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ABSTRACT 

Due to the abundant coal reserves in China, coal is 

expected to be the most important energy resource in the 

future. The ash deposition/slagging behavior can 

obviously affect the heat transfer efficiency of heat 

transfer tubes in boiler, and cause increasing coal 

consumption. In order to clarify the effect of ash 

deposition behavior on heat transfer characteristics of 

the tube in boiler, a pulverized coal combustion facility 

was used to test the ash deposition behavior as well as 

their effect on heat transfer characteristics of probe in 

furnace. The results shown that the vaporization and 

condensation behavior of alkali metals as well as the 

inter reaction of minerals in ash is the dominant factors 

for initial deposition behavior, which significantly 

decrease the heat transfer efficiency rapidly in the first 

1.5 hrs. The reduction rate of heat transfer at the initial 

stage is 4~9 times higher than that at the growing stage. 

 

 

INTRODUCTION 
Approximately 290 billion tons of coal has been 

explored recently in Xinjiang, China, which is estimated 

to last more than a century at the current consumption 

rate[1]. Compared to bituminous coal, the newly found 

Xinjiang coal is notorious for its serious ash 

fouling/slagging problems due to the large amount of 

alkali metals in ash. The rapid ash deposition and dense 

structure cause serious problems for boilers when using 

this kind of coal. In light of this, most units have to be 

operated under low generating capacity (70~80% 

BMCR) or blend with other kind of coals or additive 

which incurs the operating cost. 

The factors that influence ash deposition/slaging 

behavior are complicated and interactive with one 

another, including chemical/mineral composition of 

original ash-forming metals in coal, aerodynamics of 

flue gas in boiler, temperature profile, flue gas 

compositions and tube surface temperature [2-5]. 

Extensivecharacterization on ash deposits have been 

conducted to clarify their properties, including particle 

size, chemical/mineral composition, fusion temperature, 

viscosity, contact angle of liquid phase on tube surface 

in laboratory scale tests[6-9]. Previous studies have 

shown that, the inner layer formed at the initial stage of 

ash deposition consists of fine particles (<10μm) with 

high content of alkali vapors, including sodium and 

potassium[10]. Along with the development of the initial 

layer on the tube surface, the initial deposition layer will 

capture particles entrained in flue gas and react with 
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them to form eutectic melting species to enhance its 

strength[11]. The properties of ash deposition and its 

slagging behavior in Xinjiang coal-fired boiler have yet 

to be fully understood. 

In this study, an experimental facility has been used 

for testing the effect of Xinjiang high alkali coal ash 

deposition behavior onheat transfer characteristics of 

tube, and to investigate its ash deposition mechanism 

under the simulated PC fired conditions. The tested coal 

is rich both in sodium and calcium. The furnace is 

equipped with ash deposition probes installed at various 

locations from fireside to convective zone covering a 

temperature range from 540℃ to 1300℃. Exposure test 

of 12 hrs has been conducted. The slagging/deposit 

samples from various locations were collected and 

analyzed by using X-ray fluorescence (XRF), X-ray 

diffraction (XRD), and scanning electron microscopy–

energy dispersive X-ray(SEM-EDX) analyzer.  

 

EXPERIMENTAL DESCRIPTION 

Coal properties 
One typical Xinjiang coal, namely HA coal with 

high content of sodium and calcium was selected to use 

in this study. For comparison, another typical 

bituminous coal, namely LA coal with low ash fusion 

temperature was also introduced, which has a severe 

slagging propensity in our designed boilers too. The 

properties of the two coals are illustrated in Table 1.  

 

TABLE 1. Main properties of HA and LA coals 

Coal 
HA 

coal 
LA coal Coal HA coal LA coal 

Proximate analysis (wt%) Ash composition (wt%) 

Mad 9.08 8.49 SiO2 19.13 41.45 

Aad 6.95 11.71 Al2O3 8.44 20.01 

Vad 28.01 29.08 Fe2O3 7.67 5.81 

FCad 55.96 50.72 CaO 34.34 17.71 

Qnet,v,ar 19.26 22.76 MgO 9.37 4.83 

Element analysis (wt%) Na2O 5.45 1.89 

Car 55.53 60.33 K2O 0.68 1.32 

Har 3.41 3.62 SO3 13.72 5.21 

Nar 0.95 9.94 TiO2 0.53 1.06 

Oar 6.01 0.7 MnO2 0.074 0.025 

Sar 0.66 0.41 B/A 2.05 0.51 

Ash Fusion Temperature/(℃) 

DT 1258 1130 HT 1335 1180 

ST 1328 1160 FT 1354 1210 

 

The experimental facility 
The experiments were performed in an experiment 

facility, which mainly consists of a coal milling system, 

a furnace, a fan system, a water cooling system, a flue 

gas on-line analyzer and other auxiliary systems (see 

Fig.1). During the tests, coals were pulverized with 15% 

of mass fraction being less than 90μm, fed at ~200 kg/h 

and burned with a stoichiometric number of 0.75 in 

combustion zone. The excess oxygen in exhaust flue gas 

was controlled at 3~4 vol%. The pulverized coals were 

ignited and combusted in furnace, the resulting hot flue 

gas with char/ash particles were flew up and cooled by 

heat transfer tubes, water cooler jacket, air preheater and 

economizer in sequence. The detail operation conditions 

are listed in Table 2. To simulate ash deposition/slagging 

behavior in a real boiler, ash deposition probes and heat 

transfer tubes were installed at various locations in the 

furnace. The surface temperature of the probes and tubes 

were measured by thermocouples which were welded 

onto the deposit surface and controlled in the 

temperature range from 400℃  to 550℃  by being 

jacketed with cooling air/oil. In addition, the cooling-

water jacketed CCD cameras were installed inside the 

furnace for in-situ monitoring ash deposition growth on 

the surface of tubes/probes.  

 

 

TABLE 2. Experimental operating conditions 

Items Parameters Items Parameters 

Operating condition Flue gas composition 

Coal feeding rate 200kg/h O2 4.6vol% 

Heat input ~2.0MW CO2 15.75 vol% 

Operating time 20 h H2O 9.27 vol% 

Residence time ~4.0 s N2 70.3 vol% 

Flue gas Temperature 

Combustion ~1550oC   

Platen super-heater 1166~1336 Final SH 868~948 

Final re-heater 948~1071 First RH 564~800 

 

 

 

FIG. 1.Schematic diagram of 3MWth pilot plant  
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RESULTS AND DISCUSSION 

Ash deposition behavior and their effect on 
heat transfer characteristics 

Figure2 illustrates the dynamic growth of ash 

deposit on probe 1, located in the fire-side for an average 

flue gas temperature of ~1333℃, and probe 2 for an 

average flue gas temperature of ~1123℃ . A rapid 

deposition and intense melting extent were observed for 

ash deposition on probe 1. Plenty of fine light-gray 

particulates deposited rapidly on probe 1 surface in less 

than 1.5 hrs. After that, the ash deposition commenced 

to grow into dense clusters. The initial deposition and 

subsequent deposition growth were also observed for 

deposition ash on probe 2, and it looked relatively slower 

and looser in structure than those on probe 1. Moreover, 

by comparing the temperatures of cooling oil at the 

inlet/outlet of probe usingEqs. (1)and(2)below, we 

further quantified the quantity of heat loss caused by the 

adsorption of oil from the probe surface, which is equal 

to the heat adsorbed by the probe from hot flue gas based 

on a steady-state assumption.                                                       

)( inoutt TTFCQ               (1)                                                     

%100
0


Q

Q

t
t               (2)                                                        

where Qt is the heat absorption, which absorbed from 

probe at time of t, F is the mass flow rate of cooling oil, 

C is the specific heat of cooling oil; Tout and Tin are the 

outlet/inlet temperatures of cooling oil, respectively. 

t is the heat absorption ratio, which assumed that the 

heat absorption (Q0) at t=0 is 100% when the probe is 

clean.
t is an important parameter for practical 

purposes as it reflects ash deposition growth and its 

impact on heat transfer capability of probes[12].  

Fig.3 illustrates the dynamic changes of heat 

absorption on probes 1 and 2. Moreover, the 

experimental data from Bar-Ziv et al. [12] were used to 

compare with our observations. There are two stages 

constituting the whole ash deposition process: 1) the 

initial stage of ash deposition, where the heat absorption 

decreases significantly and rapidly in <1.5 hours; and 2) 

the growing stage of ash deposition, where the decrease 

of heat absorption continues. The initial growth rate of 

ash deposition of the coal studied is clearly faster than 

reported in the literature[12]. A similar reduction rate of 

heat absorption was found in the initial stage of both ash 

deposition probes (Probe 1: -0.26%/min; Probe 2: -

0.28%/min). For stage 2 referring to ash deposition 

growth, probe 1 has a remarkably larger reduction rate (-

0.06%/min) for its heat loss than probe 2 with a rate of -

0.03%/min. This is due to the different ash deposition 

growth rates shown in Fig.2. In other words, the ash 

properties (chemical and mineral composition) and the 

vaporization and condensation extents of alkali metals 

are different at the two probe locations. The reduction 

rate of heat absorption at the initial stage is about 5.0~9.0 

times higher than that at the growth stage in the furnace, 

which suggests that the initial thin layer of deposition 

ash has much higher thermal resistance than that of the 

growing layer[12].  

 

 

FIG. 2. Photos of deposit ash on probe surface along 
with time (upper photos: probe1; bottom photos: probe 

2) 

 

 

FIG. 3.The effect of ash deposition behaviour on heat 
absorption of probes 

 

Bulk elemental composition and ash melting 
characteristics 

The bulk compositions of all deposition samples are 

illustrated in Fig.4. The parent coal ash composition 

obtained in laboratory (500℃) is shown on the right side 

for comparison. Furthermore, the enrichment factors (EF) 

of individual metals of all deposits is tabulated in Table 

3. The EF value of a certain element was calculated by 

dividing its fraction in an ash deposit by the respective 

amount in the parent coal ash. As it can be seen from 

Fig.4 and Table 3, Fe2O3 is highly enriched in the 

temperature range from 1123 to 1500℃ for an EF value 

varying from 1.51 to 4.94. It is most enriched in the fire-

side deposition collected at ~1500 ℃ . Such an 

observation is broadly consistent with our previous work 

on the analysis of ash deposits collected from a 30 MWth 

boiler burning the similar coal[13]. It is evident that the 

3MWth pilot-scale facility results are applicable to 

industrial facilities. In other words, the similar burner 

aerodynamics and flow pattern for flue gas have been 

achieved between our lab-scale system and large-scale 
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boilers. The low melting temperature minerals which 

enriched in Fe, such as wustite (FeO), almandite 

(3FeO·Al2O3·3SiO2) and fayalite (2FeO·SiO2) readily 

melt and agglomerate with one another to firm large 

particles with more sticky in combustion zone[13,14]. 

The content of Na2O is mostly enriched in the 

temperature range from 543℃ to 1123℃ with an EF 

value from 1.88 to 2.80, suggestive of vaporization and 

condensation of Na/Na2O/NaOH on the heat transfer 

surface[15]. Moreover, the most concentrated areas of 

sodium were found at 1333℃ and 950℃, the relative 

high content of thenardite (Na2SO4) and 

anhydride(CaSO4) were confirmed by XRD analysis 

(see Fig.5). By comparing the ash composition of  the 

two deposit samples, 16.14 wt% of Na2O and 8.59 wt% 

of SO3 were found in probe 1, which was approximately 

twice of that in probe 2 (8.59 wt% and 9.06 wt%), and 

there is not obvious difference for other elements (see 

Fig. 4). It suggests that Na2SO4 with low melting point 

(MP, 884℃) in deposit ash acts as the most crucial factor 

for deposit growth, which can help deposit layer 

continue capture and accumulate more particles by the 

sticky surface at relative high temperature[16]. For the 

remaining ash deposits from 543℃  to 1333℃ , the 

content of CaO is rather constant (EF: 0.6~0.7) except 

for the  250℃ ash deposit in which the EF value of 

CaO is 1.17, due to the existence of gypsum 

(CaSO4∙2H2O) (see Fig.5). Again, this elemental 

distribution in ash deposit is similar with those from 

30MWth subcritical steam boiler[13]. The results from 

our 3MWth pilot plant are applicable to the real 

industrial boilers.    

 

 
FIG. 4.Elemental composition of deposit ash samples 

along with HA coal combustion process  

 

 

 
N-Thenardite (Na2SO4), A-Anhydrite (CaSO4) Q-Quartz (SiO2), G-

Gehlenite(Ca2Si2O7), Cc-Calcite((Mg-rich),(Ca, Mg)CO3), Gy-
Gypsum(CaSO4∙2H2O), H-Hematite(Fe2O3) Na-sodium (Na2SO4), Arr-

Arrojadite(KNa4CaMn4+2Fe10+2Al(PO4)12)(OH,F)2)  

FIG. 5.X-ray diffraction (XRD) patterns of the studied 
deposit ash samples 

 

TABLE 3 Enrich factors of each ash component for 
each deposit ash sample 
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CONCLUSIONS 
Detailed experiments of ash deposition behavior as 

well as their effect on heat transfer tube were carried 

outin a 3MWth pilot plant test using one typical Xinjiang 

high alkali coal. The following conclusions were reached: 

1) The vaporization and condensation behavior of 

alkali metals as well as the inter reaction of 

minerals in ash is the dominant factors for the 

initial deposition behavior, which significantly 

decrease the heat transfer efficiency rapidly in the 

first 1.5 hrs. The reduction rate of heat transfer at 

the initial stage is 4~9 times higher than that at the 

growing stage.  
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SiO2 0.57 0.59 0.89 0.95 0.90 0.98 0.96 0.99 0.81 
Al2O3 0.61 0.79 1.57 1.48 1.23 1.33 1.27 1.32 1.25 

Fe2O3 4.94 1.84 1.80 1.76 1.57 1.07 1.25 1.20 0.19 
CaO 0.19 0.70 0.76 0.70 0.72 0.59 0.65 0.68 1.17 
Na2O 1.03 2.39 1.47 1.21 1.88 2.80 2.06 2.03 1.45 
MgO 1.63 0.62 1.03 1.19 1.10 0.73 1.12 0.95 1.42 
SO3 0.15 1.33 0.66 0.81 0.75 1.05 1.06 1.00 0.50 
K2O 0.22 0.87 0.72 0.67 0.80 0.81 0.83 0.82 0.55 
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2) Na2SO4,CaSO4 and Ca-Al-Si slags are the 

dominant phases in the growing layer of 

deposition.The continuous interaction between 

liquid phase and new captured particles will form 

more eutectic compounds (anhydrite, thenardite, 

gehlenite and hematite) to keep capturing solid 

particles, which cause the deposition layer 

becoming more sticky and harder to remove with 

the increase of temperature and deposition time.  

 

 

REFERENCES 
[1] H. Y. Ma, L. Oxley, J. Gibson. Renewable and 

sustainable Energy Reviews, 13(2009) 1781-1799. 

[2] F. Wigley, J. Willamson, G. Riley, Fuel Process 

Technol. 88 (2007) 1010-1016. 

[3] H. F. Wang, John N. Harb, Prog. Energy Combust. 

Sci. 23 (1997) 267-282. 

[4] L. Y. Huang, J. S. Norman, M. Poukashanian, A. 

Williams, Fuel 75 (1996) 271-279. 

[5] H. Naganuma, N. Ikeda, T. Kawai et al., Proc. 

Combust. Inst.32 (2009) 2709-2716. 

[6] T. F. Wall, Proc. Combust. Inst.24 (1992) 1119-

1126. 

[7] R. W. Bryers. Prog. Energy. Combust. Sci. 

22(1996) 29-120. 

[8] K. Akiyama, H. Park, T. Tada, et al. Energ Fuels. 

24(2010) 4138-4143. 

[9] L. Kong, J. Bai, Z. Bai, et al. Fuel. 109(2013) 76-

85.  

[10] L. J. Wibberley, T. F. Wall. Fuel. 61(1982) 87- 92. 

[11] Z.X. Zhang, X. J. Wu, T. Zhou, et al. Proc. 

Combust. Inst.33 (2011) 2853-2861. 

[12] E. Bar-Ziv, Y. Berman, R. Saveliev, et al.  PWR 

ASME Power, ASME, New Mexico, USA., 2009, 

p. 1.  

[13] B. Q. Dai, F. Low, A. D. Girolamo, et al.  Energy 

Fuels. dx.doi.org/10.1021/ef400930e. 

[14] R. W. Bryers. Prog. Energy Combust. Sci. 

22(1996) 2-120. 

[15] H. Oleschko, A. Schimrosczyk, H. Lippert, M. 

Muller. Fuel. 86(2007) 2275-2282. 

[16] P. M. Walsh, A. F. Sarofim. J. M Beer. Energy 

Fuels. 6(1992) 709-7



Copyright © 2011 by ASME 7 

 


