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The most important thermophysical property for heat transfer through the ash 

deposits, accumulated at the waterwalls of the pulverized coal-fired furnaces, is the 

effective thermal conductivity. It affects the values of the wall variables: heat flux, 

temperature, and emissivity, and furnace temperature. In numerical simulations, the 

values of the effective thermal conductivity are used in combination with the ash 

deposit thicknesses. The objective of this investigation was to find the combined 

effects of the effective thermal conductivity and deposit thicknesses on the results of 

numerical simulations. Three curves were formed on the basis of the data available 

in literature. For every curve, three thicknesses of the non-uniform ash deposits 

were determined on the basis of the base normal distribution. The thickness of every 

surface zone was determined as a product of the number obtained from the diagram 

which shows dependence of the mean wall flux versus uniform thickness and 

corresponding thickness of the base distribution. The wall variables and flame 

temperatures were compared for the three values of the mean wall fluxes. The 

results showed that type of the curve did not influence the mean values of the wall 

variables and flame temperatures. The curves influenced the distribution of the wall 

variables very little. The maximal mean relative difference was obtained for the wall 

flux and it was less than 2%. The results indicates that the level of slagging can be 

defined by the ratio of the mean wall fluxes of the clean and wall covered by the ash 

deposit. 

Key words: Numerical simulation, pulverized coal, furnace, waterwall, effective 

thermal conductivity, wall variables, ash deposit thickness, wall flux. 

1. Introduction 

During the combustion of pulverized coal inside a furnace, the coal mineral matter transforms 

into submicron and agglomerated ash particles of size 0.1-1 μm, and fly ash particles of size 1-20 μm. 

The ash particles are deposited on the furnace walls. The ash deposits are formed by several 

mechanisms: vapor and particle diffusion, thermophoretic and electrophoretic deposition, and inertial 

impaction [1]. Sarofim and Helble [2] estimated the deposition rates of the mechanisms (for one 

specific coal), and obtained 1.0*10-7, 4.0*10-7, and 1.8*10-4 g cm-2 s-1 for vapor condensation, 
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thermophoresis, and inertial impaction, respectively. The inertial impaction was the most important 

deposition mechanism for the pulverized coal ash deposition.  

The ash deposits make the additional resistance to the heat transfer through the wall. It increases 

the temperature of the wall which in turn increases the loss of energy by radiation and reduces the heat 

absorbed from the flame. The emissivity of the deposits decreases with the increase in temperature and 

reduces the heat absorption. In this way, it also reduces the radiative loss by emission from the surface. 

The deposits are porous material, composed of the particles of various sizes and voids between them. 

As the heat transfer through the ash deposit consists of heat conduction and radiation, the transport 

property responsible for heat transfer is the effective thermal conductivity (ETC). Various values of 

the ETC can be found in literature. In numerical simulations, values of the ETC are connected with the 

ash deposit thicknesses. Bigger values of the ETC allows bigger thicknesses. This paper describes the 

combined effects of the adopted ETC of the ash deposits and ash deposit thickness on the results of 

numerical investigations.  

The ETC of coal ash deposits and similar granular materials was investigated during the several 

past decades. Prasolov and Vainshenker [3] obtained ETCs for a number of coal ashes samples 0.046-

0.256 W m-1 K-1 at temperature 333 K. Golovin [4] obtained ETCs for the anthracite ash samples the 

interval 0.012-0.023 W m-1 K-1, at temperature interval 923-1173 K. Abryutin and Karasina [5] 

obtained the ETCs of Nazarovo subbituminous coal ash in the interval 0.093-0.140 W m-1 K-1 at 500 K 

and 0.128-0.174 W m-1 K-1 at 1000 K. Boow and Goard [6] measured the ETCs of ash deposits 

collected from the furnace walls, primary superheater, electrostatic dust, and one sample was 

laboratory ash, in temperature interval from 670 to above 1373 K. At the low temperature range, from 

673 to 1173 K, the ETCs of each sample slowly increased with temperature. Their values were from 

0.062 to 0.251 W m-1 K-1 (at 873 K). At the medium temperature interval, 1173-1373 K, an increase of 

ETC with temperature became steeper. At the high temperature interval, above 1373 K, the 

dependence of the ETC on temperature became steeper than at the medium temperature interval. At 

1573 K, every sample was completely fused and the ETC of every sample was 1.88 W m-1 K-1. Upon 

cooling, the ETC was bigger than that during the heating, because the physical condition of the ash 

sample was changed. It was found that the ETC increased with the increase in the particle size. 

Anderson et al. [7] obtained the same shape of the curve, but different boundaries of the temperature 

ranges. The temperature boundary of the medium interval was extended from 1273 to 1473 K, and the 

maximal temperature was 1723 K. The maximal value of the ETC was 2.8 W m-1 K-1 at 1723 K 

(heating cycle). The reason was found in different size of particles: in their experiment it was from 420 

to 715 μm, while in the investigation of Boow and Goard [6] it was 200 μm. The values of the ETC in 

the low temperature interval were the same as those obtained by Boow and Goard. Rezaei et al. [8] 

measured the ETCs of four coal ash samples and two synthetic ash samples. They found an increase of 

the ETC with the increase in porosity and particle diameter. In comparison with the previous described 

results, they obtained bigger values of the ETCs. In the low temperature interval, from 573 to 873 K, 

the ETC was 0.5 W m-1 K-1. The medium temperature interval was from 873 to 1073 K, and the 

maximal value of the ETC was about 1 W m-1 K-1. Cundick et al. [9] defined the ETC for the 

particulate, sintered, and fused deposit layers for their study of heat transfer through the ash deposit 

layer. For the particulate deposit (low temperature interval, below 1000 K) it was 0.5 W m-1 K-1, for 

the sintered deposit (medium temperature interval, from 1000 to 1600 K) it was 1.0 W m-1 K-1, and for 

fused deposit (high temperature interval, above 1600 K) it was 5 W m-1 K-1. Robinson et al. [10-13] 
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measured the ETC of samples obtained from co-firing of coal and wheat straw and samples of coal 

ash. For the 50-50% fuel blend, the ETC changed from 0.1 to 0.15 W m-1 K-1, for the average deposit 

temperature of 748 K [10, 13]. For the pure coal combustion and for the same average deposit 

temperature, the ETC changed from 0.12 to 0.14 W m-1 K-1 [10, 13]. For the loose deposits of the fuel 

blends (65% coal, 35% wheat straw), the ETC was 0.14 W m-1 K-1 for average temperature interval of 

the deposit of 723 K [11, 12]. For the same sample and average temperature of 923 K (sintered 

deposit), the ETC was 0.31 W m-1 K-1 [11]. For the coal ash sample, the ETC was between 0.12 and 

0.14 W m-1 K-1 for the low temperature interval. Richards et al. [14] numerically determined the 

deposit growth and its thermal properties from experimental data. They examined the deposit growth 

in the axisymmetric pilot scale reactor and found that ETC increased from 0.25 to 0.45 W m-1 K-1 as 

the surface deposit temperature increased from 600 to 1500 K. In addition, investigations revealed an 

increase of the ETC with the decrease in porosity [8, 15] and increase in particle diameter [6-8]. Coal 

ash composition is expressed in content of oxides of alkali and alkaline earth metals, with oxides of 

aluminum, silicon, iron, and titanium. Their thermal conductivities (of the compact material) are 

bigger than ETC of the ash samples and decrease with the increase in temperature from 300 to 1700 K 

[16]. Although the ETC increases with the increase in ash density and in content of iron oxides [6, 17], 

the chemical composition has small and indirect influence on the ETC [8, 15]. Some important and 

interesting aspects of the heat transfer through the porous bed can be found in [18, 19]. 

The average temperature of the sample represents its physical condition. In the low temperature 

range, deposit is in the particulate state and the ETC is in the interval 0.2-0.4 W m-1 K-1. In the 

medium temperature range, the deposit is in the sintered state, while in the high temperature range the 

deposit is in the fused state. The diagram which shows the dependence of the ETC on temperature is a 

continuous curve. The highest value of the ETC is in the range 2-5 W m-1 K-1. The values of the ETC 

directly affect the wall variables: wall flux, emissivity, and temperature. The bigger the values of the 

ETC, the smaller the wall temperature and bigger the wall flux for the same deposit thickness. The 

objective of this investigation was to find the difference of the results of a numerical investigation like 

wall variables and flame temperatures in the whole furnace and in the furnace exit plane, obtained for 

various combined values of the ETC and ash deposit thicknesses. The combined values should provide 

the same values of the mean wall fluxes, i. e. for the same level of the heat exchange in the furnace. 

The plan of the investigation was to compare the means of the wall variables and their distributions 

over the furnace walls for three curves which depict the dependence of the ETC on temperature. For 

the flame temperatures, means of the whole furnace and at the furnace exit plane would be determined. 

The first curve, curve A, is the one obtained by Boow and Goard [6] (the sample with the silica ratio 

62). Its ETC was Kef,A. For the second curve, curve B, it was Kef,B = Kef,A + 0.1 W m-1 K-1, and for the 

third curve, curve C, it was Kef,C = Kef,A + 0.2 W m-1 K-1. For example, at 873 K the ETC for the curve 

A is 0.251 W m-1 K-1, for the curve B it is 0.351 W m-1 K-1, and for the curve C it is 0.451 W m-1 K-1. 

The investigation included the numerical simulations for uniform and non-uniform ash deposits. The 

investigation was expected to describe the importance of the selection of the ETC for the results of 

numerical investigations. 

Figure 1 shows the values of the considered ETCs for curves A-C. In the low temperature range, 

when deposit is in the particulate state, the ETC of curve C is almost twice that of curve A. As the 

conductive heat transfer in nonmetallic solids is a consequence of the lattice vibrations and in gases by 

the molecule collisions [20, 21], and as the radiative emission is zero at 0 K, the ETC should be 0 W 
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m-1 K-1 at the temperature of 0 K. Strictly, that condition is satisfied only for curve A. For curves B 

and C, we can assume that approximations of the ETCs are acceptable in the considered temperature 

interval. 

 

 

Figure 1. The effective thermal conductivities 

 

The furnace of 210 MW monobloc thermal unit was selected (A2 TENT, located in Obrenovac, 

Serbia) in the investigation. The furnace is tangentially fired by Kolubara lignite and equipped with six 

jet burners (four tiers each), five of which are in operation. The furnace is 40 m high, 15.5 m wide, and 

13.5 m deep. In the following text, mathematical model of the process inside the furnace, results and 

conclusions are described. 

2. Mathematical model and method of the analysis 

Mathematical model of the process inside the furnace described turbulent two-phase chemically 

reactive flow with radiative heat exchange. The model based on the time-averaged physical quantities 

was described 22. The main features are briefly mentioned here. The gas phase is described by the 

time-averaged differential equations in the Eulerian reference frame, whereas the dispersed phase is 

described by the differential equations of the motion and change of mass and energy in Lagrangian 

reference frame. Heterogeneous reactions of coal combustion are modeled in the kinetic-diffusion 

regime. The zonal model of thermal radiation was applied through the CCTEA method 23. The 

system of equations was closed by the k- model of turbulence. The thermophysical properties of the 

gas-phase were determined from the equation of state, tabulated values, and empirical relations. The 

system of equation was solved by the finite-difference method, while the discretization and 

linearization of the gas-phase equations were achieved by the control volume method and hybrid 

differencing scheme. Stability of the iterative calculation was provided by the under-relaxation 

method.  

The ETC of the ash deposit was described by the equation: 

 

Kef,i(T) =  aj

7

j=1

(
T

1000
)j + a0,i 

 

(1) 
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where the coefficient a0,i equals 0 (curve A), 0.1 (curve B), and 0.2 W m-1 K-1 (curve C). The 

coefficients aj were given in 24. As the only difference in the mathematical model is the value of the 

coefficient a0,i, the investigation actually shows the impact of that coefficient on the results of 

numerical investigation. 

Figure 2 shows impact of the ETC and deposit thickness on the radiative heat exchange between 

the flame and waterwalls. For the same thickness, the smallest heat exchange is obtained for curve A, 

then for curves B and C. Similarly, for the same heat exchange, the smallest deposit thickness is for 

curve A, followed by curves B and C. Curve B is approximately in the middle between curves A and 

C, so that the position of any curve between them (or for the coefficient 0 ≤ a0,i ≤ 0.2) can be assumed. 

For the infinite ETC, the corresponding curve in Fig. 2 would be a horizontal line. 

 
Figure 2. The mean wall flux for uniform deposit thicknesses 

 

Three values of qw,m were selected: 40, 55, and 70 kW m-2, and for each curve in the diagram, 

the thicknesses of the uniform ash deposit were found from the intersection of the horizontal lines with 

the corresponding curves. The parameters of the normal distributions of the ash deposit thicknesses 

were given in Tab. 1 which also shows the designation of the variables. For example, the string A55 

means that the result was obtained for the normal distribution N(1.412;0.424). 

 

Table 1. The parameters of the normal distributions of the ash deposit thickness in (mm), μ;σ 

 qw,m (kW m-2) 

Curve 40 55 70 

A 3.234;0.973 1.412;0.424 0.463;0.139 
B 4.588;1.376 2.093;0.628 0.697;0.209 
C 5.938;1.781 2.765;0.830 0.942;0.283 

 

The non-uniform ash deposits were formed as normal distributions, as it was described that the 

radiative heat exchange for the normal distribution was close to that of the uniform thickness, when 

the mean value of the distribution is equal to the thickness of the uniform ash deposit 25. Figure 2 
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shows the mean wall fluxes obtained for the selected ETCs for the uniform ash deposit thicknesses. 

That thicknesses are actually the values of the means of the normal distributions. The thicknesses of 

the normal distributions were obtained as a product of the thicknesses obtained as the intersection of 

the wall flux curves with horizontal lines with the corresponding thickness of the base distribution 

N(1.0;0.30), as shown in Fig. 2. In that way the normal distributions were formed, with μ = ldμb and σ 

= ldσb, where μb = 1 and σb = 0.3 are the mean and standard deviation of the base distribution, 

respectively. The variation coefficient, defined as the ratio σ/μ, was kept constant for all distributions. 

The base distribution was formed by the subroutines given in 26. 
Mean values of the wall variables were determined by formula (2): 

 

ηm = 
∑ ηii

Nsw
 

(2) 

 

where Nsw designates the total number of surface zones that are solid wall and η designate the 

variable. The mean flame temperatures were also determined by formula (2), with the exception that 

the total number of surface zones was replaced by the total number of control volumes Ncv. The mean 

temperatures in the furnace exit plane were determined in the same way, taking into account that Ncv 

designates the total number of control volumes in the furnace exit plane.  

The relative difference in the distribution of the wall variables over the furnace walls were 

determined by formula (3): 

 

δη,cr,mf,i = 
ቚηcr,mf,i - ηA,mf,iቚ

ηA,mf,i

∗ 100 
(3) 

 

where cr stands for curves B or C and mf stands for the mean flux. The means of the relative 

differences were obtained by formula (2). 

3. Results and discussion 

The mean flame temperature Tf,m in the whole furnace and mean flame temperature in the 

furnace exit plane Tfe,m are given in Tab. 2. For the mean wall fluxes of 40 and 55 kW m-2, the mean 

temperatures in the furnace exit plane are bigger than mean temperatures in the furnace, whereas for 

70 kW m-2 they are almost the same. The increase of the temperature in the furnace exit plane is 

obtained for an increase in the ash deposit thickness. For the same absorbed flux, the increase in 

deposit thickness increases the wall temperature, which then in turn increases emission from the 

surface and decreases the (net) wall flux. The flame temperature and relative differences for curve A 

were shown in Fig. 3a-c. The flame temperature is the highest at the area of intensive combustion, in 

the vicinity of burners. The furnace aerodynamics and radiation keep the high-temperature area far 

from the furnace walls. The temperature drops toward the furnace exit because of the radiative heat 

exchange with waterwalls. The relative differences are small, and the biggest values are obtained in 

the hopper bottom and in the vicinity of burners. 
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Table 2. The flame temperature means Tf,m (K) (left) in the whole furnace and the flame temperature 

means in the furnace exit plane temperature Tfe,m (K) (right) 

 qw,m (kW m-2)  qw,m (kW m-2) 

Curve 40 55 70  40 55 70 

A 1413.3 1362.0 1316.3  1459.1 1386.6 1314.9 

B 1411.2 1361.3 1315.1  1458.1 1386.6 1313.4 

C 1410.2 1360.8 1315.1  1458.1 1386.4 1313.2 

 

The results given in Tab. 2 show that for each curve of the ETC and the same value of the 

exchanged heat similar mean flame temperatures were obtained, which is in accordance with the heat 

balance. For the mean wall flux of 70 kW m-2, the mean temperature in the furnace outlet are the same 

as the mean temperatures in the furnace. As the mean wall flux decrease, both mean flame 

temperatures increase, with the difference that the mean flame temperature in the furnace exit is bigger 

than the mean temperature in the furnace. That is a consequence of the increased radiation from the 

walls, which are hotter and hotter for the increase in the wall thickness. 

   

Figure 3. The flame temperature: (a) the value for Tf,A70; (b) the relative difference δTf,B70; (c) the relative 
difference δTf,C70 

 

The mean values of the wall emissivities and wall temperatures are given in Tab. 3. From these 

results, it is evident that each curve of the ETC produces similar mean values of the wall variables for 

the same value of the mean wall flux. As already obtained, mean wall emissivity decrease and mean 

wall temperature increase with the increase in the ash deposit thickness. 

 

Table 3. The mean wall emissivities ϵw (-) (left) and wall temperatures Tw (K) (right) 

 qw,m (kW m-2)  qw,m (kW m-2) 

Curve 40 55 70  40 55 70 

A 0.642 0.706 0.797  1175.9 1005.2 813.9 

B 0.645 0.707 0.799  1171.9 1003.1 807.8 

C 0.647 0.708 0.700  1169.7 1001.5 806.5 
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The means of the relative differences of the wall variables are given in Tab. 4. It is obvious that 

the relative differences increase when curve A is replaced by curves B or C, or it can be said that the 
relative difference increase with the increase in the value of the coefficient a0,i. The relative 

differences are small, and the maximal mean relative difference obtained for the wall flux is less than 

2%.  

 

Table 4. The mean relative differences δm (%) of the wall emissivity (left), wall temperature (middle), and 

wall flux (right) 

 

Curve 

qw,m (kW m-2)  qw,m (kW m-2)  qw,m (kW m-2) 

40 55 70  40 55 70  40 55 70 

B 0.426 0.268 0.228  0.470 0.446 0.773  1.202 0.860 0.456 

C 0.676 0.416 0.273  0.737 0.696 0.959  1.829 1.288 0.628 

 

The distribution and relative differences of the wall fluxes, emissivities and temperatures over 

the front wall are given in Figs. 4-6. The biggest values of the wall fluxes and temperatures are 

obtained in the vicinity of burners, as expected, because of the vicinity of highest flame temperatures 

and intense emission of radiative energy. At the same area, the wall emissivities are the smallest, 

because of their dependence on temperature. For the same reason, the wall temperatures are the 

highest at that area. Although the considerable decrease of the wall flux from 70 to 40 kW m-2, the ash 

deposit remains in the particulate state. Small differences of the wall fluxes obtained for each value of 

the total exchanged heat are clear. It is evident that the relative differences for curve B are smaller than 

for curve C, for all wall variables. 

   
Figure 4. The wall flux, front wall: (a) the value for qw,A70 (kW m-2); (b) the relative difference δqw,B70; (c) 

the relative difference δqw,C70 
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Figure 5. The wall emissivity, front wall: (a) the value for ϵw,A70 (-); (b), the relative difference δϵw,B70; (c) 

the relative difference δϵw,C70 

 

   
Figure 6. The wall temperature, front wall: (a) the value for Tw,A70, (K); (b) the relative difference δTw,B70,; 

(c) the relative difference δTw,C70 

 

The thicknesses of the uniform deposits are actually means of the normal distributions given in 

Tab. 1. The relative differences of the wall variables are given in Tab. 5. As for the non-uniform 

deposits, the relative differences are small. The maximal mean relative difference is less than 2%. The 

relation between the means of the flame temperatures and wall variables are expected to be the same 

as for the non-uniform ash deposits. 

 

Table 5. The mean relative differences δm (%) of the wall emissivity (left), wall temperature (middle), and 
wall flux (right), for the uniform deposits 

 

Curve 

qw,m (kW m-2)  qw,m (kW m-2)  qw,m (kW m-2) 

40 55 70  40 55 70  40 55 70 

B 0.427 0.269 0.240  0.423 0.431 0.788  1.147 0.778 0.456 

C 0.683 0.406 0.290  0.664 0.662 0.975  1.756 1.181 0.619 
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The investigation shows that for the uniform thickness of the ash deposit, the level of slagging is 

defined by the ratio qw,m/qw,m0, where qw,m0 = 76.82 kW m-2 is the mean wall flux for the clean wall, as 

previously assumed 27. Whenever that ratio is the same, the results of numerical simulation of the 

investigated furnace are similar, for the uniform deposits. When the objective of the investigation is to 

find the variables for different levels of slagging, any ETC value can be used. The uniform ash deposit 

layer has only theoretical significance. For the non-uniform ash deposit, the results of numerical 

simulation are similar for the same ratio qw,m/qw,m0 and if the ratio of the thicknesses for every pair of 

the surface zones is constant. These conditions also show when the results of numerical simulations do 

not depend on the ETC value (or coefficient a0,i). When the objective of the investigation is to find the 

heat exchange for a particular boiler, the exact ETC value is important. 

The influence of the shape of the functional dependence of ETC on temperature was not 

investigated. It is believed that the conclusions would be the same for any other shape of the ETC 

curve. 

4. Conclusions 

The combined influence of the deposit thickness and the ETC on temperature was examined in 

the paper. Three curves were formed on the basis of the available data in literature. The distribution of 

the ash deposit thicknesses were formed from the adopted base normal distribution, N(1.0;0.3). For 

every type of the ETC curve, three distributions of the deposit thicknesses were formed. For all 

distributions formed, the variation coefficient was kept constant. 

For the same mean wall flux, the means of the flame temperature and means of the temperature 

at the furnace exit are approximately the same, in accordance with the heat exchange in the furnace. 

Also, for the same mean wall fluxes, the means of the wall variables are similar. On the other hand, 

there is a small difference in the distribution of the wall variables when different ETC values are used. 

The maximal mean relative difference was obtained for the wall fluxes and it was less than 2%. 

The investigation shows that the level of slagging could be defined by the ratio qw,m/qw,m0, where 

qw,m0 (kW m-2) is the mean wall flux for the clean wall. For the uniform thickness of the ash deposit, 

the results of numerical simulations are similar for the same ratio qw,m/qw,m0, regardless of the ETC 

values (or coefficient a0,i). For the non-uniform thicknesses, the results of numerical simulations are 

similar for the same ratio qw,m/qw,m0 and for the same ratio of the thicknesses of the corresponding pairs 

of the surface zones. These conditions show when the results of the numerical simulation do not 

depend on the ETC values. 

When the objective of the investigation is to find the variables for different levels of slagging, 

any ETC value can be used. The accurate ETC values are important when the goal of the 

investigations is to find the radiative heat exchange for a particular boiler. For example, if it is found 

that the thickness of the uniform (or non-uniform equivalent) ash deposit is around 5 mm, then curve 

A cannot be used. 

In the future work, efforts will be made to determine the ETC values by calculation, taking into 

consideration the particle size smaller than those used in experimental investigations. 
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Nomenclature 

a  coefficient 

k  turbulent kinetic energy [m2 s-2] 

Kef  effective thermal conductivity (W m-1 K-1) 

ld  deposit thickness (mm) 

N  number 

N(;)  normal distribution 

q  flux (W m-2) 

T  temperature (K) 

 

Greek symbols 

 

ϵ  emissivity (-) 

  turbulent energy dissipation rate [m2 s-3] 

η  variable 

μ  mean (mm) 

σ  standard deviation (mm) 

δ  difference (%) 

 

Subscripts 

 

b  base 

cv  control volume 

cr  curve 

f  furnace 

fe  furnace exit plane 

m  mean 

mf  mean flux 

m,0  mean for clean wall 

sw  solid wall 

w  wall 

 

Abbreviations 

 

ETC  effective thermal conductivity 
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