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Elexibly using results of CFD and simplified heat transfer model
for pulverized coal-fired boilers

Minghou Xu!**, Xiuguang He?, J. L. T. Azevedo? and M. G. Carvalho?®

X 'Huazhowg University o~ Science and Technology, #uhan 430074, People's Republic of China
*stituto Superor Técnico, Technical University of Lisbor. Av. Rovisco Pais, 1096 Lisboa Codex, Portugal

SUMMARY

The effcient use of pulverized :oal is crucial to the uzlity industries. The use of computational fluid
dynamics (CFD)-based numericz. models has an importaat role in the design of new boiler furnaces or in
retrofitcag situaticzs. The resws of CFD simulations can be used to better understand the complex
processss occurring ¥ithin the -oiler furnace. The use 2f these results to support boiler operation and
training of operators -equires tha: the CFD models can be 2asily accessed and the results are easily analysed.

This -aper discussss two ways w0 simulate t2e heat transier process in boiler furnaces. The method directly
applyinz CFD resu's is employad. in which :ae grid for solving the energy equation is the same as the flow
grid in the CFD smuladon wxile radiaticn heat transier is solved in another relatively coarse grid.
Compasison of the crediction rasults betweea CFD and Heat Transfer code (Simple model) is performed
under boiler full lozZ (100%%) wizx one side wall fouling, s well as for different boiler loads (100, 98 and 95
per cent boiler full Icad, respectivly). Finally. the flexible :se of the results of CFD and the simple model for
pulverizad coal-fireZ boilers is t-esented. Te facilitate tz2 use of the system, a user-friendly interface was
developed which ec:dles the uses to maniprate new caculations and to view results, namely performing
‘what-i" analysis. Copyright € 2000 John Wiley & Sozs. Ltd.

KEY WCRDS:  pulvssized coal ccmbuston; zat transfer: CFD

1. INTRODUCTION

The eicient use of pulverisad coal is crucial te the utility industry. To achieve a higher
combustion efficizzcy, the mzjor affectizg factors such as the particle size distribution, gas and
particiz temperarzes, local zzat release. Jocal oxygzn concentration, kinetic parameters for coal
devolasilization 2=d char ox:iation, anc coal properties should be understood thoroughly.

In t=2 past two Zecades, the use of CFD codes for modelling utility boilers is becoming a useful
tool t¢ predict = perform:znce of belers amornz the scieatific and industrial communities

* Correscondence to: Minghou Xu. I=stituto Supe=or Técnico. Tzchnical University of Lisbon, Pavilhao de Maquinas, 2°
andar, Av. Rovisco Pzs. 1096 Lisbca Codex, Porugal.
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Contrac: grant numbes: PRAXIS XXI/BPD/16 323 98 (No. 43201).
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1162 M. XU ET AL.

(Xu et al., 1998 Azevedo et al. 1994 Carvalho and Coelho, 1991; Boyd and Kent, 1986;
Robinson, 1985: Gorner and Zinser 1986; Lockwood et al., 1988 and Fiveland and Wessel, 1988).
It heips engineers to optimise the operating conditions, reduce pollutants emission, investigate
malfunctions in the equipment, evaluate different corrective measures and also improve the
design of new beilers. Submodels for simulating the in-furnace processes such as mixing, radia-
tive heat transfer. and chemical kinetics 2ave been developed. The results of CFD simulations can
be usad to better understand the compiex processes occurring within the boiler furnace. The use
of these results 0 support boiler opemation and training of operators requires that the CFD
modzls can be ezsily accessed and the results are easy to be analysed.

Heat transfer -0 the combustion chamber is one of the most important processes in the design
and cperation o combustion equipmezt. The evaluation of this process has received significant
atternzon for mazy years. Traditionally. the empirical method based on indices and correlation is
used in engines=ng calculetions. Nowadays, the Zonal method, which is usually known as
Hortal's zonal mathod (Hottel and Ceoaew, 1958: Hottel and Sarofin, 1967), discrete ordinates
approximation ‘Xhalil, 1982), the Meczte-Carlo method (Hammersley and Handscomb, 1964;
Howzll, 1968), zad the discrete transiar method (Lockwood and Shah, 1981; Docherty and
Fairweather, 1983), are the most commonly used methods for calculating radiation heat transfer
in przctical engizeering sysiems (Vishzata and Menguc, 1987).

his paper discusses two ways to simulate the heat transfer process in boiler furnaces. The
method directly applying CFD resulis is employed in which the grid for solving the energy
equazon is the szme as the fiow grid in :ae CFD simulation while radiation heat transfer is solved
in another relatvely coarse grid. Comparison of the prediction results between CFD and Heat
Transter code (Stmple model) is perfored under boiler full load (100 per cent) with one side wall
fouling as well as for different boiler loads (100, 98 and 95 per cent boiler full load, respectively).
Finally, a flexiblz use of the results of CED and the Simple model for pulverized coal-fired boilers
1s prasented. To Zacilitate the use of tke system, a user-friendly interface was developed which
enabes the user 10 manipulate new ca culations and to view results, namely performing what-if
analvsis.

2. NUMERICAL MODELS

The zumerical model is based on an Everian description for the continious phase and a stochas-
tic Lzgrangean Zascription or the coa. particles. The well-known k-¢ eddy viscosity/diffusivity
modz! is used tc Juantify turbulent mixing in the furnace. The representative coal particles are
trackad in the combustion chamber uvsing simulated instantaneous gas velocities. The energy
balacce to the coal particles is used 0 calculate the particle temperature along time and to
describe coal eveiution. Volatile release is computed by a first-order reaction rate model. Char
comtustion is —odelled using a parzllel process of surface kinetics and oxygen diffusion.
The >alance of -adiative hzat transfer is calculated using the discrete transfer method. The
radiazive properzzs of gas are computec using the wide band model. A detailed description of the
modeis is presen:ad in (Azevedo and Carvalho, 1993; Coimbra et al., 1994; Yuan er al., 1995 and
Xu eral., 1996).

Tha velocity, (ze temperature and the mixture fraction are prescribed at the inlet, whereas, the
kiner:c energy of the turbulence and its dissipation rate are estimated (see e.g. Carvalho, et al.,
19871 At the wals, the laws of the wall (Launder and Spalding, 1974) are employed. The platen

Copyrzht © 2000 Joan Wiley & Sons, Lid. Int. J. Energy Res. 2000; 24:1161-1169




PULVERIZED COAL-FIRED BOILERS 1163

superheaters are also included in the computation domain. At the exit, a zero gradient normal to
the boundary is assumed for the dependent variables. The vertical velocity is then corrected to
ensure mass conservation.

The governing equations are discretized over a staggered grid using the finite difference method
and integrated over each control volume in the computational domain. Each of the equations is
tridiagonal and can be solved using TDMA solvers. The equations are solved by performing
iterations until the solution satisfies a preset accuracy and SIMPLER algorism (Patankar, 1980)
of pressure correcton is appied in the iteration.

~

3. STRATEGY OF CFD RESULT IMPLEMENTATION

The grid of flow fzld calculazon in the CFD simulation is generally finer than that used for heat
transfer calculation. The datz to be transierred from CFD to heat transfer are flow field and heat
release distribution. These dz:a are used o solve the energy equation in the heat transfer process,
and are not directly used in the radiaticn heat transfer calculation.

In the calculation of heat mansfer process, there are two main parts. One is, to solve the energy
equation and give the temrerature prodle in the furnace. Another is, radiation heat transfer
calculation, and this is a much more computationally time-consuming process. For this reason,
a relatively coarse grid is preferred in the radiation heat transfer calculation. If we use two
different grids in heat transier calculation, then we can construct a fine grid to solve energy
equation. Specifically, this fire grid can be the same grid as used in the CFD simulation. This will
enable the direct utilization of flow field data into the heat transfer modelling.

Another option is to solve the energy equation and radiation heat transfer using the same
coarse grid. In this case, fiow field data and heat release pattern generated from the CFD
simulation has to >e conver:zd to the new grid structure. One reason to use this method is to keep
the grid of the 3-D heat tracsfer simulaton independent. Meanwhile, it is expected that solving
energy equation 2ad radiatica heat tracsfer process in the same coarse grid will save CPU time.
However, converzng the flow field from a fine grid to a coarse one will cause problems in mass
balance. Thus, the correcticz of mass halance for the coarse grid should be included.

3.1. Direct applicziion of CFD results in Simple model

Two grid systems are emplcrad in this strategy. Tae grid for solving the energy equation is the
same as the flow grid in ©=2 CFD simulation. Radiation heat transfer is solved in another
relatively coarse zid. Figurs | gives a scaematic diagram of the direct application of CFD results
into 3-D heat traasfer calcuiation.

To solve the ecergy equazon at the same grid as the CFD flow grid has advantages. Firstly,
flow field and hea: release dz:a from CFD can be used directly. Secondly, mass rebalance at each
control volume is a0t necessary. However, the conversion of radiation source and new temper-
ature profile between fine g=d and coarse radiation grid is a disadvantage in this strategy.

3.2. Application of CFD resw.ts in simpie model ajier converting to coarse grid

In comparison with the direst implementation of CFD results which uses two grid systems, we
can use only one relatively coarse grid system to solve energy equation and simulate radiation
heat transfer procsss. In this way, pre-treatment to convert the CFD data into such a single grid

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Energy Res. 2000; 24:1161-1169
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CFD resuits 3-D heat transfer code
CFD grid Direct Grid for solving Generate
information Tmpementnd | energy equation radiation grid
Output
A diation source
Flow field Direct Energy equation < Radiation heat
and Tmpeementng solver New temperature transfer solver
Heat release + profile T
Temperature profile
Heat transfer to surface

-igure 1. Direct application of CFD results into heat transfer simulation.

Grid conversion 3-D heat wansfer
CFD results package e
CFD grid Convert Coarse grid
information flow field and heat generateion
release from
Output CFD grid to coarse grid
Flow 3eld i Y )
and Mass rebalance Energy equation and
Heat release For coarse grid > radiation heat
transfer solver
Temperature profile
Heat transfer to surface

Figure 2. Application of CFD results after converting to coarse grid.

sysizm 1s the st step. As the flow field conversion from the fine grid to the coarse one causes
unszisfactory mass balance for each control volume in the coarse grid system, additional work is
necsssary to dzzl with the mass rebalance and makes this method complicated. Figure 2 shows
the sirategies for this implementation process.

3.3. Validation ind comparison

Only validatioz of direct implementation of CFD results is presented in this study. The CFD
resuts represext the prediction data of the boiler performance under specific operation condi-
tions. The implementation of CFD results into heat transfer calculation is based on the assump-
tion that the Zow field and heat release pattern will not change much when the radiation
prorerties of beiler walls change in a certain range.

Comparison of the prediction results between CFD and Heat Transfer code (or Simple model)
was performed under 100 per cent boiler load with one side wall fouling, and for different boiler

Copy=ght T 2000 John Wiley & Sons, Ltd. Int. J. Energy Res. 2000; 24:1161-1169




PULVERIZED COAL-FIRED BOILERS 1165 '

loads (100, 98 2nd 95 per cent boiler full load, respectively). While CFD model predicts the full
performance of the boiler such as heat transfer to walls in a relatively long computation time, the
Simple model oredicts ozly the heat transfer 10 walls and temperature distribution in about
3 min, keeping the flow feld and heat release pattern the same as those of CFD model.

Figures 3-3 aresent the comparison of the CFD predictions and the Simple model predictions
for fouling on side boiler #all under 100 per cent boiler full load. The flow field and heat release
data used in Simple medel were tzken from CFD under clean wall (no fouling on walls)
conditions.

Figures 6-8 oresent the comparisca of the CFD predictions and the Simple model predictions
for different beier loads. The flow field and heat —lease data used in the Simple model were taken
from CFD sirulation urder the sare boiler lozd conditions.

From these ~vo kinds o7 compariscn. we can se2 that the Simple model has the same sensitivity
to the change = wall prorerty and boiler load as the CFD code does. However, the total heat flux
to walls and funace exit -2mperaturz are under-oredicted by the Simple model. The difference of
the predictions between :aese two codes is uncer 1.2 per cent and hence negligible. This means

¢
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S oo+  100%Load rear wail
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@ 30+
Q.
£
@ s04 platens
g % right side wall
= 40+ = side wall k=3
=t
c front wail
§ 20 + ash hoppsr
top wail
0 ;

0 20 40 80 80 100 120
Heat Fiux (MW, CFD)

Figurz 3. Compa=son of heat Zux to walls setween CFD and Simple model prediction
for 7 k = 3 (foulng on side wall).

' Ewithout fouirg  E@with fouling

1otal 1adialed heat flux
(MwW)

CFD simple
Comparison of total radiated heat flux

Figure . Compari=on of total =2at flux to walls between CFD and Simple model prediction
for 3k = 3 (fouiing on side wall).
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Elwithout fouling B with fouling

Funace outlet temperature

CFD simple
Comparison of furnace exit temperature

Figure 3. Compariscn of furnace exit temperature between CFD and Simple model prediction
for 5 k = 3 (fouling on side wall).
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Figume 6. Comparison of heat Fux to walls between CFD and Simple model prediction
for different boiler loads.
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1 otal radlated heat
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CFD simple model
Comparison of total radiated heat flux

Figure ~. Comparison of total heat flux to walls between CFD and Simple model prediction
{or different boiler loads.

t=at, the hea: transfer to walls and :emperature distribution can be precisely simulated in a very
s=ort time ir case that the CFD result database is big enough. Hence, the Simple model results
czn be used n time to adequately guide the boiler operation.

Czpyright © 2000 John Wiley & Sons, Ltd. Int. J. Energy Res. 2000; 24:1161-1169
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Figure 8. Cozparison of Zarnace exit :emperature detween CFD and Simple model prediction
for different boier loads.

4. FLEXIBLY USING RESULTS OF CFD AND THE SIMPLE MODEL SIMULATION

In the past two czcades, the use of CFD codes for modelling utility boilers has become a useful
tool to predict tre performazce of boilers among the scientific and industrial communities. It is
well xaown that zae results >f CFD sirulations czn be used to better understand the complex
processes occurri=g within t=e boiler furnace. However, the use of these results to support boiler
operazion and trzining of operators requires that the CFD models can be easily accessed and the
results are easy 10 be analysed. There are several ways to use the CFD results and these will be
discussed below.

4.1. Direct applicztion of CrD results

Direc: applicatic= of CFD rasults is a useful way to predict the performance of boilers among the
scientidc and incustrial communities. The results of CFD simulations can be used to better
understand the complex procssses occurring within the boiler furnace. However, such a kind of
direc: use canno: de easily zccessed since the calculation takes a long time, say, several hours or
even longer. This means thz: it can be only used n boiler design but not in supporting boiler
operaton and trzining of orerators.

The zoplication of CFD results by intezpolation or extrapolation is a way to use the results of
existizg CFD casss in the cu—ent situaton. Comparison of the input data of the current case with
those of the nearsst existing zase or two nearest czses should be conducted. Then. the results of
the current case 22n be the szme as the zearest exisung case or interpolated/extrapolated by two
nearest cases. Suca a kind of zpplication of CFD results 1s efficient in case that the database of the
existizg cases is _zrge enoug= so that tze current case can be easily matched.

4.3. Flexiblv usirz results of CFD and e Simple model simulation

Obviously, the dz:abase of CED case results cannot be as large as required since the storage of the
computer system s limited. This means that the method to apply the CFD results by interpola-
tion, extrapolaticn is impossible. However, it is quite easy to set only several main parameters
such zs boiler lozd. primary ind secondary air flows, rows of burners and mills in service, etc., in

Copyrizat © 2000 Jozn Wiley & Sons, Lid. Int. J. Energy Res. 2000: 24:1161-1169
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== CED merperater
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Figzre 9. Interiace to integrate Simple model and CFD case interpolation extrapolation.

-he matching process so that the necessary existing cases in the CEFD database will be limited. In
-his circurstance, the Simple model should be employed to consider other parameters not
‘ncluded iz the previcus matching process. This integration is exactly an effective way to flexibly
use results of CFD and the Simple model simulation. An interface to show this way is illustrated
in Figure &.

5. CONCLUSIONS

Two ways -0 simulate the heat transfer process in boiler furnaces were discussed in this paper. The
setter metzod directly applying CFD results was employed in which the grid for solving the
snergy equation is the same as the flow grid in the CFD simulation while, radiation heat transfer
‘s solved in another relatively coarse grid. Comparison of the prediction results between CFD and
the Simple model performed under boiler full load (100 per cent) with one side wall fouling as well
as for diffe-snt boiler loads (100, 98 and 95 per cent boiler full load, respectively) showed that the
Simple model has the same sensitivity to the change of wall property and boiler load as the CFD
code does. However, the total heat flux to walls and furnace exit temperature are a little bit under-
oredicted by the Simple model and hence negligible. A flexible use of results of CFD and the

Copyright © 2000 John Wiley & Sons, Lid. Int. J. Energy Res. 2000; 24:1161-1169
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i
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I

Simple model for pulverized coal-fired boilers was also presented. To facilitate the use of the
system, a user-friendly interface was developed which enables the user to manipulate new
calculations and to view results.

-~
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