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Abstract—Particle stickiness is a key parameter for increasing ash deposition in gasification process. We conducted
multilateral investigations to evaluate particle stickiness of coal ash at low temperature fouling conditions through Watt
and Fereday’s viscosity model, dilatometry (DIL) and laser flash apparatus (LFA) technique. Seventeen coals were
employed for ash deposition experiments under gasification condition through drop tube furnace (DTF). The low vis-
cosity not only led to increasing ash deposition behavior, but also increasing the particle size of deposited ash. From
DIL analysis, the ash sintering behavior increased with increasing temperature due to increase of particle stickiness.
The high amount of Fe,O;, CaO and MgO components resulted in low sintering temperature and high reduction of
physical length. Through LFA analysis, the thermal conductivity increased with increasing temperature, because of
increasing particle stickiness. In addition, its value was correlated with the propensity of common fouling indices.
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INTRODUCTION

Ash-related problems could be a potential concern during ther-
mochemical conversion of coal [1,2]. The release and transforma-
tion of inorganic species from reaction and burning of coal with
reactants (e.g. oxygen, air and steam) during the thermochemical
processes may lead to problems, such as ash fouling on heat trans-
fer surface and slag formation (especially, >1,300 °C) in a reaction
furnace [3,4]. In general, alkali and alkaline earth metals among
inorganic species are recognized as crucial chemical components
for increasing fouling behavior [5]. CaO and MgO lower the soft-
ening temperature of ash and lead to increasing particle stickiness
[6]. They have been used as chemical parameters in typical foul-
ing indices [6,7]. In addition, Fe,O; has been known for leading to
increasing fouling and slagging behavior [8]. Entrained-flow gasifi-
cation technology is a promising energy conversion way of coal for
environment-friendly and efficient usage [9-11]. Fouling behavior
can severely occur in a heat exchanger in entrained-flow gasifica-
tion process, because of high operating temperature. The ash de-
position rate is related to the impaction velocity [12,13] and sticki-
ness of particles [14-17] if the type of fuel and experimental condi-
tions (e.g. gasification/deposition temperature, structure of deposition
target, material roughness and physicochemical properties of fuel)
are the same. In particular, the stickiness of particles is a dominant
parameter to determine the ash deposition behavior [18]. When
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the ash particles arrive at the deposition target, they can undergo
three different movements: removal (the mechanism for decay),
rebounding (bilateral mechanism for growth and decay) and adhe-
sion (the mechanism for growth) according to particle stickiness [19].

If particles are sintered by sticky characteristic on the deposit,
these behaviors increase the deposition possibility of dropped par-
ticles. This means that sintered particles, which contain partial lig-
uid surface, reduce removal force after the collision to escape from
the deposit target. As a result, sintered particles on the deposited
layer encourage fouling growth.

Abd-Elhady et al. [20] and Pan et al. [21] investigated the removal
propensity and critical sticking criterion according to the charac-
teristics of the deposited layer. Abd-Elhady et al. recorded an image
of the dropped particle on the fouling layer. In the recorded image,
two different types of behaviors are measured such as rebounding
(relocation of particles) and removal (escape of particles from de-
position target). These movements differ depending on whether it is
a sintered or particulate layer. They measured the number of ejected
particles from deposition target at different impacting particle veloci-
ties according to the characteristics of the deposited layer. The num-
ber of ejected particles was found to increase with increasing im-
pacting velocity on the particulate layer. However, the number of
ejected particles on the sintered layer is comparatively small even
when the impacting velocity increases.

Pan et al. investigated the fouling growth rate according to the
relation between porosity and the impacting velocity. They simu-
lated fouling growth by a numerical method. According to their
results, the critical rebounding (i.e., removal) velocity, which causes
dropped particles to escape from the deposition target after colli-
sion, increases with increasing porosity of the fouling layer, but oth-
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erwise decreases. So even when the impacting velocity of particles
is high, the deposition rate of dropped particles may increase on a
sintered fouling layer due to low porosity.

As mentioned in previous researches, the stickiness might enable
changes of sintering and thermal conductivity of deposited ash. To
study sintering and thermal conductivity, dilatometer (DIL) and
laser flash apparatus (LFA) were utilized, respectively. DIL is a use-
ful technique for investigating the sintering behavior of solid mate-
rial. The sintering behavior of ash at high temperatures has been
researched through DIL to clarify the particle transformation [22-
25]. The sintering rate is determined by measuring the changes in
physical length of a pellet. Meanwhile, the physical and chemical
property of ash fouling influence the heat transfer efficiency at the
heat exchanger. Many previous researchers investigated the ther-
mal conductivity of ash deposits [26-28]. However, the experi-
mental method and apparatus varied in those studies and resulted
in unstandardized data. LFA is a very typical instrument for study-
ing thermal conductivity of the solid particles [29-31].

In this study, we used seventeen samples in range of bituminous
and sub-bituminous coal for laminar-flow drop tube furnace (DTF)
experiments. The deposition ratio (Deposit fouling/Input ash) was
fitted with sticking efficiency based on traditional viscosity equa-
tion such as Watt and Fereday model [32] and then their relation
was assessed. To clarify the particle stickness by change of sinter-
ing bahavior at different temperatures and chemical factor affect-
ing in sintering temperature and reduction of sample length, DIL
analysis was carried out. In addition, LFA analysis was attempted
to evaluate change of particle stickiness through investigating the
relation between themal conductivity and fouling indices based on
chemical components.

EXPERIMENTAL SECTION

1. Experimental Samples

Seventeen different coal samples were chosen for the experi-
ments, which represented a wide range of mineral content of bitu-
minous and sub-bituminous coal. The basic properties of the coal
samples were measured by proximate and ultimate analysis, and
the chemical compositions and fusion temperatures of the coal
ash samples were also analyzed. The properties of bituminous coal
and sub-bituminous coal are listed in Table 1. The original coal
samples were dried and crushed in a fan-type disk mill, and then
separated below 75um and 150 um. All of the particle samples
were dried in an electric oven at 60 °C for 24 h before the experi-
ments.
2. Experimental Facility and Method
2-1. DTF

The DTE where the laminar flow can be made, is a lab scale coal
entrained-flow gasifier. The system components mainly consisted
of a coal sample injector, pre-heater, main reactor and ash collec-
tor. A detailed schamtic diagram and ash collector of DTF are
expressed in previous works in detail [33-35]. The ash deposition
experiments were coducted under gasification environment. First,
the surface temperature of the ash collector was set to 700 °C in
DTF before starting the experiment. After then, coal separated below
75 um and O, gas were introduced into the DTE Each experiment

time was set to 10 min. During experiments, coal and O, gas were
continuously injected into the DTF for ash deposition (feeding rate
of coal: about 0.5 g/min, the equivalent ratio of O,/coal: 0.9). After
the experiment, the ash deposited on the collector was detached
and then its total weight was measured by using an electronic bal-
ance. To measure the particle size of deposited ash, the particle
size analyzer (Malvern mastersizer 2000) was also employed.

2-2. DIL

Seven ash samples were prepared in the muffle furnace. For prepa-
ration of the ash samples, pulverized coal samples, in which the
particle sizes were below 150 pm, were heated at 815 °C for 2.5 h.
The powdery ash of 0.3-0.4g prepared by adding 10wt% of a
polyvinyl alcohol (PVA) solution was used. The ash samples for
DIL analysis were prepared by pressing at 3.5 bars, and then the
compressed and pelletized ash samples were loaded into the DIL.
The size of each pelletized ash sample was about ¢ 6.5mm
(diameter)x8 mm (length). The actual physical length variation of
the ash samples was measured in the DIL. The temperature in the
DIL was increased with 20 °C/min heating rate from room tem-
perature to 700, 800 and 900 °C under Ar environment, respec-
tively, and then the reactions were maintained under isothermal
conditions for 3 h, because low temperature fouling generally occurs
below 1,000 °C.

From the results of DIL analysis, reduction of physical length
could be calculated during isothermal sintering conditions.
2-3.LFA

LFA has been used to measure thermal conductivity of different
materials. In this study, the thermal conductivities of the adopted
ash samples were calculated by multiplication of the thermal diftu-
sivity, bulk density, and specific heat of the samples. The equation
for calculation of the thermal conductivity is shown as follows:

A=apC, (1)

where,

A: Thermal conductivity (W/m-K)
c Thermal diffusivity (mm?®/sec)
- Bulk density (g/cm’)

C,: Specific heat (J/g-K)

Experimentally, the thermal conductivity measurements were
performed as follows. First, coal particles sized below 150 um were
separated and treated at 815 °C for ashing after which the ash sam-
ples were pelletized at 400 bar. The size of the pellets, which have
the shape of a circular plate, is about 1 mm (height)x10 mm (diame-
ter). Before starting the LFA analysis, the bulk density of sample
pellet was measured. In the case of thermal diffusivity and specific
heat of the sample, the value was measured during LFA analysis as
a fuention of temperature.

RESULTS AND DISCUSSION

1. Effect of Viscosity for Ash Deposition and Particle Size
Stickiness is an important factor for ash deposition. If ash parti-
cles have sticky characteristics, they can be capable for deposition
and capture possibility for non-sticky particles. Therefore, sticky
particles can be expected to lead to increased ash deposition and
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Fig. 1. Relationship between viscosity and mean particle size of de-
posited ash at 700 °C.

sintering behavior. Previous researchers studied critical viscosity
affecting ash deposition and sintering behavior [36-38]. Accord-
ing to their study, the critical viscosity ranged from 10" to 10’ Pa-s
for initial ash deposition and sintering. The measurement of ash
viscosity at ash deposition temperature is difficult, because the state
of the ash is not formed as a liquid. Normally; it is possible to cal-
culate the viscosity under low-temperature fouling conditions by
using the representative viscosity model (e.g., Urbain and Watt &
Fereday models). We used the Watt & Fereday model to calculate
the ash viscosity as a function of temperature.

The stickiness could influence the size growth of ash particles as
well as the ash deposition rate, because it leads to agglomeration
among ash particles. The relationship between the particle size of
deposited ash of different types of coal and their viscosity was com-
pared at 700 °C (Fig. 1). Before the particle size analysis, deposited
ash collected after the DTF experiment was pre-treated by electro-
magnetic shaking to separate the physically agglomerated ash par-
ticles to enable the particle size to be analyzed accurately. The
particle size of deposited ash was measured at least ten times to
calculate the mean particle size, and it was found that the lower
the viscosity value, the larger the mean particle size. Even though
the initial particle size of coal introduced into the DTF was below
75 um, the sizes of some of the particles of the deposited ash
exceeded those of the input coal particle. The ash particle sizes of
Roto and MHU coal, including the high alkaline earth and alkali
metals, were larger than those of the other samples, because of their
low viscosity values.

Particles having viscosities lower than the critical viscosity could
possibly adhere directly to the deposition target. Depending on the
viscosity values, the possibility of ash deposition can be expressed
in terms of the “sticking efficiency” [39]. The calculation method
of sticking efficiency is shown as follows.

- Sticking efficiency
(774.1/_ UT)/ Nev (2)
where,

1. Critical viscosity (10’ Pa-s)
7z Viscosity at given temperature (Pa-s)

0.9
08 Q mHu
0.7
0.6
0.5 F
0.4

0.3

Sticking efficiency

0.2 |

0.1

Wi
@ Bengalla
Zhongmel O Taldinsky (2)

0 L " ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Deposit fouling/Input ash

Fig. 2. Relationship between sticking efficiency and ash deposition
ratio.

The critical viscosity was chosen as 10° Pa-s, because, according
to previous literature report, this value is necessary to ensure mini-
mum particle sticking behavior. The relation of ash deposition
ratio and sticking efficiency is fitted in Fig. 2. High sticking effi-
ciency led to increasing ash deposition ratio, because low viscosity
resulted in high sticking efficiency. Even though the ash was col-
lected at 700 °C through DTF experiment, the viscosity value cal-
culated at 900 °C was adopted for sticking efficiency. Most viscosity
values calculated at 700 °C were higher than critical viscosity (10’
Pa-s). If the viscosity value presents higher than critical viscosity; it
does not have sticky characteristic. On the other hand, the viscos-
ity calucated by Watt and Fereday model at 900 °C met the critical
viscosity. In addition, the DIL results showed that the sintering tem-
perature of ashes was mostly found between 800 °C and 900 °C. In
particular, sintering behavior at 900 °C was higher than other tem-
peratures (section 2). According to the fouling growth mecha-
nism [40], the temperature of the intermediate layer of deposited
fouling is higher than that at the surface of the deposit, because of
the insulation effect of the fouling layer. In the intermediate stage,
fouling growth may be rapid as a result of increasing stickiness at
that stage. The temperature of the inner fouling layer may range
from 700 °C (surface temperature) to 1,300 °C (flue gas tempera-
ture). Therefore, the value of the sticking efficiency at 900 °C can
be adopted to compare the ash deposition ratio.

2. Effect of Sintering Behavior by Particle Stickiness

The sintering phenomenon of ash particle in commercial en-
trained-flow gasification process is very complicated to explain its
behavior, because the deposition phenomenon might be generated
by both fly ash and slag. Therefore, solid phase and liquid phase
sintering phenomenon can co-occur on deposition target. In gen-
eral, the sintering mechanism between them is different. In the
case of solid phase sintering, atoms on particles move to the neck
interface of particles. On the other hand, in the case of liquid phase
sintering, the liquid spreads around the solid phase particles for
the sintering. The liquid may provide for rapid transport and result
in rapid sintering if certain criteria are met. The sintering behav-
ior on liquid phase is more rapid than on solid phase [41].

If liquid phase materials are adhering on the deposit surface,

Korean J. Chem. Eng.(Vol. 34, No. 12)
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most of the dropped particles might be deposited. At that condi-
tion, particle characteristics such as sticking and non-sticking are
meaningless for studying fouling phenomena. It is important to
know the critical factor in fouling deposition related to stickiness.
Thus, in this study, solid phase sintering is only considered. To
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measure the physical length variation of ash by sintering under
isothermal condition, the DIL temperature was set to 700, 800 and
900 °C, respectively. The sample was injected into the DIL at room
temperature, after which the temperature was increased at the fast-
est heating rate (20°C/min) up to the desired temperature. The

Fig. 3. Length variation of ash pellet under different isothermal conditions ((a) 700 °C, (b) 800 °C and (c) 900 °C).
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isothermal reaction time of the DIL was set to 3 h. The physical
length variation of ash under non-isothermal conditions was ignored
when the reduction of physical length was calculated during the
sintering process. Reduction of physical length indicates the differ-
ence (i.e., densification rate) of the sample length from the highest
dL/L, level to the lowest dL/L, level.

Fig. 3 shows the variation of physical length under different iso-
thermal conditions, plotted as a function of time. The reduction of
physical length was higher at high temperature. The reduction of
physical length was not generated at 700 °C. As the possibility of
stickiness increases with increasing reaction temperature, reduc-
tion of physical length may increase at higher temperatures. Fur-
thermore, the reduction of physical length of ashes was different in
spite of the temperature being the same. The reduction of physi-
cal length is normally related to the chemical components, i.e., the
concentrations of alkali and alkaline earth metals involved. Fig. 4
indicates chemical effect for sintering temperature and reduction
of physical length. Sintering occurred after end of the thermal
expansion (i.e., the highest dL/L, level). The sintering temperature
indicates the temperature of first decreasing point from the final
thermal expansion point. The sintering temperature of ash con-
taining high amount of Fe,0;, CaO and MgO components was
low. The physical length variation of the MSJ and LG ashes, which
have a high alkali and alkaline earth metal content, is higher than
that of the others. In particular, Fe,0O,, CaO and MgO components
lead to an increase in the reduction of physical length. High amount
of Fe,0,;, CaO and MgO enables to influnence the stickiness of
ash particle, because sintering behavior is related to those chemi-
cal components.

3. Relation of Thermal Conductivity and Fouling Indices Based
on Chemical Components

Particles having stickiness affect the thermal conductivity of ash
deposit as well as sintering behavior. In general, the thermal con-
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Fig. 5. Thermal conductivities of ashes compared Rezaei et al. [46].
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ductivity of the ash deposit varies by the porosity;, chemical com-
ponents, and physical state of deposited ash and deposit temperature.
The variation of thermal conductivity is resultingly indicated as a
function of particle stickiness. The chemical components influenc-
ing the porosity and physical structure of the ash deposit are key
parameters for transformation of particle stickiness. In previous
research [42,43], the thermal conductivities of pure and mixed
oxides and coal ashes were investigated. The results show the ther-
mal conductivity containing high ratios of ALO; decreases with
increasing temperature, whereas the thermal conductivity contain-
ing high ratios of SiO, increases with increasing temperature. The
silica ratio has been reported to be important at high temperature,
at which strong sintering and fusion reactions such as slagging
state can occur [44]. However, as the melting temperature of silica
is very high (1,600 °C), this effect may not be critical under low
temperature fouling conditions. Iron-rich deposits, which have low
sintering temperatures compared to deposits that are iron defi-
cient [37], may increase the thermal conductivity. The reduction
of deposit porosity by sintering leads to an increase in the thermal
conductivity of coal ash. Therefore, it is clear that the thermal con-
ductivity of sintered ashes is higher than that of powdery ashes
[45].

The thermal conductivities of the sample ashes were compared
to the reference data [46] irrespective of whether the data could be
considered reliable (Fig. 5). Although the absolute values of the
thermal conductivities are not the same, the thermal conductivi-
ties of the different ashes exhibit a similar increasing trend. The
thermal conductivity of KPU, ABK and MS]J coal containing high
amounts of alkali and alkaline earth metals is higher than that of
the other coals. In general, alkali and alkaline earth metals can
lower the melting temperature, which generates the sintering be-
havior and decreases the porosity of the structure. The experimen-
tal environments (temperature, pressure at which the pellet was
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compressed, and sample size), in which the thermal conductivity
of the different samples was measured, were similar. Therefore, the
thermal conductivities were compared as a function of the chemi-
cal components. The relationship between the thermal conductiv-
ity and the ALO; ratio of ash is compared in Fig. 6(a).

The thermal conductivity of the ashes decreases with increas-
ing AL,O; ratio, because ALO; is one of the acidic metal compo-
nents, which generally increases the melting temperature. Therefore,
in a sample with a high ALO; content, the ash particles would not
be able to undergo sintering with each other at the given tempera-
ture. In our previous research, Fe,O,, CaO, and MgO components
were found to be important parameters in fouling growth, because
they may lower the melting temperature of ashes. The relation-
ship between thermal conductivity and the %(Fe,O;+CaO+MgO)/
%(Si0,+ALO;) ratio is compared in Fig. 6(b). The thermal con-
ductivity of KPU, ABK and MS]J ash, all of which have a high
alkali and alkaline earth metal content, is higher compared to the
other types of ash. Further, the thermal conductivities of ashes were
found to increase with increasing %(Fe,0;+CaO+MgO)/%(SiO,+
AlL,O;) ratio. The ash deposition rate can be predicted by fouling
indices based on the chemical components. The chemical compo-
nents influence both ash deposition and thermal conductivity.
Therefore, the thermal conductivity of ashes might be comparable
to the fouling indices based on the chemical components. Depend-
ing on the propensity for ash deposition, the fouling indices can be
divided into low; medium, high, and severe stages shown in Table

Table 2. Criteria of fouling propensity in common slagging and foul-

ing indices [47]
Slagging and fouling propensity
Low | Medium | High | Severe
B/A ratio <04 or >0.7 0.41t00.7
Fe,0,/CaO <0.3 or >3.0 0.3 to 3.0
Fe,0,+CaO <10% - | - -
Silica percentage | 72%-80% 65%-72% 50%-65%
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2 [47]. According to this criterion, the fouling propensity can be
predicted. Fig. 7 indicates the relationship between thermal con-
ductivity and fouling indices based on chemical components.

The base to acid (B/A) ratios of KPU and ABK ash are ranked
high and have a severe fouling propensity according to the crite-
rion of fouling indices in Table 2. Their thermal conductivities are
also higher than those of the other samples. According to the foul-
ing propensity criterion of Fe,0,/CaO ratio in Table 2, all of the
measured samples have a high fouling propensity. In particular,
the fouling propensity of KPU and ABK may be severe with high
thermal conductivity among the samples. In the case of Fe,Os+
CaO, WH has the lowest thermal conductivity among the sam-
ples. This result is also related to the fouling propensity. If the value
of Fe,0,+Ca0 is below 10% (Table 2), the fouling propensity is
lower. On the other hand, the KPU, ABK and MSJ ash have high
thermal conductivities with a high ratio of Fe,0;+CaO. In case of
comparison between silica percentage and thermal conductivity,
the thermal conductivity decreases with increasing silica percent-
age. Also, fouling propensity decreases with increasing silica per-
centage. Therefore, the thermal conductivity trends agree with cri-
terion of fouling propensity in indices based on the chemical com-
ponents. Both the ash deposition rate and thermal conductivity
increase with high particle stickiness.

CONCLUSIONS

In an entrained-flow gasification process, the problem of ash
deposition is an important issue to ensure continuous plant opera-
tion. Ash deposition is mainly related to the stickiness of coal ash.
To investigate the particle stickiness at low temperature fouling
conditions, multilateral approaches were conducted with DIL and
LFA analysis. The chemical components were found to be mainly
responsible for the particle stickiness, because they influenced the
viscosity, possibility of the ash deposition and sintering/agglomera-
tion behavior as well as structure transformation of deposited ash.
The deposition ratio of seventeen coal ashes increased with low
viscosity. From DIL analysis, Fe,0;, CaO and MgO components
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Fig. 7. Relationship between thermal conductivity and fouling indices based on chemical components ((a) B/A, (b) Fe,05/CaO, (c) Fe,0;+

CaO and (d) Silica percentage).

led to reducing the sintering temperature and raising the reduc-
tion of physical length under isothermal sintering process. Further-
more, the thermal conductivity trend agreed with fouling propensity
of traditional fouling indices based on chemical components.
From this study, we clarified that Fe,O,, CaO and MgO compo-
nents influenced the particle stickiness. As a result, they affected
the sintering behavior and thermal conductivity of ash.
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