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a b s t r a c t 

Utilizing low-rank coals in power plants takes a risk of slagging, especially when burning coals rich in 

alkali and alkaline earth metallic (AAEM) elements. To predict the slagging propensity of low-rank coals, 

this work develops a novel approach for accurately measuring the sticking probability of thermally stable 

slag samples based on the well-controlled flat-flame system. We collect deposit samples (PSD) severely 

accumulated on the platen superheater surface of a 660 MW boiler co-firing two low ranks (alkali-rich 

Phi-coal: iron-rich Ind-coal = 15.2 wt%: 84.8 wt%). It is found that the existing theoretical models can 

hardly reproduce the measured sticking probability at elevated temperatures. We thus propose an S- 

shaped nonlinear correlation of ash sticking probability with the melt fraction using two tuning param- 

eters. The fully-sintered PSD slag is mainly composed of refractory anorthite (CaAl 2 Si 2 O 8 ) and hematite 

(Fe 2 O 3 ), which are largely determined by the dominant Ind-coal ash fed into the boiler. However, the 

excessive accumulation of PSD can only be attributed to the much stickier Phi-coal ash rich in low- 

melting-point, dispersed Na-aluminosilicates. Combining the measured sticking probability and physic- 

ochemical properties of the slag and ash samples, we reveal a positive correlation of the ash sticking 

probability with the sodium content of the samples, almost regardless of the contents of alkaline earth 

metals and iron. It highlights the leading role alkali metals play in slagging. In contrast, iron exists as 

discrete hematite (Fe 2 O 3 ) in the slag and is less effective than AAEM in forming slags on the platen su- 

perheater. Our work provides a more reliable method and criterion for evaluating the slagging propensity 

of fully/partially-molten particles in solid fuel combustion. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Slagging of molten non-combustible matters during solid fuel 

ombustion is ubiquitous in a variety of applications, including 

he coal/biomass-fired power plant [1] and the rocket motor fu- 

led by solid propellants [ 2 , 3 ], leading always to the performance

egradation and damage to surfaces. In the coal-fired boiler opera- 

ion, there are many other adverse effects of slagging. For instance, 

lagging elevates the flue gas exit temperature from the econo- 

izer and causes problems for running selective catalytic reduc- 

ion (SCR) systems downstream. Modern utility boilers, equipped 

ith tens to hundreds of soot blowers, can effectively clean the 

oosely-fouled convective heating surfaces [4] . However, the more 

ensely-deposited slag on the radiant surface is less vulnerable to 

he attack from the compressed steam. Consequently, severe slag- 

ing accumulated around the burners ‘eyebrows’, at the upper fur- 
∗ Corresponding author . 
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ace arch, and on the platen superheater surface are frequently en- 

ountered in practical boilers [ 5 , 6 ]. 

Two emerging trends tend to aggravate slagging in power 

lants. First, the demand for highly flexible operation of coal-fired 

nits results in weakened flame stability and less flowrates at re- 

uced outputs, both facilitating the deposition of molten coal/ash 

articles [ 7 , 8 ]. Secondly, more and more power plants are be-

ng tempted to burn low-cost coals, often of low-rank (or even 

iomass), to fully or partly replace the designed coals [9–11] . Un- 

ortunately, slagging stands out for many low-rank coals, includ- 

ng the Victorian brown coal in Australia [12] , Zhundong coal in 

orthwestern China [13] , and several coal samples used in South- 

ast Asia [14] . The higher contents of AAEM in these coals play 

 significant role in the initiation of slag layers by forming sticky, 

ow-melting-point eutectics [15–17] . It highlights the difference be- 

ween the low-rank coal and common bituminous coal, because 

or the latter iron is believed a major inducer for slagging [ 18 ,

9 ]. Considering the vast demand for low-rank coals in developing 

ountries, it calls for elaborate efforts to demonstrate the AAEM- 

ssociated slagging mechanism, and to provide insights on the 
. 
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Table 1 

Coal properties. 

Samples Phi-coal Ind-coal 

Proximate analysis (wt%, dry basis) 

Volatile matter 38.45 50.64 

Fixed carbon 37.70 44.57 

Ash 23.84 4.79 

Ash compositions (wt%) 

SiO 2 53.09 32.32 

Al 2 O 3 23.52 17.44 

CaO 3.95 10.97 

Na 2 O 1.76 0.23 

Fe 2 O 3 7.07 30.94 

MgO 2.10 2.36 

SO 3 4.84 3.20 

K 2 O 2.06 0.92 

TiO 2 1.05 0.87 

R B/A 
a 0.22 0.90 

a basic to acidic oxides ratio, R B/ A = (Na 2 O + CaO + Fe 2 O 3 + 

MgO + K 2 O)/(SiO 2 + Al 2 O 3 + TiO 2 ). 
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lagging propensity for a wide range of operating conditions and 

arying fuel sources [20] . 

To conveniently evaluate the slagging propensity of various fu- 

ls, some empirical indices based on the coal ash composition, 

uch as the basic to acidic oxides ratio (R B/A ) [21] , silica to alu-

ina ratio (R Si/Al ) [22] , and ash fusion temperature [23] have been 

raditionally used in the community. However, these methods are 

eportedly unreliable when forecasting ash deposition of different 

oal samples with an accuracy lower than 50% [24] . To tackle this 

ssue, mechanistic investigations have delved into the dynamics of 

lagging, which contains the impaction and sticking/rebound of in- 

oming particles. The impaction efficiency is determined by the 

ow Reynolds number and particle Stokes number (the ratio of 

he particle relaxation time to the fluid characteristic time) [25] . 

evertheless, the sticking probability of the impacting particle is 

 key factor yet to be fully understood [26] . Several phenomeno- 

ogical models have been proposed in the literature. A widely-used 

ormula determines the sticking probability from the composition- 

elated particle viscosity [27] . The model contains a free parameter 

ermed the ‘reference viscosity’ which ranges across several orders 

f magnitude (8–10 8 Pa • s) in Refs. [ 28 , 29 ]. Another strategy is to

ssume the ash sticking probability to linearly increase with the 

article melt fraction ranging from 10% to 70% [30] . Both types of 

odels can be simplified to a ‘0/1-gate’ with a threshold of vis- 

osity or melt fraction [ 31 , 32 ], and have been further extended

y involving the incoming kinetic energy [ 32 , 33 ]. However, these 

odels often give inconsistent predictions [ 4 , 34 , 35 ], and more ac-

urate and mechanistic experiments are needed to illuminate the 

ticking behaviors. 

For this purpose, we note numerous studies on high- 

emperature slagging were performed in experimental facilities of 

arious scales [ 5 , 36-38 ]. Generally, slag characterization from the 

ull-scale boiler provided information on the real problem of con- 

ern, especially for alkali- [39] and iron-rich [ 18 , 40 ] coals. Based

n this, studies on lab-scale setups achieved better controls of the 

mbience (temperature, atmosphere, etc.) [ 17 , 36 ]. While kilowatt- 

cale furnaces are quite successful in simulating fouling conditions 

fter coal burnout, it is still challenging to precisely adjust the tem- 

erature and residence time for the early-stage slagging. By con- 

rast, the bench-scale Hencken flat-flame burner is able to flexibly 

djust the flow velocity, ambience temperature, and atmosphere 

 20 , 41 ]. Thus, it could well mimic the local environment of slag-

ing in the practical boiler by entraining coal particles [ 42 , 43 ] or

ven ash particles of similar sizes and compositions to the slag. In- 

eed, one may wish to generate entrained particles from real slag 

amples with chemically-stable compositions after being exposed 
2 
o the high temperature for a sufficiently long time. This approach, 

y incorporating the full-scale sampling and bench-scale investi- 

ation, is expected to reveal the slagging mechanism of low-rank 

oals and serve as a working criterion to examine sticking proba- 

ility models. But it was rarely reported before. 

In this work, we thoroughly characterized the deposit samples 

ollected from different heat transfer surfaces of a 660 MW pulver- 

zed coal boiler. We investigated the phase transition and melting 

ehaviors of the deposits under elevated temperatures by thermo- 

ynamic simulations. The effect of AAEM on slag formation is re- 

ealed. Furthermore, the high-temperature sticking probabilities of 

lag particles sampled from the platen superheater and the water 

all were derived in a well-designed bench-scale flat-flame burner. 

he results indicate a nonlinear relation with the melt fraction of 

mpacting particles. The findings help elucidate the contribution of 

he preferential distribution of mineral species (mainly AAEM) to 

ow-rank coal slagging. 

. Methodology 

.1. Investigated unit and deposit samples 

As sketched in Fig. 1 a, we sampled different deposits from a 

60 MW, supercritical coal-fired boiler in Southeastern China. The 

oiler had an unscheduled shutdown after SCR splitting due to ex- 

essively high flue gas temperatures. This was most likely caused 

y the severe slagging on the platen superheater surface after over 

5 days’ operation (see Fig. 1 a). Comparatively, slagging/fouling on 

ther heating surfaces was slighter. The deposits of four parts (see 

ig. 1 a), including the water wall (WW), the platen superheater 

PS), the pendant final superheater (FS) and the pendant high- 

emperature reheater (HR), were sampled and analyzed. The bulky 

lag in the outer layer of those regions (not adjacent to the heating 

urface) was knocked and collected for its good representation of 

he deposit accumulated from inertial impaction of coarse ash par- 

icles. Hereafter, along the flowsheet of the boiler, the deposit sam- 

les from these parts are successively denoted as WWD, PSD, FSD 

nd HRD. In the high-temperature zones (i.e., 1080 °C or higher), 

he dark, bulky slags WWD and PSD are fully-sintered and diffi- 

ult to break. In contrast, the partially-agglomerated FSD is akin 

o compacted sand and can be easily destroyed by external forces. 

he presence of HRD is only in small quantities and could shed 

ith the corrosion of tubes. Figure 1 b presents the ranges of the 

ue gas temperature for the PS (1080–1310 °C), FS (950–1080 °C) 

nd HR (850–950 °C) surfaces when the boiler operates at different 

oads. 

.2. Coal properties 

The coal burnt in the boiler includes the mixture of Philip- 

ine coal (Phi-coal) and Indonesian coal (Ind-coal) imported from 

outheast Asia. The average blending ratio Phi-coal: Ind-coal = 15.2 

t%: 84.8 wt% during the last 19 days before shutdown. Pulverized 

aw coal samples were collected from the plant, with Table 1 pre- 

enting the coal properties. The size distribution of the raw coal 

amples was measured by a Mastersizer 20 0 0 Particle Size Ana- 

yzer (Malvern Panalytical Inc.), as shown in Fig.2 . In particular, 

he Phi-coal ash contains higher contents of Na and K (1.31 wt% 

nd 1.71 wt%, respectively), which can be identified as high alkali 

oal, whereas the Fe content in Ind-coal is up to 21.66 wt%. For the 

ineralogical properties, Fig. 3 shows the X-ray diffraction results 

f the coal ashes prepared at 600 ±5 °C. The Ind-coal ash is domi- 

ated by quartz and hematite, whereas the Phi-coal ash is mainly 

omposed of quartz, calcium sulfate and nepheline. Notably, the 

asic to acidic oxides ratios R B/A of Phi-coal ash and Ind-coal ash 
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Fig. 1. (a) Schematic of the 660 MW wall-fired boiler and the morphology of sampled deposits; (b) flue gas temperatures of sampling positions under different loads. 

Fig. 2. Volumetric particle size distribution of pulverized Phi-coal and Ind-coal. 

Fig. 3. XRD patterns of the coal ash samples. 

Q: quartz (SiO 2 ), He: Hematite (Fe 2 O 3 ), An: Anhydrite (CaSO 4 ), N: Nepheline 

(NaAlSiO 4 ) 
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3 
re 0.22 and 0.90, respectively. This preliminary estimation indi- 

ates a much higher slagging and fouling tendency of Ind-coal than 

hat of Phi-coal. 

.3. Flat-flame system for ash slagging 

In this work, a novel particle sticking probability measurement 

ystem is developed based on the temperature-controlled flat- 

ame burner, as shown in Fig. 4 a. The flat-flame burner features 

 stable high-temperature environment for a rapid heating rate of 

ntrained particles. Moreover, it provides the flexibility to control 

he ambient temperature, atmosphere and particle velocity (kinetic 

nergy) independently by adjusting the flowrates of gaseous fuel, 

xidizer and carrier gas [44] . Thus, it is able to well mimic the 

ocal condition of slagging in the boiler. For ash slagging, a remov- 

ble corundum probe (high-purity > 99%), 1.3 mm in diameter, was 

orizontally placed in the centerline, at a 6 cm height above the 

urner, as seen in Fig. 4 a. This height is such chosen that the par-

icle stream is sufficiently heated but does not diffuse. Meanwhile, 

he small probe size yields the Stokes number of injected parti- 

les as high as 30, indicating a near-unity impaction efficiency. The 
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Fig. 4. (a) Schematic of the ash slagging setup based on the flat-flame burner; (b) Photographs of the deposition processes; (c) Schematic diagram of the intersected area A 1 
and the cross-sectional area of the feed tube A 2 . 
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orundum probe, both before and after ash deposition, was care- 

ully weighted for quantification of the deposited mass. 

Well-dispersed particles were fed from the 2-mm central 

tainless-steel tube by a specially-designed de-agglomeration 

eeder. More details of the feeder are referred to Ref. [44] . In this

ork, we used the chemically-stable, volatile free PSD and WWD 

s the entrained particles to eliminate the uncertainty of ash melt- 

ng characteristics. The samples were grounded and sieved to 65–

4 μm in particle size. The carrier gas (N 2 ) flowrate was 0.3 L/min,

nd the total injected sample was 1.80 0–3.0 0 0 mg in one run last-

ng for ∼5 min, as shown in Fig. 4 b. It should be noted that af-

er each run, the deposited probe was blown by compressed air 

velocity ∼50 m/s) to remove the loosely-packed fraction before 

he probe (with dense slag) was precisely weighted. For the opti- 

al observation of slagging dynamics, the impact-rebound/adhesion 

f particles at various temperature was captured by a high-speed 

amera (Phantom V311, 512 × 512 pixels) at a frame rate of 30 0 0 

ps and an exposure time of 50 μs. 

A B-type thermocouple was used to monitor the flue gas tem- 

erature of the sampling point. Correction of radiation and conduc- 

ion losses was performed both for the thermocouple and incident 

lag particles [44] . For the particle temperature, the emissivities of 

SD and WWD are estimated as 0.80 ±0.09 and 0.77 ±0.08, respec- 

ively, based on the model in Ref [45] . Combining the uncertainty 

f particle size (65–74 μm), we derive an error of 1.6% −2.5% for 

article temperatures. The uncooled probe has an estimated tem- 

erature ∼300 K lower than the particle temperature after radia- 

ion loss corrections. 

To quantify the sticking probability ( ηstick ) of impacting parti- 

les, we have: 

stick = m stick / ( m f eed · ηimpact · ( A 1 / A 2 ) ) . (1) 

Here m stick is the mass of deposited particles (kg), m feed is the 

ass of total particles fed in (kg), A 1 is the projected probe area 

ntersected with the central tube, A 2 is the cross-sectional area of 

he central tube, and ( A 1 / A 2 ) characterizes the fraction of injected

articles that reach the surface of the probe (see Fig. 4 c). 

The impaction efficiency ηimpact is evaluated based on the ef- 

ects of particle Stokes number (St) and flow Reynolds number 

 Re ): 

t = ρp d p 
2 
U 0 / (9 μg d c ) , (2) 

e = U 0 d c /ν. (3) 

Here ρp is particle density (kg/m 

3 ), d p is particle diameter (m), 

 0 is characteristic flow velocity (m/s), μg is fluid dynamic viscos- 

ty (Pa • s), d c is deposition probe diameter ( = 1.3 mm), and ν is the
4 
uid kinematic viscosity (m 

2 /s). By defining a shear Stokes number 

t γ = 2.1832 St / (1 + 4.45 Re −1/2 ) and x = log St γ , the impaction

fficiency reads as [25] : 

og ηimpact / log η0 . 1 = 1 − −g(x ) , (4) 

nd 

(x ) = 

⎧ ⎨ 

⎩ 

a 0 + a 1 x + a 2 x 
−1 + a 3 x 

−2 , if x < − 0 . 2 , [
1 − −b 1 ( x + 0 . 79) 

−1 + b 2 ( x + 0 . 79) 
−2 − −b 3 ( x + 0 . 79) 

−3 
]−1 

, 

if x > − 0 . 2 , 

(5) 

0 . 1 = 1 . 0204 × 10 

−3 R e −0 . 35054 . (6) 

Here a 0 = 0.1844, a 1 = 0.2017, a 2 = 5.080 × 10 −2 , 

 3 = 3.634 × 10 −2 ; b 1 = 0.05119, b 2 = 0.2071, b 3 = 1.236 × 10 −3 . 

.4. Sample characterization 

The chemical compositions of raw coal ashes and deposits sam- 

led in the boiler were determined by X-ray fluorescence (XRF) 

SHIMADZU, XRF-1800). The crystallized mineral phases in coal 

shes and deposits were identified by X-ray diffraction (XRD) (D8 

dvance, Bruker) with a scanning rate of 5 °/min from 10 ° to 80 °. 
or micromorphology characterization, we solidified the deposits 

nto epoxy resin, then ground and polished to obtain a smooth 

ross-section for Scanning electron microscopy (SEM) (ZEISS Merlin 

ompact) - Energy dispersive X-ray detector (EDX) (Oxford) analy- 

is. Ash fusion temperature (AFT) measurements of the coal ashes 

nd deposits were carried out under an oxidizing atmosphere. This 

rocedure involved heating an ash cone with a specific geometry 

t 15 °C/min up to 900 °C, and then changing to 5 °C/min. During 

his process, the initial deformational temperature (DT), softening 

emperature (ST), hemispherical temperature (HT), and flow tem- 

erature (FT) were recorded according to the specific shapes of the 

sh cones. Viscosity measurement was carried out by a Theta high 

emperature rotational viscometer (Theta-1700) under mild reduc- 

ng atmosphere. 

.5. Thermodynamic equilibrium simulation 

The high-temperature phase transition and melting properties 

f the coal ashes and deposits were studied by the thermody- 

amic equilibrium approach. In particular, Factsage 7.1 with pure 

ubstance (FactPS) and FACT oxide (FToxide) database was used 

o simulate the multiphase equilibrium, proportions of liquid and 

olid phase, as well as phase transitions at temperatures ranging 

rom 800 °C to 1500 °C. The inputs of reactants were in forms 

f oxides according to the elemental content. The main gas phase 
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Fig. 5. Measured and calculated viscosities of PSD and WWD as a function of tem- 

perature. 

Table 2 

Chemical compositions of deposits sampled in the 

boiler. 

Samples WWD PSD FSD HRD 

SiO 2 32.94 47.13 27.28 19.6 

Al 2 O 3 11.52 20.31 11.28 14.59 

CaO 25.36 11.14 25.33 10.67 

Na 2 O 2.07 1.15 2.16 1.71 

Fe 2 O 3 18.16 14.27 15.83 29.79 

MgO 6.66 2.97 7.36 3.25 

SO 3 0.163 0.033 7.69 15.61 

K 2 O 0.70 0.89 0.74 1.11 

TiO 2 0.77 0.95 0.82 1.13 

MnO 0.236 0.203 0.17 0.139 

R B/A 1.17 0.44 1.31 1.32 
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Fig. 6. XRD results of the deposits collected from the boiler. 

A:CaAl 2 Si 2 O 8 (Anorthite), D:Ca(Mg,Al)(Si,Al) 2 O 6 (Diopside), He:Fe 2 O 3 (Hematite), 

Q:SiO 2 (Quartz), An:CaSO 4 (Anhydrite), N:NaAlSiO 4 (Nepheline), 

G:Ca 2 Al 2 SiO 7 (Gehlenite). 

Fig. 7. Ash fusion temperatures of raw coal ashes and deposit samples. 
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ompositions involved in the simulations, i.e., CO 2 , O 2 and H 2 O, 

ere empirically defined to be consistent with the practical pro- 

ess, which accounted for 6.0, 2.3 and 0.98 wt% of total ash, re- 

pectively. 

The particle viscosity ( μp ) of WWD and PSD was also evalu- 

ted by the Viscosity module in Factsage 7.1 and further corrected 

ia the solid fraction in the mineral system [46] . A good agree- 

ent was obtained between the calculated and the experimental 

esults, at least within the experimental temperature range above 

290 °C, implying the reliability of viscosity calculation (see Fig. 5 ). 

dditionally, the viscosity of PSD is significantly higher than that 

f WWD at a temperature higher than 1300 °C, and both increase 

harply after cooling to 1210 °C and 1165 °C, respectively. 

. Results and discussion 

.1. Physicochemical properties of deposits sampled from the boiler 

Table 2 presents the compositions of four deposit samples, and 

ig. 6 shows XRD results of the deposits. Specifically, the weight 

ercentages of Si and Al in PSD are highest and mainly in the form 

f CaAl 2 Si 2 O 8 (anorthite), as seen in Fig. 6 . The deposits down-

tream (FSD and HRD) contain fewer contents of silicon but are 

emarkably more abundant in sulfur content, which are mainly in 

he form of CaSO 4 (anhydrite), as indicated by the XRD results. 

alcium shows a significant enrichment in WWD and FSD, and 

he dominant Ca-bearing minerals are Ca(Mg,Al)(Si,Al) 2 O 6 (diop- 

ide), Ca 2 Al 2 SiO 7 (gehlenite) and CaSO 4 (anhydrite). Sodium con- 

ents in these deposits are close to Phi-coal ash, but are several 
5 
imes higher than that of Ind-coal ash, suggesting the strong slag- 

ing tendency of Na-bearing minerals. Fe 2 O 3 (hematite) is abun- 

ant in all deposits, as verified by both XRD and XRF results. The 

istinct features of these samples clearly demonstrate the decisive 

ole of temperature on the formation and deposition of mineral 

hases. In addition, the R B/A of PSD is lowest among the deposits, 

hile slagging onto the PS is much more severe than any other 

arts in the boiler. It indicates that slagging is so complex a pro- 

ess that it is difficult to be accurately described by the simple in- 

ex of R B/A . 

Figure 7 shows the ash fusion properties of coal ashes and de- 

osits. The ashes prepared from two raw coal samples are featured 

ith similar DT and FT. However, the values of ST and HT differ 

reatly because of the discrepancy in the contents of the fluxing 

lements (mainly Na and K). On the other hand, the ash fusion 

emperatures of the deposits vary a lot.The FTs of WWD and FSD 

re even lower than the DTs of PSD and HRD. It can be possibly 

xplained by the enrichment of Ca, Na and Mg in WWD and FSD 

ith a disruptive effect on the network, leading to a decrease in 

he ash fusion temperature and viscosity [47] . On the contrary, the 

nriched Si and Al in PSD act as network formers and weaken the 

usion propensity by the polymerization of Si-O tetrahedral net- 

ork [48] . 
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Fig. 8. Summary of slagging tendency of several ash samples, R B/A : basic to acidic oxides ratio [21] ; R Si/Al : silica to alumina ratio [22] ; R Si : silica ratio [49] ; A F : ash fusibility 

[49] . 

Fig. 9. SEM-EDX analyses of PSD. 
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Figure 8 summarizes the slagging tendency of coal ashes and 

eposits predicted by several existing criteria, and the results are 

uite inconsistent. For instance, the Ind-coal ash is decided as 

ighly prone to slag by R B/A and R Si because of its extremely high 

ontent of iron, as seen in Table 1 . On the contrary, low slag-

ing tendency of Phi-coal based on the ash composition is con- 

luded. However, the fusibility of Phi-coal ash tells a strong slag- 

ing propensity. These discrepancies, while pointing out the unre- 

iability of such criteria, suggests the importance of elements activ- 

ty and their heterogeneous spatial distribution regarding the slag- 

ing behaviors. It is especially important for low-rank coals rich in 

AEM. 

Figure 9 presents the SEM-EDX results of PSD. Two typical 

icro-morphologies of minerals can be clearly identified. The re- 

ractory bulky grains marked by 1# are enveloped by irregular, 

olten minerals (2#). EDX results show that 1# features a com- 

osition of Ca-Al-Si-O, while location 2# is lower in calcium con- 

ent but more abundant in sodium, implying the presence of low- 
6 
elting-point sodium aluminosilicate. Figures 9 b displays more de- 

ails of the irregular region. It is noted that Al, Fe and O are ‘con-

entrated’ on the discrete particle surface, while Na, K and Si seem 

o be more ‘dispersed’ in the detected area, as evidenced from el- 

mental mapping in Fig. 9 b. The discrepancy is believed to vary 

he melting behavior of different mineral clusters. Besides, abun- 

ant grayish rod-like Fe 2 O 3 crystals are embedded in the molten 

a/Ca-aluminosilicate, as presented in Fig. 9 c, which is in accor- 

ance with the XRD result in Fig. 6 . Overall, the microscopic anal- 

ses further provide evidence on the enhancing effect of Na on 

orming low-melting-temperature eutectics and sticky slagging lay- 

rs in coal combustion [ 12 , 50 , 51 ]. 

.2. Thermodynamic phase transition of raw coal ashes and deposits 

In this section, we performed a high-temperature thermody- 

amic equilibrium analysis for the raw coal ashes and two deposits 

ased on their elemental compositions. The solid-liquid transition 

nd the compositions of liquid phase are plotted in Fig. 10 as a 

unction of ambience temperature for PSD and WWD. The shaded 

reas in Figs. 10 a and 10 d correspond to the temperature ranges 

f PS, FS and HR zones. For PSD (left panel), the measured FT 

1384 °C) is close to the simulated liquid temperature ( ∼1350 °C), 

nd with the temperature declining to the initial liquid tempera- 

ure (1150 °C), the liquid slag solidifies dramatically. The simulated 

emperature range for PSD melting is consistent with the measured 

sh fusion temperatures, and coincides with the operating temper- 

tures of the platen superheater zone. For WWD (right panel), the 

redicted solid-liquid transition still covers the range of the mea- 

ured ash fusion temperatures. However, it is noted that at the FT 

1225 °C) of WWD, the melt fraction is only ∼50%. It can be in- 

erpreted by the much lower viscosity of WWD as compared with 

SD for above 1200 °C, as shown in Fig. 5 . 

In the solid phase of PSD, CaAl 2 Si 2 O 8 and Fe 2 O 3 are found to

recipitate when the temperature drops below the liquid temper- 

ture, and are the dominant compositions. It can be confirmed by 

he XRD result in Fig. 6 , which also validates the reliability of ther- 

odynamic equilibrium analysis to understand the slag melting. 

ubsequently, NaAlSi 3 O 8 , KAlSi 3 O 8 and magnesium silicate (the 

ain chemical form of magnesium) appear successively and fast 

olidify at temperatures below 1200 °C. When the liquid phase 

isappears, the composition changes little with temperature. No- 

ably, in the initial melting stage, the major elements are Si, Al, K 

nd Na, indicating the fusibility of Na/K- aluminosilicate, as plot- 

ed in Fig. 10 c. For WWD, Ca, Mg and Fe silicate or aluminosili-

ate are the dominant minerals in the range between 1300 °C and 

145 °C. Since then, NaAlSi 3 O 8 and KAlSi 3 O 8 crystallize quickly un- 

il 1100 °C, as shown in Fig. 10 d. 
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Fig. 10. Thermodynamic equilibrium of mineral evolution, mineral phase transition and mass fraction of main elements in the liquid phase for PSD (a-c) and WWD (d-f) 

under different temperatures. 
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Since the sampled deposits result from the co-combustion of 

hi-coal and Ind-coal, we further simulated the melting charac- 

eristics of raw coal ashes. As shown in Figs. 11a-11c , the liquid 

emperature of Phi-coal ash is higher than 1400 °C due to the 

resence of mullite. When the temperature drops below 1280 °C, 

aAl 2 Si 2 O 8 , Al 4 Mg 2 Si 5 O 8 and Fe 2 O 3 start to precipitate and reach

onstant contents rapidly. Meanwhile, NaAlSi 3 O 8 and KAlSi 3 O 8 

ontents increase progressively until 1015 °C (the initial liquid tem- 

erature). It is also manifested by the elemental compositions of 

he liquid slag in Fig. 11 c, where Si, Al, Fe and Ca dominate at high

emperatures above 1300 °C, while Na and K are the main basic 

pecies in the liquid slag from the initial melting stage to 1200 °C. 

y contrast, as depicted in Figs. 11d-11f , the initial liquid temper- 

ture (1170 °C) and liquid temperature (1480 °C) of Ind-coal ash 

re higher than those of Phi-coal ash. CaAl 2 Si 2 O 8 and Fe 2 O 3 are

he main mineral phases. A small quantity of Na/K- aluminosilicate 

tarts to precipitate at 1360 °C and stabilizes as the temperature 

oes down to 1170 °C. 

Recall the serious slagging on the panel superheater after co- 

ring the two coals. The deposit PSD consists mainly of CaAl 2 Si 2 O 8 
7 
nd Fe 2 O 3 (see Figs. 6 , 10 a and 10 b), which is close to the Ind-coal

esults. It is no surprising because the blending ratio of Ind-coal 

84.8 wt%) dominates. However, the excessive accumulation of PSD 

ust be attributed to the greater melt fraction of Phi-coal ash. It 

an be deduced that Na and K compounds in Phi-coal ash, taking 

30 wt% of the total ash, contribute remarkably to the ash sticking 

ropensity. Even worse, they are expected to strengthen the inner 

eposit/slag structure by the ‘glue’ effect [52] , as verified by the 

EM observation in Fig. 8 . 

Besides, it is noted CaSO 4 is formed by the both coal ashes at 

elatively low temperatures ( < 1050 °C), well explaining the accu- 

ulation of CaSO 4 in the FS and HR parts (see Fig. 6 ). 

Figure 12 further compares the calculated melt fractions of raw 

oal ashes, PSD and WWD as a function of temperature. Report- 

dly, the reducing atmosphere facilitates the ash melting propen- 

ity by affecting the variable-valence iron species [40] , but those 

ron-bearing silicates formed under reducing environment (e.g., 

livine) are not identified in PSD, implying an oxidizing atmo- 

phere in the PS region. The melt fraction of PSD largely lies be- 

ween those of Phi-coal and Ind-coal ashes. In particular, the Phi- 
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Fig. 11. Thermodynamic equilibrium of mineral evolution, mineral phase transition and mass fraction of main elements in the liquid phase for Phi-coal ash (a-c) and Ind-coal 

ash (d-f) under different temperatures. 
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oal ash with high contents of Na and K melts at relatively low 

emperature and the melt fraction increases to 40 wt% at 1150 °C, 

t which PSD starts to melt. The sharp rise of the PSD melt fraction

rom 1150 °C to 1200 °C is attributed to the melting of feldspar 

CaAl 2 Si 2 O 8 , NaAlSi 3 O 8 and KAlSi 3 O 8 ) and Ca/Mg-silicates accord- 

ng to the thermodynamic calculation. The melting temperature of 

WD is also lower than that of PSD because of the high pro- 

ortion of AAEM. To summarize, the liquid phase is initiated by 

he fusion of low-melting-point Na/K-aluminosilicate, especially in 

hi-coal ash. In contrast, Ca- and Fe-bearing minerals have higher 

elting temperatures. It well illustrates the discrepancies of differ- 

nt elements in promoting mineral melting. 

.3. Mechanistic studies on the sticking probability & AAEM 

ontributions to slagging 

To accurately evaluate the ash slagging propensity at differ- 

nt temperatures, we performed mechanistic experiments in the 

emperature-controlled flat-flame system. Details of the experi- 
8 
ents are described in Section 2.3 . Figure 13 shows the measured 

ticking probability of the pulverized chemically-stable PSD and 

WD. It is revealed that the sticking probability of PSD increases 

onotonously from 1200 °C to 1330 °C. Then the near-unity stick- 

ng probability above 1330 °C explains the severe slagging onto the 

laten superheater surface. Comparatively, the fusible WWD slag- 

ing occurs at lower a temperature (1080 °C) and quickly reaches 

he peak at ∼1210 °C. The videos filmed by high-speed camera in 

he supplementary material reveal more clearly the dynamic pro- 

ess of WWD particle impacting the probe. As shown Video 1# , 

lmost all the impacting particles rebound at the room tempera- 

ure. Whereas, the particles in Video 2# are partly captured by the 

robe with elevated particle temperatures around 1020 °C. When 

he particle temperature rises to 1230 °C or higher ( Videos 3# and 

# ), all impacting particles are found to stick and flatten on the 

robe surface. 

Also shown in Fig. 13 are some model predictions, and it seems 

one of the existing models are fully consistent with the profiles of 

oth samples. For the viscosity-based model [26] , we use different 
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Fig. 12. Melt fraction of raw coal ashes, PSD and WWD as a function of tempera- 

ture. 
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Fig. 14. Measured and predicted sticking probability of PSD and WWD as a function 

of melt fraction. The nonlinear model is the newly proposed Eq. (7) . The linear melt 

fraction model [30] and kinetic energy-melt fraction model [33] are single-variable 

functions of the particle melt fraction and thus sample independent. 
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alues of reference viscosity μref to fit the experimental results. It 

urns out that the PSD result can be well fitted by μref = 500 Pa • s,

ut no μref can fit the WWD data satisfactorily. Indeed, the value 

f μref is not knowable a priori , and considering the failure for 

he WWD, the viscosity model predictions have presented defects, 

t least in our cases [29] . As an alternative, the linear melt frac-

ion model overestimates the sticking probability of PSD between 

150 °C and 1300 °C, while distinctly underestimating the sticking 

ropensity of WWD [30] . For the recently revised model that incor- 

orates both particle kinetic energy and melt fraction [33] , its pre- 

ictions for both samples grow more slowly with increasing tem- 

eratures, as presented in Fig. 13 . 

Based on our experiments, we propose a nonlinear S-shaped, 

elt fraction ( f )-based model for ash sticking probability, as shown 

n Fig. 14 . It is quite reasonable when considering that the 

elt fraction from the thermodynamic equilibrium simulation has 

een validated by experiments in many aspects, as detailed in 

ection 3.2 . Such a strategy was also adopted in the literature [ 29 ,

3 ]. The sticking probability is formulated as: 

stick = ηmax 
stick −

(
ηmax 

stick − ηmin 
stick 

)
· exp 

[
−( λ f ) 

α
]
. (7) 
ig. 13. Measured and predicted sticking probability of PSD (a) and WWD (b) as a fun

aximum average value obtained in each case. For model predictions, the linear melt fra

raction ranging from 10% to 70% [30] ; the reference viscosity model determines the stickin

odel assumes the sticking probability to be zero if μp > μcrit , otherwise it is one [31] ; i

orrelation of the particle melt fraction, in which the excess energy ratio is considered [3

9 
Here ηmax 
stick 

is the upper limit of the sticking probability (set as 

) and ηmin 
stick 

is the minimum value of the sticking probability taken 

t f = 0. The current model makes a compromise by introducing 

and α as sample-dependent, dimensionless constants. For PSD, 

he parameters are regressed as λ = 1.4 and α = 5.5, while for 

WD, λ = 3.5 and α = 3.1. Clearly, it is seen from Fig. 14 that the

ew nonlinear correlation yields a more accurate sticking probabil- 

ty than the existing models. But we shall remark that the formula 

equires validation against more experimental data in future work. 

We then elaborate the contribution of AAEM and Fe species on 

lagging. Figure 15 a compares the predicted sticking probability of 

SD, WWD and the raw coal ashes by the newly proposed Eq. (7) .

urthermore, the contents of AAEM and Fe in the four samples are 

isplayed in Fig. 15 b. Whichever model parameters are used, Phi- 

oal ash features a higher sticking probability than Ind-coal ash. 

his is a direct consequence of the greater melt fraction, as shown 

n Fig. 12 . Thus, we may speculate that the severe slagging on the 

laten superheater surface is mainly ascribed to Phi-coal ash. By 
ction of temperature. The experimental sticking probability is normalized by the 

ction model defines a linear increase of sticking probability with the particle melt 

g probability by μref / μp if μp > μref , otherwise, it is one [26] ; the critical viscosity 

n the kinetic energy-melt fraction model, the sticking probability is an exponential 

2] . 
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Fig. 15. (a) Sticking probability of two slag samples and raw coal ashes predicted by Eq. (7) ; solid line: PSD parameters; dashed line: WWD parameters; (b) contents of 

AAEM and Fe in the coal ash and slag samples. 
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omparing the contents of Na + K , Ca + Mg, and Fe in Phi-coal ash

nd Ind-coal ash, it is found that the ash sticking propensity is well 

orrelated with the amount of Na + K , regardless of Ca + Mg and Fe

ontents. It highlights the leading role of alkali metals in slagging. 

n contrast, Ind-coal has the highest Fe content but the least stick- 

ng propensity at the investigated temperature range. Bearing in 

ind that Fe mainly exists as discrete Fe 2 O 3 (hematite), as exhib- 

ted in Figs. 6 and 8 , it implies Fe is less effective than AAEM (Na/K

nd Ca/Mg) in forming slagging in the low-rank coal-fired boiler. 

ence, the higher quantity of Na/K and Ca/Mg in WWD results in 

n even stronger sticking propensity than PSD. 

. Conclusions 

This work comprehensively investigated the slagging mecha- 

ism of low-rank coal combustion. Deposits collected from a 660 

W wall-fired boiler were thoroughly characterized for composi- 

ions and phase transition at high temperatures. The sticking prob- 

bility of chemically-stable slag particles was measured in a well- 

esigned temperature-controlled flat-flame system. The main con- 

lusions are drawn as below: 

(1) For the first time, a flat-flame system under well-controlled 

conditions is developed for accurately quantifying the 

sticking probability of sampled pulverized deposits with 

thermally-stable compositions form the practical boiler. It 

also facilitates close optical observations of the dynamic 

slagging process. Few existing models can fully reproduce 

our measurements. A nonlinear formula is then proposed to 

correlate the sticking probability with the melt fraction of 

ash particles under high temperatures with sample-specific 

parameters. 

(2) Severe slagging takes place on the platen superheater sur- 

face in the investigated boiler cofiring the blends of two low 

rank coals (Phi-coal: Ind-coal = 15.2 wt%: 84.8 wt%). The 

compositions of fully-sintered deposit (PSD), including re- 

fractory anorthite (CaAl 2 Si 2 O 8 ), hematite (Fe 2 O 3 ), are largely 

determined by the dominant Ind-coal ash. However, the ex- 

cessive accumulation of PSD can only be attributed to the 

much stickier Phi-coal ash rich in low-melting-point Na- 

aluminosilicates. 

(3) Incorporating the sticking probability quantification and the 

elaborated sample characterization, we reveal a positive cor- 

relation of the ash sticking probability with the sodium con- 
10 
tent of the samples, almost regardless of the contents of al- 

kaline earth metals and iron. It highlights the leading role 

alkali metals play in slagging. In contrast, iron exists as dis- 

crete hematite (Fe 2 O 3 ) in the slag and is less effective in slag 

formation than AAEM. 
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