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Abstract: This paper describes the recent attempts to apply the zonal model of thermal
radiation in numerical simulations of pulverized coal-fired furnaces. Three methods are
described: temporary correction of the total exchange areas (TCTEA), repeated run of the
numerical simulation (RRNS), and current correction of the total exchange areas (CCTEA).
The TCTEA and RRNS methods are based on successive runs of the numerical simulation.
The CCTEA method is proof that the zonal model can be used in numerical simulations
by the correction of the total exchange areas on the basis of current and initialized surface
zone emissivity.
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1. Introduction

The process inside pulverized coal-fired furnaces of utility scale boilers is known as
a two-phase (gas—particle) turbulent process with chemical reactions and radiative heat
exchange. Numerical simulations of such processes are often applied to find the rates of
formation and destruction of polluting species (NOx, SOx) [1-3] and heat transfer between
the flame and surrounding walls [4-6]. Numerical simulations provide detailed insights
into the processes inside the furnace through the values of physical quantities like velocities,
temperatures, combustion, species concentrations, heat flux over the waterwalls, and so on.

Numerical simulations are based on the solution of partial differential equations,
which describe processes in the furnace. In the k-¢ turbulence model, a time-averaged
transport equation of physical quantities is used with the Boussinesq formulation of the
relation between Reynolds stresses and mean rates of deformation [7]. A closed form-
solution is not possible, and the only possible way is a numerical solution through the
iterative procedure of calculation. As the equations are of an elliptic type, every variable
is assigned an initial value (at every control volume) at the beginning of the calculation.
The variables of the gas phase are solved in the Eulerian frame of reference, while the solid
particle phase is solved in the Lagrangian frame of reference.

The numerical solution begins with the adoption of the numerical grid, i.e. the division
of the furnace volume into a great number of control volumes and of the furnace walls into
surface zones, where the surface zone is actually a boundary surface between the control
volume adjacent to the wall and the wall itself. The values of the physical quantities are
calculated for the nodes of the control volumes. Differential equations are discretized and
linearized, and are solved as a set of linear equations. In this way, the physical quantities of
the gas phase (velocity, temperature, species concentration, particle concentration, radiative
intensity or flux, turbulent kinetic energy, and decay of the turbulent kinetic energy) are

Eng. Proc. 2025, 99,7

https:/ /doi.org/10.3390/engproc2025099007


https://doi.org/10.3390/engproc2025099007
https://doi.org/10.3390/engproc2025099007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0001-5482-082X
https://doi.org/10.3390/engproc2025099007
https://www.mdpi.com/article/10.3390/engproc2025099007?type=check_update&version=1

Eng. Proc. 2025, 99,7

2 of 15

solved. The latter two are the physical quantities of the k-¢ turbulent model, and they are
determined only if that turbulent model is used.

Solid particles are solved in the Lagrangian frame of reference. Particle velocities,
temperatures, and mass are solved along trajectories which represent a group of particles of
the same size injected into the furnace at the same location. They are solved by a different
method of solution than the gas-phase equations. It is actually a solution of a non-steady
condition. The connection between the gas phase and particle phase is conducted by
different methods, the most popular of which is the PSI CELL method [8], according to
which the solid particles serve as source terms in the corresponding gas-phase equations.

The role of the radiation model in numerical simulations is to provide the radiative
source in the enthalpy equation of the gas phase. It also provides a wall flux, which is
actually a wall variable but also an important input for the gas-phase equation. Radiation
intensity, as the basic physical quantity of radiation heat transfer, depends on the five
independent variables: three variables for the location and two angles that represent the
direction. In one point, there is an infinite number of radiation intensities, as the number
of directions is infinite. The change in radiation intensity along the selected direction is
described by the radiation transfer equation (RTE) [9,10]. In numerical simulations, the
radiative heat exchange is solved by flux or zonal models. In flux models, the radiative
intensity, flux, or a similar quantity is calculated. The most common radiative models are
the discrete ordinates model (DOM), the spherical harmonics model (or P; as the most
popular and simplest of these models), the discrete transfer model (DTM), and the six-flux
model [7,11,12]. In the DOM, angular discretization is used, and for every division of
the whole solid angle (47 sr), the variable (the intensity in that direction) is formed. That
variable is the radiation intensity inside that part of the solid angle, that is, the radiation
intensity in the corresponding direction. The spatial distribution of every intensity is
solved by the finite volume method. A version of the DOM is the finite volume method
for radiation, in which the integration is conducted over the control volume and over the
division of the solid angle. This results in a somewhat different equation from the one
in the DOM. In the spherical harmonics model, the angular dependence of the intensity
is approximated by a series of spherical harmonics. P; is obtained by retaining only the
first spherical harmonic. The RTE is transformed into one equation which solves the
incident radiation: the integral of the radiation intensity over the solid angles. The DTM is
actually a ray—tracing model. Every ray is emitted from the bounding wall and tracked
to the point where it hits the opposite wall. The intensity is determined along the path
from the corresponding recurrence relation. In the six-flux model, the radiation fluxes
are solved along the coordinate axes. In the 3-D model, there are six first-order equations
of the fluxes, which are combined into three second-order equations. Flux models easily
accommodate the changes in physical quantities needed for the solution, such as the surface
emissivity and radiation properties of the medium, i.e. the flame, such as the total extinction
coefficient (the sum of the absorption and scattering coefficients) and the scattering albedo.
Flux models are easily incorporated into numerical simulations.

The zonal models are the Monte Carlo and Hottel zonal model. They solve the radiative
heat exchange on the basis of auxiliary physical quantities. The Monte Carlo method
is based on tracking the energy bundles, in which the location of emission, direction,
absorption, and so on is determined by a random number. The result of the calculation are
exchange factors, which are used to find the radiative exchange. The same exchange factors
are found in the Hottel zonal model from the balance of radiative energy. The volume of the
furnace (or any other enclosure) is divided into volume zones, and the walls are divided
into surface zones. The net radiative exchange of every volume (and surface) zone is the
difference between the absorbed and emitted energy. Zonal models are considered more
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accurate than flux models, but the difficulty with their application is that the exchange
factors are solved for one set of radiative properties of the walls and flame, which cannot
be changed during the iterative calculation of the numerical simulations. The objective
of the investigations described in this paper was to find a way to apply zonal models in
numerical investigations.

So far, zonal models have been applied to an inhomogeneous medium in the case of
black-walled systems [13-17]. The heat exchange was solved by using DEAs. Modest [10]
suggested an application of TEAs for a non-scattering medium. The calculation of DEAs
was based on the average absorption coefficient between two zones. These methods were
developed for predefined radiative properties, which makes them inapplicable in numerical
simulations because of the change in radiative properties from one iteration to the next.

Pulverized coal-fired furnaces are enclosures with gray walls. Pulverized coal flames
absorb, emit, and scatter radiation. Furnaces are enclosures that contain several thousands
of volume and surface zones. In this paper, recent methods of application of zonal models—
TCTEA, RRNS, and CCTEA—in numerical simulations of a pulverized coal-fired furnace
are described. These methods were developed for investigations when the end radiative
properties (wall emissivities, in this case) were not known. TCTEA and RRNS are not much
different from the conventional applications of zonal models. They are based on successive
runs of the numerical simulation. The third method, CCTEA, was developed to provide
the result with a single run of the numerical investigation. In this method, no radiative
properties are determined in advance. In the beginning of the numerical simulation, all
variables, including the surface emissivities, start from their initialized values. In the
following section, all three methods are described. In these applications, the medium is
homogeneous, and the only correction is made for the surface emissivities.

2. Zonal Model

For this study, a 210 MW (electrical output) utility boiler was selected. The schematic
layout of the boiler is shown in Figure 1. The boiler is a II-shaped subcritical natural
circulation-boiler with a balanced draft scheme. Feedwater is heated in the economizer
before entering the steam drum. The steam is superheated in a series of superheaters. The
first-stage (convective) superheater is located in the vertical gas path of the boiler. The
second-, third-, and fourth-stage superheaters are located at the top of the furnace and
horizontal gas path. After expansion in a high-pressure turbine, the steam is reheated
in a two-staged reheater. The boiler produces 180.56 kg s~! of primary steam (13.7 MPa,
813.0 K) at nominal-load condition.

The dry-bottom furnace of the boiler is tangentially fired by pulverized coal. The
furnace dimensions, the location of the burners, and the location and dimensions of recircu-
lation openings are shown in Figure 2. The furnace is equipped with six burner assemblies
(B1-B6), each of which is connected to one fan mill and one recirculation opening (R1-R6).
Each burner assembly contains four tiers (one air—dust duct with two ducts of secondary
air around it) of the straight-flow burners. The dimensions and arrangement of the burner
are shown in Figure 2. Each burner is composed of four stages, each of which contains a
coal nozzle and two nozzles for secondary air injection. The pulverized coal—primary air
mixture enters the furnace through the coal nozzle at 438.0 K. Secondary air is heated up to
543.0 K. At nominal-load operating conditions, five burners are in operation (B6 and R6
are stand-by).
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Figure 2. The model of the furnace used in the numerical simulations.

Figure 1. The layout of the boiler. 1—burner; 2—recirculation opening; 3—radiant steam superheater;
4—steam drum; 5—reheater; 6—convection superheater; 7—economizer; 8—air heater.
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The furnace is fired by Kolubara lignite. The coal consumption is 73.61 kg s~ 1. The
proximate analysis (as received, wt %) results are as follows: moisture 52.67%, ash 11.23%,
volatile 21.46%, fixed carbon 14.64%, lower heating value, as received: 7816.0 kJ kgfl. The
ultimate analysis (as received, wt %) results are as follows: carbon 22.70%, hydrogen 2.13%,
oxygen 10.39%, nitrogen 0.50%, sulfur 0.39%. The moisture content of the coal during
the process in the coal mill is reduced to 14.0% [18]. The particle size distribution of the
pulverized coal is given by four fractions (weight percentages): 45.0%, 0-90 um; 31.0%,
90-200 pm; 22.0%, 200-1000 pm; and 2.0%, particles bigger than 1000 pm. The particle size
fractions were formed on the basis of the sieving analysis.

The shape and dimensions of the furnace were slightly modified for application in the
numerical simulations. The radiant superheaters were removed from the upper part of
the furnace, and the outlet of the furnace was made vertical instead of horizontal. Those
modifications were made for reasons of the convergence of the calculation procedure.
For the furnace itself, it means that the results obtained for the contraction (above the
recirculation openings) are reliable.

The zonal model (or the Hottel zonal model) starts with the division of the furnace
volume into volume zones and of the furnace walls into surface zones [19]. For every pair
of zones, the direct exchange areas, which represent the heat exchange between the zones
in the black-walled system, are found. For a furnace with a great number of zones, the
Yamauti principle is used to find the DEAs for all pairs of zones. The Yamauti principle,
which states that the DEA of all pairs of zones in the same geometrical relation is the
same, can only be used for the homogeneous radiative properties of the medium inside
the furnace. DEAs are kept in the matrices and three types of matrices are used: gg, of
order M x M; sg, of order N x M; and ss, of order N x N. M is the total number of the
volume zones and N is the total number of surface zones. Matrix gg contains all pairs of
the volume—volume DEAs, matrix sg contains all pairs of the surface—volume DEAs, and
matrix ss contains all pairs of the surface—surface DEAs:

8811 1 881Lm

88 = : :
88m1 0 88MmM
5811 0 S8&1Lm

sg=| . (1)
N1 T SENM
S81,1 - SSIN

SS = .
SSN,l s SSN,N

The summation principle for DEAs states that for every surface and volume zone:

N .
A= anl $Sin +8¢im,i=1,-,N @)
N M
4Kt‘/1 = Z Sgi,n + Z ggi,m/ 1= 1, e ,M (3)
n=1 m=1

The DEAs of the close zones can be calculated in several ways: using the correlations
given by Rhine and Tucker [20], using the values given by Siddal [21], or by the numerical
method. The DEAs of the distant zones can be calculated using only the distance between
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their centers. Corrections of DEAs are possible, so that the summation principle can be
satisfied within a small defined error.

For the real system enclosure, where surface zones are not black but gray, the total
exchange areas (TEAs) must be used. In the method of the original emitters of radiation [19],
all zones are cold (their temperature is 0.0 K), except one zone (the original emitter), whose
temperature is such that its black emissive power Ey, = 6T* = 1.0 W m~2. The balance of
radiative energy is formed, and a system of linear equations is obtained in the form a = B,
where a is the known column matrix of order (M + N) x 1, ¢ is the unknown column matrix
of order (M + N) x 1, and B is the square matrix of coefficients of order (M + N) x (M + N).
All elements of the known column matrix are zero, except for the zone that is not cold.
In total, there are M + N known column matrices a. The elements of vector ¢, obtained
as a solution of the equation, are used to find the TEAs. That equation is solved by the
method of decomposition to lower and upper triangular matrices (LU decomposition) with
pivoting [22]. TEAs are kept in the matrices:

GGi1 -+ GGium
GG = : : :
GGm1 - GGmm
SG11 -+ SGium
SG = . : (4)
SGn1 -+ SGNMm
5511 -+ SSiN
ss=| ¢ .
SSny1 -+ SSNN
The summation principle of TEAs states that:
N M
Aj€iin = Y, SSin + Y, SGip,i=1,---,N ()
n=1 m=1
N M
4Ki(1-w)V; = Y G + ) GGip,i=1,--- M 6)

n=1 m=1

The summation principle provides the exact values of the sum of all TEAs connected
with a certain surface or volume zone. It enables corrections of the TEAs (calculated by any
method) in order to provide zero radiative heat exchange in the isothermal system within a
small defined error.

TEAs are found for the homogeneous radiative properties of the medium, defined
for each volume zone. The emissivities of the surface zones do not have to have the same
values; they just have to be defined. In the conventional application of the zonal model, all
results are obtained for the unchanged radiative properties of the flame and furnace walls.
In that or a similar way, the zonal model was used in numerical simulations of pulverized
coal-fired and other furnaces [23-31]. The radiative property of the gas-phase (absorption
coefficient) could be determined by the simple gray gas model or by the weighted sum of
the gray gases model. The scattering of radiation is a consequence of the presence of fly
ash particles.

The TCTEA method is based on the successive run of the numerical simulation [32].
In the first run, all variables start from the initial values, and the radiative properties of the
flame and furnace walls are also homogeneous. At the end of the numerical simulation,
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the values of all variables are written into the files. The emissivities of the surface zones
are written into the files and a new set of TEAs is determined. In the next run of the
numerical simulation, all variables start from the values obtained at the end of the previous
simulation. Again, at the end of the numerical simulation, the emissivities of the surface
zones are written into the files, and a new set of TEAs is found for the use in the next
numerical simulation.

The RRNS method is similar to the TCTEA method, with the difference that the vari-
ables in every simulation start from the initial values, except for the surface emissivities [32].
At the end of the numerical simulation, the emissivities of the surface zones are written
into the files, and a new set of TEAs is found for the next numerical simulation. Several
simulations (three or four) are needed to reach the convergent solution.

In the CCTEA method [33], the results are obtained after one run of the numerical
simulation. Corrections of the surface emissivities are made on the basis of the surface zone
temperature and the dependence of the surface emissivities on temperature. Corrections of
the TEAs are made after every iteration, in accordance with the new values of the surface
emissivities and summation principle. In the ith iteration, the surface emissivity of all
surface zones is different from the initial values. When the surface zone s; is analyzed, the
elements of the SS matrix in the ith row are changed according to the emissivities of the
surface zones. Then, the ith row of the SG matrix is modified in order to satisfy the new
sum of surface zone s;. Simultaneously, the new sums of the columns of the SG matrix are
obtained. Finally, the elements of the GG matrix are modified to satisfy the sum of the
volume zones. For the corrected values of the TEAs, the new radiative source terms and
net wall fluxes needed for the current iteration are found.

3. Mathematical Model

The numerical simulation in these investigations is based on the solution of the math-
ematical model of the RANS type. The process inside the furnace is a two-phase turbulent
(gas—particle) reacting flow with radiative heat exchange. The model based on the time-
averaged physical quantities of the gas phase was used [34]. The numerical simulation
contains three algorithms: the first one for the solution of the gas-phase equations, the second
one for the solution of the dispersed phase, and the third one for the solution of the radiative
heat exchange. The numerical simulation is based on in-house developed software.

The gas phase is described by the time-averaged differential equations in the Eulerian
reference frame:

div(pU®)= div[I'pgrad(®)] +So + Sap )

where p (kg m~3) is the gas-phase density, U (m s~1) is the velocity vector, @ is the general
gas-phase variable, I'¢ (kg m~! s71) is the turbulent diffusivity, S (W m~3) is the source
term, and S¢,p (W m3) is the source term due to particles. Equation (1) was used for the
solution of the gas-phase velocities, temperature, component concentrations, turbulent
kinetic energy, the rate of turbulent kinetic energy dissipation, and number concentration
of particles. The gas-phase density was determined from the equation of state. The system
of equations was closed by the k-¢ model of turbulence. The pressure field was solved by
the SIMPLE algorithm, which combines the momentum and continuity equations to find
the pressure corrections. A staggered grid was used to find the velocity and pressure field.
The enthalpy equation from which the flame temperature is solved is:

div(pUc¢Ty)= div[I'ygrad(c¢Tt )| + UgradP + Sy o + SHyrad (8)

where ¢; (J kg ™! K1) is the specific heat of the flame, 'y (kg m~! s~ 1) is the turbulent
diffusivity for enthalpy, P (N m~2) is the pressure, Sy com (W m~3) is the source term due
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to combustion, and S r,q (W m~3) is the radiative source term. The enthalpy equation is
solved for the thermal equilibrium between the gas and dispersed phases [34].

The objective of the radiation model in the numerical simulation is to find the radiative
source term of the control volumes and wall fluxes of the surface zones. The radiative
source term is the difference between the absorbed and lost radiation energy:

M N
SHyrad,i = <Z GGimEpm+ Y SGinEpy — 4Ke(1 — W)Eb,i> / Vi )
n=1

m=1

where GG; ,, (m?) is the volume—volume total exchange area, SG; , (m?) is the surface—
volume total exchange area, M is the total number of the volume zones, N is the total number
of the surface zones, V (m?) is the volume, K¢ (m 1) is the total extinction coefficient, and w
(-) is the scattering albedo. The total extinction coefficient K; = Ks + K,, where K; (m~1)is
the scattering coefficient and K, (m™!) is the absorption coefficient. The term K¢(1 — w)
represent the absorption coefficient of the medium, since w = Ks/K;. (In the case of a
pulverized coal flame, the absorption coefficient of the flame is the sum of the absorption
coefficients of the gas phase and the dispersed phase. The scattering coefficient of the flame
is that of the dispersed phase. The total extinction coefficient of the flame is the sum of all
radiative coefficients).

The wall flux of the surface zone s; is also the difference between the absorbed and
lost radiation energy:

M N
Ju,i = (Z SGimEpm + Y SSinEon — €w,iEb,i> /Ai = Qi/A; (10)
m=1 n=1

where SS; , (m?) is the surface—surface total exchange area, €y (-) is the wall emissivity, A
(m?) is the surface area, and Q (W) is the heat transfer rate. The total exchanged heat Qiot
(W) was obtained by summing all the heat transfer rates for the surface zones that are the
solid walls: Qiot = Y- Q;.

The heat transfer rates through the furnace waterwalls were determined for a two-
layer wall composed of a 4.0 mm thick metal wall and an ash deposit layer, whose thickness
was adopted. Along one side of the two-layer wall, there is a flow of a two-phase steam of
boiling water, and there is hot furnace medium along the other side. The water—steam
mixture temperature is determined in accordance with the boiling pressure, T}, = 615.0 K.
For the given wall flux, the temperature of the inner surface of the metal wall is determined
using the convective heat transfer between the metal wall and the water—steam mixture,
whereas the temperatures of the outer surface of the metal wall are determined using the
one-dimensional steady-state heat conduction equation. The thermal conductivity of the
metal wall can be found in [35,36].

The wall temperature is determined using the formula for one-dimensional steady-

state heat conduction: L l
— (=4 d

where i (W m~2 K1) is the convection heat transfer coefficient, Ky, (W m~! K~1) is the
thermal conductivity of the metal wall, I, (mm) is the thickness of the metal wall, K¢
(W m~! K1) is the effective thermal conductivity of the deposit layer, and 4 (mm) is the
thickness of the deposit layer.

The functional dependence of effective thermal conductivity and surface emissivity on
temperature must be continuous for this investigation. The dependence of the effective ther-
mal conductivity was adopted from the work of Boow and Goard [37] for a coal ash sample

whose silica ratio was 62. It is an increasing function of temperature. At a low temperature
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range, from 673.0 to 1173.0 K, the effective thermal conductivity increases very slowly
with temperature. At 873.0 K, its value is approximately 0.20 W m~! K~1. At a medium
temperature interval, from 1173.0 to 1373.0 K, sintering occurs, and the increase in effective
thermal conductivity with temperature becomes steeper. At a high temperature interval,
above 1373.0 K, fusion begins, and the dependence of the effective thermal conductivity
on temperature becomes steeper than at the medium temperature interval. At 1573.0 K,
every sample is completely fused, and the effective thermal conductivity of every sample is
higher than 1.88 W m~! K~1. Upon cooling, the effective thermal conductivity is greater
than that during the heating for the same temperature, as the physical structure of the
sample is changed. The dependence of the effective thermal conductivity on temperature
was determined in the polynomial form:

7 T
Kei(T) = ];) “j(m) (12)

The values of the coefficients a; can be found in [38]. The dependence of surface emis-
sivity on temperature was also adopted for the same sample of coal ash. The dependence
of surface emissivity on temperature was at a minimum. The surface emissivity is 0.85 at
560.0 K. Upon heating, it decreases to 0.58 at 1300.0 K and increases with further heating.
At 1400.0 K, the surface emissivity is 0.7.

The dispersed phase is described by differential equations of motion and change in
mass and energy in the Lagrangian reference frame. The motion of the particles is tracked
along trajectories with a constant number of particles. Particle velocity is the sum of the
convective and diffusion components. Convective velocity is obtained by tracking the
particles along the trajectories, while the diffusion component is obtained from the particle
number concentration. The phases are connected by the PSI CELL method, in which the
presence of particles is taken into account by additional sources in the transport equations
of the gas phase. The influences of the particles on turbulent kinetic energy and its rate
of dissipation (i.e. turbulent modulation) are also taken into account through additional
source terms in the gas-phase equations. Particle collisions are neglected, while particle-
to-wall collisions are considered with a certain degree of elasticity. More details about the
modeling of the dispersed phase can be found in [39].

Heterogeneous reactions of coal combustion are modeled in the kinetic diffusion
regime. The change in particle mass with time is described by the following formula:

dmy _ ApMpXino
1 1
N A

(13)

where m), (kg) is the mass of the particle, t (s) is time, Ap, (m?) is the particle surface area, M,
(kg mol 1) is the particle molar mass, x;, ; (kmol m~—3) is the oxidant molar concentration,
k; (m s™1) is the reaction rate in the kinetic regime, and k; (m s~1) is the oxidizer mass
transfer diffusion parameter. In the kinetic diffusion regime, the reaction rates k, and k, are
approximately equal. Details of the combustion model can be found in [40].

Boundary conditions at the inlet are defined by the nature of the problem and those
at the outlet by the continuity condition. Conditions near the wall are described by wall
functions. The wall temperature, determined by Equation (5), is not constant.

The thermophysical properties of the gas phase were determined from the equation of
state, tabulated values, and empirical relations. Discretization of the gas-phase equations
was achieved by the finite volume method (a version of the finite difference method) and a
hybrid differencing scheme. The stability of the iterative procedure was provided by the
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under-relaxation method [7]. Using this method, the value of the variable determined in
the ith iteration is partly the value of the ith and previous iteration.

4. Results and Discussion

Radiative heat exchange was solved on a coarse numerical grid composed of cubical
volume zones with an edge dimension of 1.0 m. The furnace volume was divided into
7956 volume zones and the furnace walls were divided into 2712 surface zones. Flow field
was solved on a fine numerical grid which was obtained by dividing every volume zone
into 64 control volumes. The total number of control volumes (the numerical grid used
for calculation of the fluid flow) was 620,136. The agreement with the experimental data
and a grid independence study are shown in [34]. The direct exchange areas of the close
zones were determined using correlations [20]. Total exchange areas were calculated by the
method of original emitters of radiation [19]. Improvements in the values of total exchange
areas were accomplished using generalized Lawson’s smoothing method [14].

Heat flux g, wall temperature Ty, and wall emissivity €,, were determined for the
resolution of the surface zones. The only gas-phase variable used in this comparison was
flame temperature T, determined for the resolution of control volumes. The absolute
relative difference (ARD) values of the selected variables were determined by formula (14):

ARDi _ |77i,CCTEA - 771',RRNS| %100.0% (14)
17i RRNS

where 7 designates the selected variable. The ARDs were determined using the difference
between the results obtained by the CCTEA and RRNS methods, as it was determined that
the differences between the RRNS and TCTEA methods were small, and the RRNS method
was selected as it was easier to apply [32]. The differences in the results were found using
the mean absolute relative difference (MARD):

MARD = (15)

" | ARD;

n
where 7 is the population size. For the wall variables, the population size is the total number
of the surface zones that represent the solid wall. (The wall that represents the furnace
bottom was also excluded from the analysis.) For the flame temperature, the population
size is the total number of control volumes for which the variable value is determined.

The MARD values for the initial values of surface emissivity, total extinction coefficient,
and ash deposit layer thicknesses are shown in Figure 3a—c. In all diagrams, the MARD
is the smallest for surface emissivity, then wall temperature, flame temperature, and wall
fluxes. The highest MARD slightly exceeds 2.0%. The MARD was approximately constant
for the various initial surface emissivities and total extinction coefficients. With the increase
in deposit thickness, the MARD decreases for wall flux and flame temperature and increases
for wall temperature and wall emissivity.

The values of the wall flux obtained by the CCTEA method and its ARDs are shown
in Figure 4a,b for the front wall. The biggest values of wall fluxes were obtained in the area
close to the burners, according to the expectations. The ARD values are the highest in the
area where the wall fluxes are the lowest. In addition, some of the ARDs are positive and
some are negative, so that the differences in the mean wall flux are smaller than the MARD
for the wall flux. For example, for K¢ = 0.3 m~L, €w,in = 0.70, and I, = 0.6 mm, the difference
in the mean wall flux is 0.83%, which is approximately half of the values obtained for
the MARD.



Eng. Proc. 2025, 99,7 11 of 15
2.0 2.0
A A
A ‘A
1.5 15 A "
B Wall emissivi A
;\'o\ all emissivity Q —
‘D’ ® Wall temperature < B Wall emissivity
%é 10H A Wall flux r@ 1.0 |- ® Wall temperature
S v Flame temperature v %: A Wall flux
v v Flame temperature
v
0.5 v 051" M v
(] . ° [ ]
[ - L ® [ ]
u ] " L] u [
0.0 1 s | 1 | 1 0.0 1 L 1 L | 1
0.70 0.75 0.80 0.85 0.90 0.5 1.0 15 2.0
ew,in (-) K, (™)
(a) (b)
A
2.0+
A
15+
—_ m  Wall emissivity
X A
= ® Wall temperature
S0l | & walflux
§ v Flame temperature
v
05 v v
[ ] (]
]
[ ]
00| ™
1 1 " 1 1 L |
0.2 0.4 0.6 0.8 1.0
I3 (mm)
(c)
Figure 3. MARD: (a) K¢ = 0.3 m~!, [, = 0.6 mm; (b) ey in = 0.70, I, = 0.6 mm; (c) K¢ = 0.3 m~!

€ in = 0.70.

Figure 4. Wall flux, front wall, K;

(ka

130
120
110
100

=03m},

(b)
€w,in = 0.70, I, = 0.6 mm: (a) values of wall flux; (b) ARD.

ARD(%)

=W e U O N



Eng. Proc. 2025, 99,7 12 of 15

The wall temperature values of the front wall and the corresponding ARDs are shown
in Figure 5a,b. The wall temperature is the highest in the area where the wall flux is the
highest, according to Equation (11). Similarly to the wall fluxes, the ARDs are highest in
the parts where the wall temperatures are the lowest.

ARD (%)
h__ /

Ty (K)

1000
900
800 14
700 1.2
600 1
500 0.8
400 0.6
300 04
200 0.2
100

(a) (b)

Figure 5. Wall temperature, front wall, Ky = 0.3 m1, €w,in = 0.70, [ = 0.6 mm: (a) values of the wall
temperature; (b) ARD.

The wall emissivity and the corresponding ARDs for the same wall are shown in
Figure 6a,b. The wall emissivities are the lowest in the areas where the wall fluxes are the
highest, according to the dependence of emissivity on temperature. The values of the ARDs
are lower than those for wall fluxes and temperatures, in accordance with the smallest
values of the MARD, shown in Figure 3.
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(a)

Figure 6. Wall emissivity, front wall, Ky = 0.3 m1, €w,in = 0.70, [ = 0.6 mm: (a) values of the wall
emissivity; (b) ARD.
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The flame temperature and its ARDs are shown in Figure 7a,b. The flame temperature
is the highest near the burners, because of the rapid heat release from combustion. In the
other parts of the furnace, the flame temperature decreases because of the radiative heat
exchange with the furnace walls. The values of the ARDs are also lowest in the parts of the
furnace where the temperature levels are not the highest.

=

)

o
S
S

.
S
)

(b)

Figure 7. Furnace temperature, K; = 0.3 m~, €w,in = 0.70, [ = 0.6 mm: (a) values of the furnace
temperature; (b) ARD.

The obtained results show that the CCTEA method provides acceptable results of the
numerical simulations. The CCTEA method was derived for application in the numerical
simulations. As it can be seen from the figures, there are no sudden and abrupt changes in
the surface emissivities. This version of the method is based on the change in the surface
emissivity of the ash deposits. The accuracy of the method certainly depends on the interval
of the values of surface emissivities.

The CCTEA method is simple and no new terms other than those defined by the
zonal model are needed. A problem of the CCTEA method could be the negative values of
the TEAs, which could happen because of the method of calculation. No negative values
of the TEAs were recorded. So far, the method has been derived for the homogeneous
radiative properties of the flame. The application of the method for non-homogeneous
radiative properties of the flame will be solved in the following investigations on the
method. Also, confirmation of the method in comparison with other radiation models
should be conducted.

5. Conclusions

Three methods for the application of the zonal model of radiative heat exchange in
numerical simulations of pulverized coal-fired furnaces were described. The methods
allowed for the corrections of surface zone emissivities. At the end of the numerical
simulation, new values of surface zone emissivities were determined, stored in the files,
and used for the calculation of a new set of TEAs. In the TCTEA method, all variables
(including surface emissivities) start from the values obtained by the previous numerical
simulation. In the RRNS method, all variables start from the initial values except for the
surface emissivities. Both methods provide similar results, and the RRNS method was
adopted for further work as its application is easier. For both methods, the numerical
simulation should be run three or four times to reach the convergent solution.



Eng. Proc. 2025, 99,7 14 of 15

The CCTEA method provides the results by a single run of the numerical simulation.
The method is based on the correction of surface emissivity during the calculation and on
the correction of TEAs based on the summation principle. A comparison of the results
showed a small difference in the results obtained by the CCTEA and RRNS methods.
The next task would be to develop the CCTEA method to include the non-homogeneous
radiative properties of the flame.
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