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Abstract−Coal gasification was carried out to verify the coal fouling characteristic in a drop tube furnace (DTF).

Four pulverized coal samples, in the range of bituminous and sub-bituminous, were used. To analyze the fouling char-

acteristic by different temperature of deposit probe, a two-stage deposit probe was used in the experiment. Ash deposition

rate was at upper deposit probe higher than at lower one. The X-ray fluorescence (XRF) results indicated that coal fouling

included acid minerals such as SiO2 and Al2O3 at upper deposit probe more than that at lower deposit probe. The results

of X-ray diffraction (XRD) and scanning electron microscopy (SEM) indicated that the fouling particles at high deposit

temperature were agglomerated more than those at low deposit temperature. And the convective heat transfer efficiency

was reduced by ash deposition on probe. Especially, the convective heat transfer coefficient substantially declined with

small particle size of fouling and Fe2O3, CaO, and MgO.
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INTRODUCTION

Fossil fuel technologies are gradually claiming to be cleaner and

more effective. So gasification technology has become a technical

issue as a representative clean coal technology to produce energy

[1]. Gasification technology such as integrated gasification combined

cycle (IGCC) can not only satisfy future energy demand but also

provide environmentally acceptable options among the candidate

power generation technologies [2,3]. However, IGCC plant dem-

onstration claims that major obstacle during the operation is caused

by ash deposition. Generally, the amount of deposit-forming ash

material ranges between 10 and 25% ash content of the feed coal

by weight. Particulate fouling is defined as the accumulation of parti-

cles on a heat transfer surface that form an insulating layer, which

reduces the rate of heat transfer and can lead to operation failure as

has been reported by many researchers [4-6]. The composition and

properties of these solid products are dependent on the coal types

and technological processes used in gasifier. Fly ash is produced

according to the gasification temperature (entrained bed gasifier,

<1,500 oC) [7] and it is generated from various inorganic and organic

constituents present in feed coals. The composition and properties

of fly ash have been briefly characterized by many researchers [8-

10]. The phase and mineral composition of fly ash are introduced

briefly.

(1) Inorganic constituent - comprising non-crystalline (amorphous)

matter, namely different glassy particles, and crystalline (mineral)

matter such as crystals, grains and aggregates of various minerals

(2) Organic constituent - composed of char materials (slightly

changed, semi-coked and coked particles) and organic minerals

(3) Fluid constituent - comprising liquid (moisture), gas and gas-

liquid inclusions associated with both inorganic and organic matter

According to the nature of coal, mineral matters experience dif-

ferent chemical and physical transformations in the gasification pro-

cess. Mineral materials experience fragmentation, fusion, and chemi-

cal reactions prior to solidification, which defines the characteristics

of the resultant ash. Being associated with other mineral particles,

minerals are also likely to undergo coalescence during gasification.

Coalescence of dissimilar minerals can result in the formation of

lower melting eutectics by the original mineral composition, and in-

creasing ash deposition propensity. Fouling phenomenon on heat

transfer area is initiated by the deposition of a thin layer of material

of condensed vapors [11,12]. The composition of this material is

typically high in alkaline earth and alkali minerals which can be

easily vaporized.

And they may react with sulfates. The deposition of inorganic

material during coal gasification or combustion includes five general

mechanisms including inertial impaction, thermophoresis, conden-

sation, eddy deposition and chemical reaction [13,14].

Ash deposition is related to the mineral composition in coal. And

also, ash deposition phenomenon influences on heat transfer effi-

ciency of gasification system. The purpose of this study is to investi-

gate the coal fouling behavior through the experiments in drop tube

furnace (DTF), in which behavior of coal particle in gasification

condition can be investigated experimentally.

EXPERIMENTAL SECTION

1. Preparation of Coal Samples

Four different coal samples are chosen for the experiments, which

represents a wide range of mineral contents of bituminous and sub-

bituminous coal.
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Original coal samples were dried and crushed in a fan type disk

mill, and then were separated into the size range under 75µm by

electromagnetic shaker. Basic analysis of coal samples is illustrated

in Table1 as the result of proximate and ultimate analysis. The chemi-

cal compositions of coal ash are also given in Table 2, in with chemi-

cal elements of SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O and TiO2

assigned as major components of the ash. The deposition behavior

of coal samples is studied by using the DTF and deposit probe as

shown in Fig. 1.

2. Experimental Apparatus

DTF has a feature which can simulate the environment of the

coal gasifier. The system mainly consists of coal sample injector,

pre-heater, main tube furnace reactor and deposit probe. The tem-

perature of the main reactor is set to 1,300 oC. The temperature zone

is divided into three zones to easily maintain reactor temperature

and its temperature control by proportional - integral - derivative

(PID) system. Pulverized coal is fed at the top of DTF by using screw

feeder with nitrogen gas (primary gas). And then injected coal par-

ticles react with concentric oxygen gas (secondary gas) in the DTF.

During each experiment, coal sample is continuously fed for 10 min-

utes to the DTF. The coal feeding rate is 0.4-0.6 g/min and ratio of

O2/coal is set to 0.9. The pre-heater is set to 1,000 oC to prevent sud-

den thermal expansion of flue gas including coal. Coal particles trans-

form through devolatilization and char burning by being heated and

passed before ash formation and then collected on the deposit probe.

The deposit probe is vertically inserted into the end of lowest furnace

section. The probe position vertically moves up and down to adjust

its surface temperature by using mechanical elevator. The surface

temperature of probe is changed from 500 oC to 1,000 oC during

the experiment.

Sampling deposit probe is made of two stages where top stage

is called as 1st layer and bottom stage is called as 2nd layer as shown

in Fig. 2. The 1st layer always has higher temperature condition than

the 2nd layer because the 2nd layer is close to the reactor outlet. The

height between the 1st and 2nd layer is controlled by probe sup-

porter whose length is 1, 2 and 3 cm. The probe supporter can ac-

commodate the temperature control between the 1st and 2nd layer.

When the length of the probe supporter is 1 cm, there is 100 oC tem-

perature difference between the 1st and 2nd layer. The reason for using

two stages deposit probe is that it is easier to investigate coal fouling

phenomenon in an actual gasification process. Once the experiment

is carried out, two ash samples can be contemporarily gotten at the

one experimental condition.

Pulverized coal samples are injected into DTF under gasifica-

Table 1. Basic analysis of coal samples in the experimentsl

Minmetal Centennial Taldinsky MHU

Proximate analysis V.M 29.01 30.05 32.32 46.30

(dry-basis, wt%) F.C 61.57 53.48 55.67 48.71

Ultimate analysis C 85.06 83.04 79.59 59.71

(ash-free base, wt%) H 04.75 05.16 04.74 04.61

O 08.48 09.56 13.53 33.33

N 00.79 01.69 01.94 01.31

S 00.92 00.55 0.2 01.04

Heating value (HHV) kcal/kg 6,601 6,534 5,954 5,706

Table 2. Chemical components and fusion temperature of ash in
coal samples

Minmetal Centennial Taldinsky MHU

Inorganic SiO2 42.9 62.1 42.2 29.2

analysis Al2O3 11.2 15.5 14.1 9.26

(wt%) Fe2O3 19.7 5.89 24.9 46.2

CaO 17.3 1.69 9.15 8.62

MgO 0.34 0.07 0.33 0.162

Na2O 0.06 0.03 0.07 -

K2O 4.18 8.49 4.67 3.31

TiO2 4.32 6.3 4.59 3.17

Ash IT 1250 >1550 1300 1250

fusion ST 1270 >1550 1320 1270

temp. HT 1290 >1550 1340 1290

(oC) FT 1310 >1550 1360 1310

Fig. 1. Schematic of the entire experimental facility and deposit
probe.
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tion condition. The ash particles are deposited onto sample collec-

tor by impacting and agglomerating effect; deposited samples of

ash are analyzed to determine their characteristics such as the fouling

amount, composition and shapes of deposited ash.

3. Evaluation of Convective Heat Transfer Coefficient

Generally, convective heat transfer coefficient is reduced by foul-

ing phenomenon. Reduction of convective heat transfer coefficient

by fouling phenomenon is calculated with different coal samples

and deposition temperature to analyze the effect of ash deposition

on deposit probe.

Widely used, basic equation for convective heat transfer coeffi-

cient k can be presented as follows.

k=ψk
t

(1)

where

ψ : thermal effectiveness number

kt : convective heat transfer coefficient for ideal conditions, (W/m2 K)

Convective heat transfer coefficient for ideal conditions is 2,840

W/m2 K in gases state [15]. It is recommended for use in designing

heat-transfer equipment. Thermal effectiveness number (ψ) allows

incorporating into calculations of some diverse factors affecting heat

transfer intensity. If there is no ash deposition on heat transfer sur-

face, thermal effectiveness number doesn’t decrease. The principal

factors that influence on ψ are [16]:

a) fouling on heat transfer surfaces,

b) non-uniform flue gases flow distribution over convective bun-

dles which are situated in ducts of significant dimensions and com-

plicated geometry,

c) corrosion of tubing material.

The influence of fouling on heat transfer can be calculated by

means of thermal effectiveness number (ψ) for various forms of

deposits and their properties. However, it is necessary to know the

shape, sizes and properties of deposits. In fact, these values can hardly

be predicted and must be investigated. To avoid problems, a simpli-

fied method of characterizing the effect of fouling on heat transfer

was proposed in Ref. [16,17] and is based on the same set of indepen-

dent variables like in case of Eq. (2). The thermal effectiveness num-

ber can be expressed like following:

- In case of staggered tube banks

(2)

For ash deposition experiment, the 1st and 2nd deposit layer were

installed like cross type. Therefore, the equation for thermal effec-

tiveness number was chosen in case of staggered tube banks. How-

ever, some parameters were modified because they can’t be directly

adapted in this experiment. The modified equation is expressed in

Eq. (3).

(3)

1) A=deposit area

2) w/wb=relative mean velocity of the flue gas on the deposit

probe

3) R0.03/R0.03b=relative ash particle-size distribution [R0.03 - percent-

age of particles bigger than 30µm, %]

4) T/Tb=relative mean temperature of the flue gas on the deposit

probe

5) cm=chemical constitution of fly ash represented as B/A, [%

(Fe2O3+CaO+MgO)/%(SiO2+Al2O3)]

6) The basic values have been chosen as: wb=1 m/s, R0.03b=24.5%

and Tb=373 K.

RESULTS AND DISCUSSION

1. Deposit Amounts and Chemical Characteristic of Fouling

X-ray fluorescence (XRF) results of deposited fouling samples

under gasification condition are presented in Fig. 3. The total quan-

tity of alkali is not necessary to explain fouling potential. Fouling

phenomenon is well related to the quantity of “active alkalies” [18].

Organically bonded alkali and alkaline-earth minerals have the po-

tential to form very reactive species in the gasification/combustion

area as transient elements or compounds. Fe2O3, CaO, and MgO

are fluxing agents in the fouling phenomenon because they make a

low melting point of coal minerals. From the XRF result, %(Fe2O3+

CaO+MgO)/%(SiO2+Al2O3) ratio is higher in the fouling deposit

of the 2nd layer than that of the 1st layer.

Commonly, fouling is initiated by the deposition of condensed

vapor materials which make a thin layer. The initial deposit layers
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Fig. 2. Photograph of deposit probe.
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may provide a sticky surface to trap particles by inertial force which

isn’t sticky. In addition, the initial layers may provide fluxing mate-

rials that will cause larger particles to be melted. Alkali and alka-

line earth minerals provide a binding matrix for acid mineral such

as alumina and silica, and ash particles to fuse together and build

Fig. 3. Comparison of fouling chemical composition on 1st and 2nd

layer by XRF.

Fig. 5. Comparison of amounts of ash deposition on 1st and 2nd layer.

Fig. 4. Picture of the deposited fouling on probe.
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up on deposit surface [12].

Deposited fouling on the 1st deposit layer includes many acid min-

erals such as silica and alumina because the initial layer of alkali

and alkaline earth minerals provides acid minerals with a binding

matrix to be agglomerated and then fouling can grow up. How-

ever, deposited fouling of the 2nd layer cannot include many acid

minerals such as alumina and silica because agglomerated fouling

deposit on the 1st layer shields the 2nd layer and disturbs the approach

of acid minerals at the 2nd layer. For this reason, even though alkali

and alkaline earth minerals which have sticky force can easily deposit

on the layer, fouling on the 2nd layer cannot grow up by attachment

of acid minerals. The pictures of deposit fouling on the 1st and 2nd

layer are shown in Fig. 4. Deposit amounts of fouling on the 1st layer

and 2nd layer are illustrated in Fig. 5. Deposit amounts of fouling

are abundant at the 1st layer more than at the 2nd layer as in Figs. 4

and 5.

And also their deposit amounts on the 1st layer are a little more

plentiful at 1,000 oC than at 700 oC, because coal minerals can easily

exist as molten phase to adhere on deposit probe at high deposition

temperature.

2. Coal Fouling Size and Shape by Deposition Temperature

From scanning electron microscopy (SEM) and X-ray diffracto-

metry (XRD), the fouling particle sizes by changing temperature

of deposit probe are compared in Fig. 6 and Fig. 7. Fouling sam-

Fig. 6. Fouling particle shape by temperature difference of deposit probe.
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ples on the 1st layer are analyzed to correctly verify their character-

istics. Fouling characteristics of Centennial and Taldinsky coal are

analyzed with different particle sizes.

Fouling particle size of Taldinsky coal is bigger than that of Cen-

tennial coal as in Fig. 6, because of CaO, MgO and Fe2O3 miner-

als. From Table 2, it is shown that Taldinsky coal has more CaO,

MgO and Fe2O3 minerals than Centennial coal. Fouling of Taldin-

sky coal can be easily melted and made eutectic compound more

easily than that of Centennial coal. And the particle size of coal fouling

is bigger at high temperature than that at low temperature as illus-

trated in Fig. 6 and Fig. 7. The shape of the coal fouling deposit is

smooth with increasing of alkali and alkaline-earth mineral con-

tents and temperature. Especially, the iron rich particle has spheri-

cal morphology because Fe mineral acts as the main flux agent on

the fouling surface.

Peaks resulting from the dominant minerals, such as quartz, mul-

lite, albite and pyrite, are visible in the XRD pattern obtained from

the deposit fouling. It means that their minerals are abundant in coal

fouling. And most particle sizes of coal fouling with eutectic com-

pound at the high temperature are bigger than those of low temper-

ature. The reason is that melting point of eutectic compound is lower

than that of singular compound such as mullite, quartz and so on.

Although the main compound of mullite is 3Al2O3·2SiO2 which

has high melting temperature, most eutectic compounds are made

of Na, K, Fe and Mg elements and then they can be melted at low

temperature. Particle size of albite (Na2O·Al2O3·6SiO2) compound

observed in XRD is big at high temperature because albite exists

as a eutectic compound. For this reason, fouling particle sizes of

eutectic compounds at high temperature are relatively bigger than

those at low temperature. Fe elements which occupy many potions

among alkali and alkaline minerals are verified as FeS2 in XRD.

Fouling particle sizes of most eutectic compounds including Fe min-

eral at high temperature are relatively bigger than those at low tem-

perature. The lowest temperature melting phase in fly ashes con-

cerns the presence of iron particles containing oxygen and sulfur.

Their FeO-FeS system has a eutectic point of 930 oC [19]. Under

reducing condition, iron-rich materials are derived from the iron-rich

minerals such as pyrite, siderite, and iron sulphates [20]. Especially,

the formation of iron sulfides is not related to condensation of pyrro-

hotite from flue gas, but mostly likely to be the result of reaction

between gaseous hydrogen sulfide and Fe glass exudation formed

on the fly ash surfaces [21].

The accurate fouling particle size of Centennial, Taldinsky and

MHU coal is analyzed by deposit temperature and coal types. The

fouling of Centennial coal is deposited at temperature of 1,000 oC,

700 oC and 500 oC on the 1st layer. And the fouling of Taldinsky

and MHU coal is deposited at 700 oC, respectively, on the 1st layer.

To accurately analyze fouling particle size, physically attached par-

ticles are firstly removed by using an electromagnetic shaker. The

fouling of Centennial coal is shaken for 2, 4, 6, and 8 hours, respec-

tively, to find the proper shaking period. And the result is presented
Fig. 7. XRD pattern of fouling by temperature difference of deposit

probe.

Table 3. Particle size difference of fouling by shaking period

Centennial #1 (2 hours) Centennial #2 (4 hours) Centennial #3 (6 hours) Centennial #4 (8 hours)

Average size of coal

fouling particle (µm)
68.14 54.80 47.75 47.62
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on Table 3.

From result of analysis, the fouling particle size is almost the same

after 6 hours. It means that the period of 6 hours is an appropriate

period to separate physically attached particles. Accordingly, all sam-

ples are shaken for 6 hours before the fouling particle size analysis.

Average particle size of each sample and percentage of particle size

which is bigger than 30µm are shown in Table 4. The particle size

of deposited Centennial coal fouling at temperature of 1,000 oC is

the biggest among the samples. It means that acid minerals includ-

ing alkali minerals easily become eutectic compounds at high tem-

perature and can be made of big particles.

From analysis result of particle size with different coal types, it

is evaluated that the average particle size of MHU coal fouling is

the biggest among coal types. MHU coal has much Fe content, com-

pared to other coal. Due to its high content, Fe mineral agglomer-

ates ash particles to become big particles and is expected to be the

main fluxing species in ash deposition.

3. The Variation of Convective Heat Transfer Coefficient by

Ash Deposition

The calculations of convective heat transfer in boiler technology

are conducted by empirical correlations obtained in standard con-

ditions, but there is no empirical result obtained from gasification

condition. Ash sintering on heat exchangers causes a decrease of

heat transfer capacity, difficulty in cleaning the deposited ash and,

occasionally, it could reach mechanical failure in the heat exchang-

ers [22]. Generally, the convective heat transfer coefficient of the

flue gas is decreased due to the ash deposition. It is necessary to

investigate convective heat transfer coefficient decrease by ash dep-

osition.

In this study, a variation of convective heat transfer coefficient

by fouling phenomenon is observed under the gasification condi-

tion. The DTF experiments are carried out under different condi-

tion of coal types and temperature difference of deposit surface. As

mentioned, if the fouling is not generated, thermal effective num-

ber (ψ) is 1. Otherwise, ψ is decreased. The thermal conductivity

of the ash is very low and any ash build-up on the tubes effectively

insulates the tube [23]. It has an effect on decrease of convective

heat transfer coefficient. For this reason, the process efficiency on

heat transfer surface is decreased by fouling phenomenon. There-

fore, the investigation of the fouling influence on heat transfer is

considered important.

Fouling samples on the 1st layer are used to calculate the con-

vective heat transfer coefficient. The thermal effective number (ψ)

is calculated from obtained parameter values on Table 5. Table 6 is

shown for the value of thermal effective number by different coal

types and temperature. The thermal effectiveness numbers reduce

with fouling particle size and mineral components. Consequently,

their value will influence the convective heat transfer coefficient.

The relationship between convective heat transfer coefficient and

particle size of coal fouling is shown in Fig. 8. The convective heat

transfer coefficient of centennial coal has the lowest value at 500 oC.

As a result of particle size analysis, the particle size of the fouling

deposited at lower temperature is the smallest. It means that con-

vective heat transfer is related to particle size of deposit fouling. If

there are many smaller particles in flue gas, the value of convec-

tive heat coefficient is decreased. When the small ash particles are

agglomerated, density of deposit fouling will increase more than

the big ash particles. Thus, the heat transfer efficiency decreases

between flue gas and heat exchanger surface.

Fig. 9 shows the relationship between convective heat transfer

coefficient and %(Fe2O3+CaO+MgO)/%(SiO2+Al2O3) ratio of coal

Table 4. Fouling particle size by coal type and deposit temperature difference

Centennial Taldinsky MHU

Deposited temperature Mean value of fouling particle size (µm) 47.75 - -

(1,000 oC) Percentage of particles bigger than 30 µm (%) 68.12 - -

Deposited temperature Mean value of fouling particle size (µm) 31.05 67.35 171.69

(700 oC) Percentage of particles bigger than 30 µm (%) 51.12 76.52 087.35

Deposited temperature Mean value of fouling particle size (µm) 20.95 - -

(500 oC) Percentage of particles bigger than 30 µm (%) 37.62 - -

Table 5. The parameter values for thermal effectiveness number

Deposited temperature of fouling

1000 oC 700 oC 500 oC

Centennial A 1.76738 1.76738 1.76738

w/wb 0.0168 0.0168 0.0168

R0.03/R0.03b 2.780 2.087 1.536

T/Tb 4.217 4.217 4.217

Cm 0.0985825 0.0985825 0.0985825

Taldinsky A - 1.76738 -

w/wb - 0.0168 -

R0.03/R0.03b - 3.123 -

T/Tb - 4.217 -

Cm - 0.6106572 -

MHU A - 1.76738 -

w/wb - 0.0168 -

R0.03/R0.03b - 3.565 -

T/Tb - 4.217 -

Cm - 1.429589 -

Table 6. Thermal effectiveness number by coal type and deposit
temperature difference

Deposited temperature of fouling

1000 oC 700 oC 500 oC

Centennial ψ 0.769268 0.749671 0.729271

Taldinsky ψ - 0.378947 -

MHU ψ - 0.274286 -
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fouling. In the case of comparing the effect of coal types on con-

vective heat transfer coefficient, the value of MHU coal at 700 oC is

lower than Centennial and Taldinsky coal. It indicates that the value

of convective heat transfer is decreased if there are more amounts

of components, such as Fe2O3, CaO, and MgO in the coal. And active

alkalies such as Fe2O3, CaO, and MgO lead their ash deposition rate

to high value. Especially, MHU coal has many iron contents. Iron-

rich particles possess a high density and have high inertia. Coales-

cence of pyrite with silicate minerals results in a glassy particle rich

in Fe2+. The particles including Fe2+ have enough energy to adhere

on deposition surface [23]. Consequently, the fouling deposition

rate is increased by effect of Fe2O3, CaO, and MgO minerals. The

value of convective heat transfer coefficient of MHU coal fouling

is the lowest among samples.

CONCLUSIONS

Through the experimental investigation of characteristics of ash

deposition behavior and convective heat transfer coefficient under

coal gasification condition, the results are stated below.

1) The coal fouling is deposited by two-stage deposit probe. Ash

deposition rate is at 1st layer higher than at 2nd layer. It is investi-

gated that the fouling deposited at 1st layer involves more acid min-

eral like SiO2, Al2O3 and TiO2 than 2nd layer from XRF result. The

reason is that fouling particles shields 2nd layer and then disturbs

approach of acid minerals to 2nd layer.

2) From the scanning electron microscopy (SEM), the fouling

particle size of Taldinsky coal is bigger than Centennial coal fouling

because of affluent presence of its alkalies like CaO, MgO, and Fe2O3.

And from X-ray diffractometer (XRD), the fouling particle size gets

to be bigger at higher temperature. It indicates that fouling particle

size is substantially related to deposit temperature and ash mineral

content.

3) The value of convective heat transfer coefficient is decreased

due to ash deposition. Convective heat transfer coefficient has the

lowest value with small particle size of coal fouling and high %

(Fe2O3+CaO+MgO)/%(SiO2+Al2O3) ratio.

Understanding of coal fouling characteristic is important to con-

trol operating problem of combustion or gasification system. If plant

operators anticipate the problem of coal ash deposition by operat-

ing condition, they can choose the optimal coal and reduce the trou-

ble-shooting in plant operation. And the study of convective heat

transfer coefficient by ash deposition can be applied for consider-

ing optimal soot-blowing timing. Soot-blowing leads to undesirable

increase of operating cost of combustion and gasification system.

On the other hand, implementation of such a system in existing boilers

and gasifiers requires capital costs and additional costs linked to

increased fatigue of the system as a result of erosion and stresses.

Finally, it is obvious that the study of cleaning optimization and foul-

ing characteristic is of great interest.
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