and the
final setup. Five measurements were made for the Russian coal
alone and the deposition efficiencies varied from 4.7 to
14.40 wt% collection efficiency, with an average of 9.5%. In order
to compute the experimental results on an equal basis, all the
experimental results were normalized so that the 0 wt% biomass
addition was the mean value. These results are shown in
Table 2a. In Table 2b the same biomass were studied using South
African coal. The same issue in variability was observed but for this
set of results the results were normalized to 9.1%. Further, palm
Table 2a
Comparison between the computed and the measured data for Russian Coal and
different levels of biomass.

Biomass Level of biomass addition (wt%)

0 20 40 60

SRC experimental 14.4 11.6 19.7 13.3
SRC normalized to 9.5% 9.5 7.7 13.0 8.6
SRC computed 11.3 13.9 18.1 16.0

Miscanthus experimental 4.7 5.6 6.3 6.1
Miscanthus normalized to 9.5% 9.5 11.3 12.6 12.2
Miscanthus computed 11.3 7.6 8.1 8.5

Olive experimental 13 15.2 13.4 9.7
Olive normalized to 9.5% 9.5 11.1 9.8 7.1
Olive computed 11.3 15.2 14.1 14.9
waste was not computed because of the high level of phosphorus
present in it.

In the case of the Russian coal, the deposition efficiency of
20 wt% SRC is lower than that of the 100% coal combustion. A pri-
mary reason for this is that the coal ash is diluted by the low iron
biomass ash during co-combustion, thereby decreasing the amount
of iron introduced into the furnace. Another reason for the deposi-
tion efficiency reduction may be related to the relatively high cal-
cium content in the ash of the SRC, which may generate calcium
components with a high melting point. In the experimental results,
it was observed for all the biomass studied that the deposition in-
creases to about 60% and then decreases. This pattern is observed
for the SRC computations but not for miscanthus or olive. Further,
this trend is nonlinear and may be caused by many factors, includ-
ing the significant reduction in the blend ash, the possibility of ero-
sion effects on the deposits, etc.

A similar situation holds for the South African Coal. Other
authors have observed similar nonlinear ash deposition behaviour
in their experiments [21,27].
4.4. Sintering of the deposits: Performance of NSI

After characterising the deposit by calculating the deposition
efficiency, the deposits were further characterised by the SEM
and the extent to which the deposits were sintered was presented
in [9]. The NSI was developed in such a way that all the indicators
for the deposit strength and degree of fusion have been combined
together. The viscosity is at the root of the deposition problems;
consequently it was the first considered by the NSI, Eq. (21). Based
on the performance of the NSI in Fig. 7 (each bar represents the
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Fig. 7. The degree of the sintering for a mixture of coal with biomass.



Table 3
Numerical Slagging Index compared with experiment and slag viscosity index.

Sintering behaviour Ranking of the sintered deposits

Experiment Wigley et al. [9] Miscanthus < Sawmill < SRC < Olive < Palm
Slag viscosity index Wigley

et al. [9]
Miscanthus < Sawmill < SRC < Palm = Olive

NSI (present work) Miscanthus < Sawmill < SRC < Olive < Palm
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coal-biomass mix) the miscanthus fuel mix has the highest nor-
malized slagging index and this corresponds to the weakest depos-
it. The ash property of the miscanthus is comparable to the coal ash
property. For example, the high content of the SiO2 (>50%) in the
solid fuel ash is an attribute well known for coal [37]. Further,
the SiO2 possess strong covalent bonds and large amounts of silica
in the coal (>50%) and miscanthus (>50%) ash blend (see Table 1)
may lead to a high melting point and hence a low deposition
potential.

Another indicator for the rate of the deposit sintering, which the
NSI has considered, is the melting characteristic of the viscous ash
particles. Although the AFT analyses do not indicate exactly at
what temperature the first melt/slag occurs, AFT and cone defor-
mation experiments provide an estimate of the ash melting phase
where the fluxing agents can be strongly sticky. While pure com-
pounds of potassium have a melting point of 774 �C (KCl) and
1069 �C (K2SO4) [38], pure compounds of the phosphorus melt at
583 �C (P2O5) [16]. The high content of the phosphorus in palm ker-
nel cake ash (P2O5 content >SiO2 content in the ash) is given in Ta-
ble 1 and this indicates the formation of the low melting phase
which is responsible for the yielding of the strongest deposit. This
can be observed in Fig. 7 with the coal-palm mix, showing the low-
est bar in Fig. 7 in all the co-firing ratios. In addition to the AFT, the
effect of the ash chemistry has also been captured by modifying the
softening temperature in order to recognize the fluxing/bonding
elements to an adequate degree. For dry ash and high melting
temperatures, the value of j in Eq. (26) is low. As the content of
the fluxing agents increases in the fuel mixture, the ash becomes
stickier and the ash melting temperatures begin to decrease.
Table 3 shows a comparison between the experiment data and
the predictions. It is observed that the degree of the deposit
sintering observed in the EFR deposits increase in the order:
Miscanthus < Sawmill < SRC < Olive < Palm. The results of the NSI
show that the miscanthus is the least in terms of the slagging, fol-
lowed by sawmill, then SRC, followed by olive and palm is the
highest. This ranking of the NSI does agree with the observations
of the EFR deposits, but it does not agree with the slag viscosity
index as defined in [9]. This is because the model adopted in the
calculated viscosity (Kalmanovitch and Frank method [39]) does
not take into account the role of the phosphorus and the prediction
may be misleading, especially at higher levels of biomass addition.
5. Conclusions

The deposition model, based on the combined sticking probabil-
ities of the ash particle viscosity and the melting behaviour of the
ash particle has been developed. This is suitable for the prediction
of the deposition rates of heterogeneous coal/biomass ash slag in a
high temperature region.

The deposition efficiencies in the EFR were computed for the
coal with three different biomass materials using a CFD code and
the results obtained are compared with the experimental data.
Reasonably good agreement was obtained.

A NSI used previously by some of the authors has been modified
to account for the differing chemical composition of the biomass
ash and it has successfully ranked the deposits according to the de-
gree of sintering. It has been observed that there are significant dif-
ferences in the degree of sintering between blends ash of the
parent fuels. The reasons for this are mainly due to the differences
in the ash chemistry between the parent fuels.
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