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NUMERICAL CALCULATIONS OF WR-40 BOILER
BASED ON ITS ZERO-DIMENSIONAL MODEL

Barttomiej Hernik”

Silesian University of Technology in Gliwice, Institute of Power Engineering and Turbomachinery,
ul. Konarskiego 18, 44-100 Gliwice, Poland

Generally, the temperature of flue gases at the furnace outlet is not measured. Therefore, a special
computation procedure is needed to determine it. This paper presents a method for coordination of
the numerical model of a pulverised fuel boiler furnace chamber with the measuring data in a
situation when CFD calculations are made in regard to the furnace only. This paper recommends the
use of the classical 0-dimensional balance model of a boiler, based on the use of measuring data.
The average temperature of flue gases at the furnace outlet #; obtained using the model may be

considered as highly reliable. The numerical model has to show the same value of #; . This paper
presents calculations for WR-40 boiler. The CFD model was matched to the 0-dimensional #; value

by means of a selection of the furnace wall emissivity. As a result of CFD modelling, the flue gas
temperature and the concentration of CO, CO;, O, and NOy were obtained at the furnace chamber
outlet. The results of numerical modelling of boiler combustion based on volumetric reactions and
using the Finite-Rate/Eddy-Dissipation Model are presented.
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1. INTRODUCTION

CFD modelling of power boiler furnace chambers is often performed in the engineering practice
(Asotani et al., 2008; Dal-Secco et al., 2007; Hernik, 2012). Quite often, however, balance calculations
are not carried out for the entire boiler. In consequence, the flue gas temperature at the furnace outlet ¢;
in a CFD model results from assumptions made (e.g. wall fouling or emissivity). Therefore, the 7}

value may be wrong, and the presented calculation method makes it impossible to verify it. Using a
fully-balanced 0-dimensional model, it is possible to verify the ¢/ value obtained from numerical
calculations. Numerical calculations should be carried out in such a way that the average temperature at
the furnace chamber outlet in the CFD model equals that obtained from the zero-dimensional model. At
the same time, the matching of this temperature should result from carefully selected assumptions of
the numerical model, which have to correspond to the actual phenomena occurring in the furnace. This
paper presents the verification of the CFD model for the WR-40 boiler. The WR-40 boiler is a two-
pass, radiant, stoker-fired boiler fed with hard coal. Primary air is supplied from below the stoker and
secondary air [ and II is fed by a set of nozzles over the furnace ignition arch. The furnace has 9096
mm height and the dimensions of the grate are 6440x6770 mm.
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Fig. 1. Contour of the WR-40 boiler

2. BOILER CALCULATIONS USING THE ZERO-DIMENSIONAL MODEL

The calculation methodology is presented elsewhere (Hernik and Pronobis, 2012a; Hernik and
Pronobis, 2012b). The calculations were made for data listed in Tables 1 and 2.

Table 1. The boiler operating parameters

Data Unit Value
Coal mass flow kg/s 2.22
Primary air mass flow kg/s 5.35
Secondary air I mass flow kg/s 2.59
Secondary air II mass flow kg/s 2.59
Primary air temperature °C 150
Secondary air temperature °C 80.00

Table 2. Coal analysis (as-received state)

Ql’i Al’ Wl”t Cl’ Hr Sr Or Nr
kl’kkg| % % % % % % %
22114 215 | 11.2 | 57 3.9 1.1 4.8 0.6
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3. MODELLING DESCRIPTION AND BOUNDARY CONDITIONS

The modelling input data implemented into the Fluent.Inc code are presented above in Tables 1 and 2.
The contour of the furnace chamber of the numerical model of the WR-40 boiler is shown in Fig. 2.
The geometrical model and the numerical mesh composed of 668953 numerical cells are presented in
Fig. 3. The steady state governing equations were solved using the SIMPLE algorithm (Eaton et al.
1999; Keer et al. 2006; Scharler et al. 2000). As defined in the model, combustion in the boiler occurs
according to volumetric reaction using the Finite-Rate/Eddy-Dissipation Model. Table 4 presents the
numerical model assumptions. Below, the reaction of the mechanism of the volatile fraction
combustion is presented (m, n, /, k — based on coal composition). Coal is fed onto the stoker and fired.
Combustion of the volatiles was simplistically represented by two overall reactions:

-1 k
C.HON, +| 2= +"10, 1 smco+2H,0+ 5N, (1)
2 4 2 2
CO+0.50, —2CO0, (2)
Table 3. Assumptions of the numerical model (Ansys.Fluent)
Two-phase model Euler— Lagrange (Eaton et al., 1999; He et al. 2007; Scharler et al., 2000)
Turbulence model k-¢ real (Yin et al., 2008; Scharler et al., 2000)
Finite-Rate/Eddy-Dissipation Model (Yin et al., 2008; Scharler et al., 2000; Ker
et al., 2006)
Reaction ki Reaction i,
Combustion model A=2.119¢e+11 A=2.239e+12
E=2.027¢+8 J/kmol E=1.7¢+8 J/kmol

Flue gas absorptivity: wsggm-domain-based model, calculates absorptivity based
on the concentration of CO, and H,O (Eaton et al., 1999; Ker et al., 2006)

For a coal particle

Single-rate model

— devolatilisation A=382000

E=17.4et+7 J/kmol

Kinetic-diffusion model (Williams A. et al. 2002)

busti Cl =5e+12
— combustion C2 = 0.002
EA="7.9 e+7 J/kmol
Radiation model DO (Yin et al., 2008; Scharler et al., 2000; Ker et al., 2006)
NOx model
formation thermal and fuel pathways
concentration of OH and O partial equilibrium
turbulence interaction temperature mode
N intermediate HCN/NH3/NO
Char N conversion NO

Spherical shape of fed fuel particles with a diameter of 6 mm is assumed
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Fig. 2. Drawing of the WR-40 boiler furnace chamber

Fig. 3. Numerical mesh of the WR-40 boiler furnace chamber

4. RESULTS OF NUMERICAL MODELLING

Fig. 4 presents the content of O, in the central planes, over the stoker and in the outlet window plane.
The content of O, depending on combustion process of coal on the grate and volatiles over the grate
along the height of the furnace.

Fig. 5 presents the content of CO in the central planes, over the stoker and in the outlet window plane.
CO content appears in region of devolatilisation of coal on the grate and as a result of combustion of
volatiles. Along the height of the furnace CO was oxidised to CO,.
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Fig. 4. O, content in the central planes, over the stoker ~ Fig. 5. CO content in the central planes, over the stoker
and in the outlet window plane and in the outlet window plane

Fig. 6 presents the content of CO- in the central planes, over the stoker and in the outlet window plane.
In this figure CO; content as a results of oxidation of CO was showed. Fig. 7 presents the thermal field
in the central planes, over the stoker and in the outlet window plane. On the grate of the boiler
temperature was higher than in the region of combustion of coal. The combustion process of volatiles
took place upon the grate. The temperature of the flue gas decreased along the height of boilers as a
result of heat exchange between the flue gas and waterwalls in the combustion chamber.
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Fig. 6. CO; content in the central planes, over the Fig. 7. Thermal field in the central planes, over the
stoker and in the outlet window plane stoker and in the outlet window plane

Fig. 8 presents the residence time and the average temperature of coal particles on the stoker. It is very
hard to show real data for all particles as a function of the residence time and temperature on the stoker.

Fig. 9 to 12 presents the content of O,, CO, CO; and the thermal field in the outlet window plane.
Measurements was made at the outlet from the combustion chamber. The computational 0-dimensional
model was taken into account in calculating the temperature of the flue-gas at the outlet from the
furnace. Therefore Figures from 9 to 12 show final results obtained from the numerical modelling of
the combustion chamber of the WR-40 boilers.
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Fig. 8. Residence time and average temperature of coal particles on the stoker
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Fig. 9. O; content in the outlet window plane Fig. 10. CO content in the outlet window plane
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Fig. 11. CO; content in the outlet window plane Fig. 12. Thermal field in the outlet window plane
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5. COMPARISON OF CFD MODELLING WITH ZERO-DIMENSIONAL CODE CALCULATIONS

In order to obtain the flue gas temperature at the furnace chamber outlet when the outlet window
surface area average temperature equals to 982°C, the same values obtained from the boiler
measurements are entered as input data both into the numerical model and into the 0-dimensional
model. Variant numerical calculations show that the match of the ¢} value for both models is achieved

if the furnace chamber wall emissivity in the CFD model is assumed at &c = 0.9. Since in practice it is
impossible to measure the emissivity of furnace chamber walls, the verification presented in this paper

is a good method of obtaining a numerical model which reflects furnace operating conditions in a
reliable way.

In Table 4 the temperature and the concentration values of O,, CO, CO; and NOx at the furnace
chamber outlet are listed as results obtained from CFD modelling and as results calculated using a zero-
dimensional code (#; ) and measurements (O,, CO, CO; and NO,). The concentration values of O,, CO,

CO; and NOxy at the furnace chamber outlet were achieved by Ultramat 23 analyser.

Table 4. Temperature and concentration values obtained in the CFD and the 0-dimensional model

Data Unit Computational CFD Model
/Measurements
0, % 6.8 6.85
CcO % 0.0196 0.0184
CO, % 13.21 12.24
NOx ppm 343.8 346.6
ty °C 982 982

6. CONCLUSIONS

e It has been shown that a reliable temperature at the furnace chamber outlet by means of numerical
modelling is possible using a 0-dimensional boiler model based on data obtained from the boiler
measurement.

e 0, CO, CO; and NOx concentrations at the furnace chamber outlet obtained by means of CFD
modelling show a fairly good consistency compared to measured values.

e The information concerning the emissivity of the boiler waterwalls found in this way may be useful
in CFD modelling for the most common situation when the flue gas temperature at the furnace
chamber outlet is unknown.

Investigations presented in this work were partially financed within the KIC InnoEnergy innovation
project on ‘Efficient Coal Fired Stoker Boiler (EcoStoker).

SYMBOLS
A pre-exponential factor
A" ash content as-received state
Cl mass diffusion limited rate constant
C2 kinetics limited rate pre-exponential factor
c carbon content as-received state, %
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E activation energy, J/kmol
EA kinetics limited rate activation energy, J/kmol
H hydrogen content as-received state, %
N nitrogen content as-received state, %
o oxygen content as-received state, %
i coal lower calorific value as-received state, kJ/kg

S sulphur content as-received state, %

w/ moisture content as-received state, %

k coefficient obtained based on coal compositions

/ coefficient obtained based on coal compositions

m coefficient obtained based on coal compositions

n coefficient obtained based on coal compositions

1y average temperature of flue gases at the furnace outlet, °C
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