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ABSTRACT
Ash deposition of heat exchange boiler, caused mainly by accumulation of particulate matter, reduces heat transfer of the
boiler system. Heat and mass transfer through porous media such as ash deposits mainly depend on the microstructure of deposited ash. Therefore, in this study, we investigated microstructural and thermal properties of the ash deposited on the boiler tube.
Samples for this research were obtained from the fuel economizer tube in an industrial waste incinerator. To characterize microstructures of the ash deposit samples, scanning electron microscope (SEM), energy-dispersive spectroscopy (EDS), inductively coupled plasma optical emission spectroscopy (ICP-OES), X-ray diffraction (XRD) and BET analysis were employed. The results
revealed that it had a porous structure with small particles mostly of less than a few micrometers; the contents of Ca and S were
19.3, 22.6% and 18.5, 18.7%, respectively. Also, the results showed that it consisted mainly of anhydrite (CaSO4) crystals. - The
thermal conductivities of the ash deposit sample obtained from the economizer tube in industrial waste incinerator were measured to be 0.63 and 0.54 W/mK at 200oC, which were about 100 times less than the thermal conductivity (61.32 W/mK) of the
boiler tube itself, indicating that ash deposition on the boiler tube was closely related to a decrease in boiler heat transfer.
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1. Introduction

A

sh deposition is recognized as the major factor for degradation of boiler efficiencies and suspension of boiler
operation.1) In particular, ash deposition on the fire-side of a
boiler tube not only degrades the heat transfer efficiency of
a boiler but also accelerates corrosion, shortening the equipment life.2) Recently, not only the wastes are incinerated,
but also diversified efforts to recover the energy produced
after combustion are being continued, and diversified studies are in progress to investigate the cause for generation of
ash deposits recognized as the major factor for degradation in
the boiler efficiency as well as to reduce their generation.3-5)
Since not only deposition of fine particles produced in combustion process but also chemical reaction and condensation
of diversified components act in a combined way for generation of the ash deposits, the generation mechanism is
known to be very complicated.6) The ash deposits are formed
by a combined action of physical and chemical phenomena.
While a loose structure is formed when the physical action
prevails, the microstructure is known to be hard and
securely attached to the boiler tube when chemical action is
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prevalent.7) Microstructure and characteristics of the ash
deposits are determined by very complicated reaction conditions inside the boiler, and many investigators have conducted characteristics analyses for the ash deposits
produced under diversified boiler conditions to study the
causes for generation of the ash deposits. Through a microstructure analysis for the ash deposits as a function of positions within a waste incinerator, Van Beek et al affirmed
that the ash deposits produced in a high-temperature super
heater exhibited a hard microstructure in a sintered form,
while the ash deposits produced in a relatively low-temperature fuel economizer showed a loose structure.8) Also, it was
observed that the ash deposits in a powder form produced in
the relatively low-temperature fuel economizer had a larger
heat resistance than the dense ash deposits produced in a
high-temperature super heater so as to exert a sensitive
influence on heat exchange characteristics. Rezaei et al
reported that thermal conductivities were increased as
pores were reduced and inter-particle boding became stronger as the sintering progressed.9) Thus, although diversified
studies on microstructure and heat transfer characteristics
of the ash deposits were conducted, most heat transfer characteristics data was theoretically obtained on the basis of
operating conditions of boiler. Mićević et al measured heat
transfer characteristics as a function of change in porosity
when coal was used as the raw material and affirmed that
microstructural characteristics had sensitive effects on heat
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transfer characteristics of the boiler.10) However, studies on
measurement of microstructure and thermal conduction
characteristics for the object of ash deposit samples from
boilers using wastes as the raw material have been rarely
reported.
For improvement in thermal efficiency and stable operation of boilers, minimization of formation of ash deposits is
essential, for which characteristics evaluation and cause
investigation for the ash deposits are important. In the
present study, the effects of microstructure on thermal conduction characteristics were analyzed through multifaceted
analyses for the microstructures and the thermal conductivities of boiler tube and ash deposit were comparatively measured to check for the effects of ash deposit generation on
the heat transfer characteristics of a boiler by obtaining ash
deposit samples from fuel economizers (180 ~ 220oC, 250 ~
300oC) of the heat exchanger employed in incineration of
industrial wastes.
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change in thermal conductivity characteristics were examined. Microstructures were analyzed by using a scanning
electron microscope (SEM: JSM-6700F, JEOL, Japan) and
EDS (energy dispersive spectrometer, X-MAX 50, Oxford,
England). Also, compositions of ash deposit samples were
analyzed by using an inductively coupled plasma optical
emission spectroscope (ICP-OES: ICP-OES 8300, Perkin
Elmer, USA). For crystalline phases, X-ray diffraction
(XRD: RINT2500, Rigaku, Japan) with (CuKα radiation,
scan rate: 5°/min, 2 theta range: 20 ~ 80°) was employed,
while the changes in pore characteristics were characterized
by using a BET instrument to measure specific surface area
(Micromeritics, ASAP 2010). Thermal conductivity measurement was made after preparing the boiler tube and the
ash deposit samples of 12 mm in thickness and 1.2 mm in
thickness by using a thermal conductivity measuring
instrument (LFA 457 MicroFlash; NETZSCH, Germany).

3. Results and Discussion
2. Experimental Procedure
A boiler tube for fuel economizer exposed to the temperatures of 180 ~ 220oC and a boiler tube exposed to the temperatures of 250 ~ 300oC were obtained from “A”Company
engaged in incineration of industrial wastes. Although there
were slight differences depending on the boiler tube position, the ash deposits were irregularly attached to the boiler
tube surfaces in the thickness of 3 ~ 7 mm. Since the ash
deposits were not securely attached to the boiler tube, they
were easily separated, which were collected and subjected to
measurements of microstructure and thermal conductivity.
To identify the characteristics of the ash deposit samples
attached to the boiler surfaces, microstructure, composition,
mineral characteristics, change in pore characteristics and

SEM analysis result for the ash deposit samples collected
from boiler tube of fuel economizer is shown in Fig. 1, and
EDS result in Fig. 2. According to the SEM analysis, most
ash deposits exist in the form where fine particles of less
than a few µm are bonded, and a shape where fine pores of
less than 1 µm and relatively coarse pores of a few µm are
intermingled through coupling of the fine particles. In general, the deposition mechanism of ash component onto
boiler tube is known to involve occurrence of complicated
reactions where physical and chemical reactions coexist 7).
However, when the particles produced in an incinerator are
deposited onto the boiler tube, fine particles and coarse particles exhibit mutually different characteristics 4). Namely,
while the fine particles of less than a few µm are easily

Fig. 1. SEM micrographs of ash deposits on the boiler tube ((a): 180 ~ 220oC, (b) 250 ~ 300oC) in industrial waste incinerator.
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Fig. 2. Major element mapping images of the ash deposits ((a): 180 ~ 220oC, (b) 250 ~ 300oC).

moved and deposited onto the boiler tube surfaces according
to diffusion-controlled movement phenomenon due to temperature difference between gas and boiler tube, the coarse
particles are governed by an inertia-controlled phenomenon.
Thus, in view that most of the ash deposits observed in the
present study (Fig. 1) was composed of fine particles of less
than a few µm, the deposit generation was determined to be
attributable to the diffusion-controlled phenomenon on the
boiler surfaces. Also, hexagonal columns or hexagon-shaped
crystals were observed in some ash deposits (Fig. 1(a)).
According to the analysis results of EDS (Fig. 2) and ICPOES (Fig. 3) for this part, Ca composition and S composition
as the compositions constituting gypsum were shown to be
19.3% (180 ~ 220oC)/ 22.6% (250 ~ 300oC) and 18.5%
(180 ~ 220oC)/ 18.7% (250 ~ 300oC), respectively. Also, according to the measurement results by XRD analysis for the ash
deposits (Fig. 4), large peaks of CaSO4 mineral were
observed so that the hexagonal columns or hexagon-shaped
crystals were presumed to be gypsum crystals.
To identify mineral characteristics of the ash deposits
obtained, XRD was measured, with the analysis results
shown in Fig. 4. Based on the analysis results, the ash
deposits could be seen to be composed of CaSO4 and NaCl.
Palaniswamy et al affirmed that the major cause for generation of gypsum deposits produced during operation of a circulating fluidized bed boiler was S composition contained in
the fuel, based on the results of which control of S composition fed in the incineration process for wastes was determined to be necessary to control the gypsum deposits
produced in the boiler tube of “A” Company. Also, NaCl mineral was observed, which originates from Na and Cl composition flown in among the wastes.
Figure 5 shows the results of measurement of microstructure and pore characteristics of the ash deposits by using
the BET specific surface area analyzer. Specific surface
areas of corrosion samples were 1.0318 m2/g (180 ~ 220oC),
and 0.7750 m2/g(250 ~ 300oC), and the average pore diame-

Fig. 3. ICP-OES results of the ash deposits ((a): 180 ~ 220oC,
(b) 250 ~ 300oC).

ter was 72 m2 with a considerable amount of ultrafine pores
less than 40 Å being also observed (Fig. 5(a)).
To identify the effects of the ash deposits on the heat
transfer characteristics of the boiler tube, thermal conductivities were measured. Also, thermal conductivity of the
boiler tube itself was measured and compared with the
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Fig. 4. X-ray Diffraction patterns of the ash deposits ((a): 180 ~ 220oC, (b) 250 ~ 300oCoC).

Fig. 5. BET analysis of the ash deposits ((a): 180 ~ 220oC, (b) 250 ~ 300oC).

measured value for the ash deposits (Fig. 6 and Table 1).
Diversified studies have been conducted to identify the
effects on boiler thermal efficiency of the ash deposits produced when coal was employed as a fuel in the past, and the
results of such studies affirmed that thermal conductivity of
the ash deposits was closely related to the microstructural
characteristics. Namely, it has been reported that thermal
conductivity of loose ash deposits with large pores was

about 0.1 W/mk, the conductivity of relatively hard ash
deposits with a sintered microstructure was about 1 W/mk,
the conductivity was about 2 W/mk when the ash deposits
were sintered and converted into a hard slag and about 3 W/
mk in the case of mineral deposits containing a large
amount of iron composition.10-12) According to the measurement results of thermal conductivity, thermal conductivity
of the ash deposits under 200oC condition was 0.63 W/mK
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nomenon supporting the analysis that sulfate was the major
composition of the ash dposits.13,14

4. Conclusions

Fig. 6. Thermal conductivity of the ash deposits and boiler
tube in industrial waste incinerator.
Table 1. Thermal Conductivity of Boiler Tube and Ash
Deposits on Boiler Tube in Industrial Waste Incinerator
[W/mK]
Temperature
(oC)

Boiler tube

Ash deposit
(180 ~ 220oC)

Ash deposit
(250 ~ 300oC)

30

87.214

0.927

1.12722

50

81.040

0.906

0.7937

100

75.215

0.749

0.64801

200

61.324

0.628

0.54407

300

55.429

0.587

0.47615

400

47.078

0.544

0.38737

500

39.599

0.573

0.39779

600

33.108

0.624

0.42824

(180 ~ 220oC) and 0.54 W/mK (250 ~ 300oC), showing a
value lower than the thermal conductivity value of the
boiler tube without corrosion (61.32 W/mK) by more than
100 times, which indicated that the ash deposits on boiler
surfaces had serious ill effects on the heat transfer. Also,
when the thermal conductivities of the ash deposits measured in the present study of (0.63 W/mK (180 ~ 220oC) and
0.54 W/mK (250 ~ 300oC)) are compared with those of the
ash products collected from the existing coal boiler, an intermediate value between the thermal conductivity value of
the ash deposits in a powder form with a loose structure
(about 0.1 W/mK) and that of the ash deposits with a sintered and relatively hard microstructure (about 1 W/mK) is
observed, based in which the ash deposits are considered to
have been formed in a combined way through diversified
physical and chemical reactions as mentioned earlier. Also,
it may be affirmed that thermal conductivity of the ash
deposits was reduced with an increase in measurement
temperatures, followed by a slight increase again above 500
degrees. This is the temperature at which not only sulfate
as the major composition of the ash deposits but also most
substances begin to melt so that the thermal conductivity
value was slightly increased in the process where most components were melted, which is also considered to be the phe-

By collecting the ash deposits after obtaining boiler tubes
for fuel economizer with exposure to temperatures of 180 ~
220oC and 250 ~ 300oC from the heat recovery equipment
for waste energy of “A” Company engaged in incineration of
industrial wastes, a study has been conducted concerning
the mechanism by which ash products are produced on the
boiler tube and the effects of the ash products on the boiler
tube through measurements and analyses of microstructure, composition, mineral characteristics, change in pore
characteristics and change in thermal conductivity characteristics, etc. According to the analysis results, pores of a
few ten Å level to a few µm level were observed to be intermingled in the ash deposits through coupling among fine
particles of less than a few µm, and hence the ash deposits
are determined to have been produced by a diffusion-controlled phenomenon on the boiler tube surfaces. Also, the
major component elements for the ash deposits were O, Ca
and S with the main component substance being CaSO4,
which was presumed to be gypsum. In addition, through an
analysis of the thermal conductivity values, it could be
interred that the ash deposits were produced by a combined
mechanism through diversified physical and chemical reactions, and that the ash deposits had serious ill effects on
heat transfer of the boiler tube based on the results showing
that the corresponding thermal conductivity was different
from that of a boiler tube by nearly 100 times. Thus, based
on the investigation of the production mechanism and the
effects on heat transfer of the boiler tube through such
diversified analysis of the ash deposits, utilization in the
areas related to anti-fouling agent is expected.
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