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ABSTRACT 
 

The purpose of this study is to investigate low temperature ash deposition 
behavior of coal gasifier/combustor DTF (Drop Tube Furnace), in which 
behavior of coal particle in actual gasification/combustion condition can be 
simulated experimentally. The fouling index is also developed to predict the low-
temperature ash behavior with ash composition and characteristics, fluid 
properties of gas, etc. Eight different pulverized coal samples were injected into 
DTF under various conditions of deposit surface temperature, flue gas 
temperature and gas environments, respectively the ash samples deposited at 
sample collector by the impacting and agglomerating actions of ash were 
collected weighed and analyzed. It was found that among various physical and 
chemical properties of coal, mineral component are generally considered as 
dominant parameter to determine ash deposition behavior at low temperature. 
In the development of fouling index, deposition rates of major mineral, such as 
SiO2, Fe2O3, CaO, MgO and Al2O3 compounds, coal fusion temperature, flue 
gas temperature, deposited surface temperature, Sc.No. And Pr. No. of flue gas 
is integrated into fouling index with various conditions. Also, the effect of low-
temperature melting component of coal ash on the deposition was coupled with 

                                                      
∗Corresponding author. Tel.: +82-31-219-2972; Fax: +82-31-219-2969 
E-mail addresses: htkim@ajou.ac.kr 

 1

2007 World of Coal Ash (WOCA), May 7-10, 2007, Northern Kentucky, USA http://www.flyash.info

http://www.flyash.info/


the deposition-initiating rate. Finally, developed fouling index of low temperature 
ash deposition was refined with the ash deposition behavior of actual DTF 
experiment as well as actual fouling phenomena in the heat exchanger section 
of 3TPD pilot-scale coal gasifier. 

 
KEYWORDS: DTF, low temperature, ash deposition, deposit tendency, fouling 
index. 
 

1. INTRODUCTION 
 

 IGCC (integrated gasification combined cycle) is recognized as the 2nd 
generation power plant technology it can provide higher efficiency compared to 
the conventional pulverized coal combustion facility. However, at the 
temperature of gasification conditions, the mineral component within the coal 
may oxidize, decompose, fuse, disintegrate or agglomerate into the various 
parts of gasifier and cause operational problems. The ash deposition behavior 
is generally illustrated as following: rapid cooling in the post-combustion zone 
results in the formation of spherical, amorphous (non-crystalline) particles [1]. 
Under these high temperature conditions, the inorganic fraction of the coal is 
fully melted and the resulting melt presents a high capacity to dissolve gases [1-
2]. However, some minerals of ash is bubbled in the high temperature condition 
and carried with produced gas into heat exchanger section. As a result, high 
temperature fouling frequently at the section of flue gas exit-channel and heat 
exchanger where fly slag solidifies at temperature in the range of 1000 to 
500°C.  

Commonly, fouling is initiated by the deposition of a thin layer of material of 
condensed vapor. The composition of this material is typically high in alkaline 
earth and alkali metals [3-4]. Deposition behavior of particle can be explained 
by surface deposition of sticky minerals and relatively high-temperature 
deposition [5]. For most cases, the innermost layers consist primarily of small 
particles and Na, Ca, and Mg are transported to the surface by vapor phase 
diffusion and thermophoresis. The initial deposit layers may provide a sticky 
surface for trapping impacting particles by inertial force which isn’t sticky. In 
addition, the initial layers may provide fluxing materials that will cause larger 
particles to be melted. Accordingly small particles are bonded to the heat-
transfer surface, and provide sites for continued deposition to from entire 
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particle deposition, the liquid phase material contribute to the thickening of 
bonds between particles. As a result of the insulating effect of the deposit layer 
on the surface, the outer layers of the deposit are formed at higher 
temperatures. These higher temperature causes melting and interaction of the 
particles to from a liquid phase. Once a liquid phase has formed on the outside 
of the deposit, it becomes an efficient collector of ash particles, regardless of 
individual melting characteristics of the particles. To determine the ash melting 
behavior in the heat exchanger section of gasifier, present investigation 
evaluates experimentally the effect of mineral characteristics on ash fouling 
tendency of coal using a vertical DTF (Drop Tube Furnace) at different 
temperature condition of probe surface and different component of flue gas.  

 
2. EXPERIMENTAL 

2.1 Experimental rig  

The laminar DTF (drop tube furnace) was utilized in the experiment to 
simulate ash deposition behavior inside entrained-bed gasifier. Different particle 
size ranges of pulverized coal was fed at the top of DTF with concentric primary 
O2 flow, where particles were injected with the primary air into the furnace using 
mechanical screw feeder. All particle samples were dried in the electric oven for 
12 hours before the experiments. The schematic diagram of entire experimental 
facility including DTF is shown in Fig.1. 

From Fig.1, it can be seen that the DTF consist an electrically heated tube 
furnace section, the furnace composed with three mullite tubes that can be 
heated separately up to 1500°C. During the experiment, temperatures within the 
1.5m vertical DTF section was set at 1300°C for zone 1 (top) and temperature 
of zone 2 and 3 were varied. Once introduced into the furnace section, the 
particles become entrained in primary gas. During flight, they are heated, 
passing through the stages of de-volatilization and char burning before being 
reduced to ashes. Prior to leaving the DTF through the exhaust system, the 
particles entering a sampling section, in which an air-cooled deposit probe 
(Fig.2) is horizontally, inserted the end of the lowest furnace section. Vertical 
position of the probe was changed up and down around #2zone so that surface 
temperature of the probe can be varied from 500°C to 900°C. The reacted ash 
samples were collected on the funnel-shaped deposit probe at the bottom. After 
each experiment, ash deposit probe was removed from the DTF, and then the 
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weight of deposited ash was analyzed. 
In order to maintain the laminar stream of coal flow, secondary O2 and N2 was 

introduced at the outside of inner coal flow with predetermined flow rate to 
prevent disturbance of flow from abrupt temperature increase.  

 

Fig.1. A schematic view of the entire experimental facility   Fig.2. Schematics of deposit probe 

2.2 Coal samples  
 

Different type coals were used in the experiment and included three kinds of 
bituminous coals and five sub-bituminous kinds of coals. The taxonomy was 
made to provide a wide range of composition and mineral content for the 
candidate coal of gasification. The proximate and ultimate analyses of the feed 
fuels are compiled in Table 1. The chemical compositions of their ashes are 
given in Table 2. It was assumed that Si, Al, Fe, Ca, Mg, Na, K and Ti form the 
ash. Therefore, those elements are listed under ash composition. The ash 
composition was calculated in terms of oxides on basis on the total ash content 
analyzed. Among coal samples, A and B ash represents relatively higher 
contents of SiO2 and Al2O3 comparing to others. Before burning, all pure air-
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dried coal samples were crushed in a Fan Disk Mill, and then were separated 
different size range by Electromagnetic Shifter. 

For each experiment, coal sample was fed lasting for 30min in the DTF. Both 
the furnace and flue gas were set to 1300 °C, while the flue gas flow rate 
0.2L/m. The probe surface temperature was set to 500°C, 700°C and 900°C. 
The experiment result was then measured by scratching off and weighing the 
deposits after the probe was removed from the DTF. 

Table.1. Basic analysis of coal samples used in the experiment. 

Bituminous Coal Sub-bituminous Coal    

 A B C D E F G H 

V.M 31.83 33.52 26.77 46.52 48.19 50.1 48.45 53.95 

F.C 61.64 64.15 33.35 50.20 41.75 48.23 48.54 41.02 

Proximate 

Analysis 

(dry-basis) Ash 6.53 9.12 9.08 3.28 10.06 1.67 3.01 5.03 

C 77.67 72.98 82.91 66.99 61.03 64.12 71.01 74.76 

H 4.40 4.69 4.05 4.49 5.10 5.20 5.63 5.87 

O 16.57 21.00 11.26 27.44 32.96 29.91 22.82 16.34 

N 1.07 0.72 1.04 0.97 0.72 0.24 0.42 0.16 

Ultimate 

Analysis 

(dry, ash-

free basis) 
S 0.29 0.65 0.74 0.11 0.19 0.53 0.13 1.45 

Table.2. Ash analysis 

Bituminous Coal Sub-bituminous Coal 
 

A B C D E F G H 

SiO2 51.8 54.10 59.69 51.2 37.40 41.74 33.97 44.95 

Al2O3 16.9 18.71 25.58 18 16.42 20.00 19.08 19.91 

Fe2O3 6.34 12.93 7.39 11 19.19 17.65 11.53 6.31 

CaO 14.2 8.47 3.75 9.77 17.02 11.99 21.06 22.10 

MgO 1.21 1.21 0.49 4.13 7.22 2.77 6.90 3.28 

Na2O 1.31 0.85 0.57 1.1 0.56 0.85 4.40 0.98 

K2O 1.86 1.37 1.03 2.41 0.91 1.51 1.20 1.34 

TiO2 0.7 0.66 0.86 0.98 1.04 0.91 0.84 0.78 

Inorganic 

Analysis 

( wt% ) 

others 5.68 1.70 0.64 1.41 0.24 2.58 1.02 0.35 

IT  1165 1141 1279 1153 1162 1265 1250 1150 Ash 

Fusion ST  - 1204 - - 1184 1295 - - 
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HT  1242 1243 1398 1260 1224 1326 1290 1250 Temp. 

(°C) FT 1258 1308 1421 1270 1257 1408 1340 1280 

3. RESULTS AND DISCUSSIONS 
 
3.1 The variations of the coal particle size  
 
3.1.1 Deposition Rates vs. Coal Size 

 
To determine the particle size effect on the fouling deposit behavior, different 

size fractions of coals were experimented in the DTF. Time duration for the 
experiments was assigned as 10 minutes. Fig.3. shows the images of the ash 
deposition of Bituminous Coal and Sub-bituminous Coal (D) at different coal 
particle size. It is clearly seen in photographs that the volume of deposited ash 

increased with coal size, while the deposition was classified to ＜63μm, 

63~106μm and 106~200μm respectively.  

 
Fig.3.Images of the ash deposition at different coal size 

 
Fig.4. illustrates the deposition rates of the different size coals, given as mass 

deposits per square meter of projected surface area of the deposit probe and 1 
hour of feed time. The projected surface area was calculated from the probe 
shape.  

When firing Bituminous a Coal, the deposition rate increases with coal particle 
size from 0μm to 200μm. When firing Sub-Bituminous D Coal, it seems that the 
deposition rate increases about 13% with increasing coal particle size range 
from 0~63μm to 63~106μm, but decreases about 10% with increasing coal 
particle size range to 106~200μm. 

After measuring of total weight of sampled fouling deposit, analyses were 
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done with the weight measurement of free ash when we turned sample upside 
down. The purpose was to calculate the deposit rate and determine the melting 
characteristics of ash deposition.  

 
Fig.4. Averaged deposition rates vs. particle size 

 
3.1.2 Deposition Tendency vs. Coal Size 
 

 
Fig.5. Comparison of deposition tendency with different coal particle size 

 
To compare the ash deposition behavior with various coal samples, weight of 

total deposit ash is divided with original ash weight and the results are shown in 
Fig. 5. In Fig.5, it shows the deposition tendency of four kinds of coals at three 
different particle size ranges. The ratio of deposit ash to input total ash is plotted 
with different particle sizes for the coal samples used during the experiment. As 
a result, as particle size increase, the total weight of sampled fouling deposit 
and the weight of fouling deposit which was fixed on sample are doesn’t charge 
with particle size for D coal as in Fig.5. Carbon becomes higher, weight of fixed 
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and total deposit are increased about 30%. Except D coal, all the samples 
experimented in the study represents higher ratio of deposit ash with increasing 
particle size. 

3.2 The variations of the deposited surface temperature 
 
3.2.1 Deposition rate vs. deposit surface temperature 
 
Experiments with the variation of deposit probe temperature were also carried 

out. During the experiment, the temperature of flue gas was fixed at 1300°C and 

fraction of coal used was maintained at the range of 63~103㎛. With this 

condition, the temperature of probe surface was changed to 500, 700 and 
900°C. The appearance of the deposits after 10min of feed is shown in Fig. 6. It 
is clearly seen in the picture that the volume of deposited ash, is least at 900°C 
of the deposit surface temperature, greater at 700°C, and greatest at 500°C. 
Therefore a primary conclusion can be reached, that the volume of deposited 
ash is inversely proportional to the deposit probe surface temperature. 
Especially, it is interesting to find that D coal, at 500°C and 700°C surface 
temperature yielded a coarse deposit, the deposit at 900°Cdeposit surface 
temperature is melted.   

 
Fig.6. Images of the ash deposition at different deposit surface temperature 

 
Fig.7 shows the average deposition rates of A coal and D coal at three 

different probe surface temperatures of 500°C, 700°C, and 900°C. The 
deposition rate is given as the mass of deposits per square meter of surface 
area of the probe per hour of feed. After measuring of total weight of sampled 
fouling deposit, weight measurements are made for the free ash and fixed ash 
when turned sampling probe upside down. These deposit rate values calculated 
from fixed ash weight on the probe surface.  
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The weight of deposited ash is directly proportional to the increase of surface 
temperature as shown in Fig.7. When firing Bituminous A Coal, the deposition 
rate increases slightly with increasing probe surface temperature from 500°C to 
700°C. But when increasing the temperature of the probe surface from 700°C to 
900°C the increase in deposit is above 30%.  In the case of firing D coal, the 
deposition rate increases about 10% with increasing probe surface temperature 
from 500°C to 900°C. 
 

 
Fig.7. Averaged deposition rates vs. temperature of deposition probe 

 
3.2.2 Deposition Tendency vs. temperature of deposition probe 
 

In Fig.8 shows the deposition tendency of five kinds of coals at three different 
temperature of deposit probe. The ratio of deposit ash to input total ash is 
plotted with different temperature of deposit probe used during the experiment. 
As a result for individual coal sample, as the surface temperature increase, the 
total weight of sampled fouling deposit and the weight of fouling deposit which 
was fixed on sample also increasing from 3% to 30%. On comparison the 
deposition tendency with different temperature of probe surface for various coal, 
it is least for C coal and greatest for D coal.  
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Fig.8. Comparison of deposition tendency with different temperature of probe surface 

A comparison between the composition of the ash-forming matter in the coals 
and the composition of the deposits can act as a first indicator to describe 
deposition phenomena. Fig.9 shows the compositions of the laboratory ash 
prepared from D coal and A coal and the compositions of the deposits obtained 
from burning these coals. Fig.9 shows that the deposit composition generally 
resembles the composition of the laboratory ash of the respective coal. Coal 
and deposit ash, contain large amounts (above 90%) of SiO2, Al2O3, CaO, 
Fe2O3 and MgO components, which may lead to ash deposit. 

 

 

(a) 
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(b) 

Fig.9. composition of fuel ash and deposits obtained from (a) D coal and (b) A coal 

 
3.3 The variations of the flue gas temperature 
 
3.3.1 Deposit Tendency vs.  Flue gas temperature 
 
Ash deposit experiments also carried out with the variation of gas 

temperature. During the experiments, the temperature of the gas was changed 
from 1000°C to 1300°C. The weight of fouling deposition is increasing with gas 
temperature as shown in Fig.10. An increase of 30~95%deposition weight was 
observed when the gas temperature increases from 1000°C to 1300°C. Those 
values are greater than others condition that different coal particle size and 
surface temperature. In an experiment with 1000°C of gas temperature, the 
deposited weight of B coal showed very low value because the melting 
temperature of B coal ash is higher compared to other samples.  
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Fig.10. Comparison of deposition tendency with the variations of the gas temperature 

 
3.4 Fouling Index (FI) 

 
It is very hard to determine effectively and successfully the quantitative 

fouling propensity of coals at condition close to actual gasifier. Such information 
is required to examine the accuracy of the empiric indices used to predict the 
fouling propensity. A number of attempts have been made to numerically 
determine the slagging and fouling propensity in the previous studies [6-10]. 
However, none of these methods has successfully ranked the fouling 
propensities of coals [11]. Currently, limited studies have been conducted on the 
fouling propensity of power plant and gasification. 

 
3.4.1 Fouling Index 1 (FI1)  
 

FI1 was calculated with the parameters of ash percentage of the coal, fraction 
of Si, Al and Ca compounds, probe surface temperature, flue gas temperature, 
coal fusion temperature, Schmidt number and Prandtl number.  

 
The acidic oxide constituents SiO2 found in coal ash are generally considered 

to produce high melting temperatures. But melting temperatures will be lowered 
proportionally by the relative amounts of basic oxides Fe2O3, CaO, MgO etc. 
The derivative fouling index from the previous studies are given below.  

1 2 3 1 3

% ( %)
Pr ( )

suf

fus flu suf

Tash Si Al CaFI
Sc T T T
× + +

= ×
× − −

      (1) 

Where  Tsuf: probe surface temperature 
Tflu: flue gas temperature 
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Tfus: ash fusion temperature 
Sc: Schmidt number  
Pr: Prandtl number 

Calculated FI1 values are compared with experimental data. As in the Fig. 11, 
real experimental data and Fouling Index are similar with the same condition. 
When flue gas and probe surface temperatures increase, the Fouling Index also 
expresse similar behavior for the E. 

 

 
Fig.11. Comparison between the FI1 and experimental data. 

 
 

3.4.2 Fouling Index 2 (FI2) 
 
The acidic oxide constituents SiO2 found in coal ash are generally considered 

to produce high melting temperatures. Temperatures will be lowered 
proportionally by the relative amounts of basic oxides Fe2O3, CaO, MgO etc. 
available in the ash for reaction. So FI2 was calculated with the parameters of 
fraction of Si, Fe, Ca and Mg compounds, probe surface temperature, flue gas 
temperature, coal fusion temperature,  Schmidt number and Prandtl number.  

2 ( ) s flu
c r

fus

T T
FI C SR S P

T
+

= × × × ×      (2) 

Where  2 3 2 3

2

Al O Fe O CaO MgOSR
SiO

+ + +
=   

C=Constant=0.0035 
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For the FI2 calculation of D, F, B, A, C the coal size are fixed at 63~106㎛ 

respectively.  
 

 

 
Fig.12. Comparison between the FI2 and experimental data. 

Comparison between the Fouling Index and experimental data (Fig. 12.) 
shows that calculated FI values are very close to experimental data, and the 
errors of the FI2 is in between 0.5 and 3%. But FI2 of the A coal is slightly higher 
than others. 
 
4. CONCLUSIONS 
 
In this study we were investigated the deposition rate of ashes of sub-

bituminous and bituminous coal increasing with the coal size, surface 
temperature of the sampling probe and flue gas temperature. Based on the 
analysis of DTF, it was found that the variations of flue gas temperature play an 
important role on deposition of ash. Under the three operating conditions, such 
as the different coal size, variation of probe surface temperature and flue gas 
temperature individually, the flue gas temperature still performs great influence 
on deposition of ash. The results show that the deposition rate of ash increases 
with bigger coal particle size or higher deposit surface temperature and flue gas 
temperature. 
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For bituminous coal and sub-bituminous coal firing, the deposition rate 

increase about 10%, with increasing coal particle size and classified into ＜

63μm, 63~106μm and 106~200μm respectively. When the probe surface 
temperature is enhanced from 500°C to 900°C, the deposition rate will be 
increased about 10~30%. Furthermore, the deposition rate increases of 
30~95% while the flue gas temperature changing from 1000°C to 1300°C. 
The fouling index which derived from the parameters of gas temperature, 

probe surface temperature coal melting temperature and mineral percentage 
are roughly similar with experimental data. The major ash mineral of the fouling 
deposition are Si, Al, Ca, Mg and Fe compounds. The shape of Fe oxides 
always shows a circular shape because of its low melting temperature. When 
Si, Al, Ca and Mg compounds are becoming to liquid phase, these compounds 
grasp other materials which include Fe mineral and the other particles etc. So, 
ash is piled up continuously as the intensity of deposition increases. And, the 
FI2 calculated from the silica/main metal ratio of the ash is more coincide than 
FI1 calculated from ash of the coal according to experiment data.  
Thus, Developed Fouling Index can be used to expect fouling tendency when 

changing operating condition of the commercial gasification power plant. 
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