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

\Iinghou Xut'3'*, )Cuguang He2, J- L. T. Azevedo2 and M. G. Carvalho2

tHuazhozg Unitersity t- Science and lechnologt, Tthan 130071, People's Republic of China
:itstituto Supe,-isrTbcaico, T+hnical Unio*sity of Lisbor: -1u. Rooisco Pais, 1096 Lisboa Coder, Portugal

SUMMA]Y

The efrient use oi pulverized :oal is crucal to the u:lity industries. The use of computational fluid
dynam;cs (CFD)-ba-"ed numericai models has an import'nt role in ihe design of new boiler furnaces or in
retrofitng situatic-. The resr: of CFD simulations ;an be used to better understand the complex
processis occurrine s/ithin the :oiler furnace. The use ri these results to support boiler operation and

iraining of operators :equires tha: ihe CFD nodels can be:asily accesed and the results are easily analysed.

This:aper discus-.ss two walrs:o simulate --:e heat trans'er process.n boiler furnaces. The method directly
applyiq: CFD resu: is employ'ei- in which ie grid for s..lving the energy equation is the same as the flow
grid in -.he CFD .:;rrularion wCe radiatir--n heat trans'er is soived in another relatively coarse grid.
Compa-.ison of the :redicdon rsults betwe* CFD anci Heat Transler code (Simpie model) is performed
undei borler full loa; (100',6) wii: one side sall fouling, - weil as for different boiler loads (100, 98 and 95

per ceni boiler fuil L'ad, respectir=ly). Finali-r. the ffexibie xe of the results of CFD and the simple model for
pulveri;:d coal-fire; boilers is p-sented. To iacilitate ti3 use ol the system, a user-lriendly interface was

developed r,vhich e-bles -.he us- to maniprate new ca-;uiations and to view results, namely performing
'what-ii analysis. Crpyrieht e :000 John wiley & Soc. Ltd-

KEy wcRDS; pulv;ied coal c.-:rbusiion: ';at transfer CFD

1. NTRODLCTION

The eicienr use cf pulver--ed coai is crucial tu- ihe utilit-v industry. To achieve a higher

combr.tion effici::cy, the n:-Jor a-fi"ecttg factors s:ch as the particie size distribution, gas and

particti temperar--:es, local l:et release.:ocal oxyg:n concenrration, kinetic parameters for coal

devola-rlization ,:-d char or:;ation, anc coal properties shouid be understood thoroughly.

In *e past two :ecades, the use of CFD codes for rodelling utiiity boilers is becoming a useful

tool rr-- predict r-- peCorrc.nce of bc.lers amon: the scieetific and industrial communities

* Corre=ondence to: \tinghou Xu l:stituto Supc:or Tecnico. l:chnical Uni',-ersity ol Lisbon, Pavilhao de Nlaquinas, 2'

andar. .{','. Rovisco P=. 1096 Lisb'.-a Codex, Po-ugal-
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(Xu er aI., I99E: Azevedo et al , 199-1: Carvalho and Coelho, 1991; Boyd and Kent, 1986;
Robinson, 1985: Gorner and Zinser 19E6; Lockwood et a1.,1988 and Fiveland and Wessel, 1988).
It heips engineen to optimise the opeating conditions, reduce pollutants emission, investigate
malfunctions in fte equipment, evaiuate different corrective measures and also improve the
desigr of new br.ilers- Submodels for s:mulating the in-furnace processes such as mixing, radia-
tive heat transfer- and chemical kinetics :ave been developed. The results of CFD simulations can
be u-sd to bette: understand the compiex processes occurring within the boiler furnace. The use

of thxe results .o support boiler ope=tion and training of operators requires that the CFD
modeis can be E'riiy accessed and the :esults are easy to be analysed.

Heat transfer:l the combustion cha-ber is one of the most important processes in the design
and operation oi combustion equipme:t. The evaiuation of this process has received significant
atterjon for ma:-u- years. Tiaditionalll-. the empirical method based on indices and correiation is

useci :n engineeing calculaiions- Noradays, the Zonal method, which is usually known as

Hott:i's zonal r:ethod (Hoitel and Ccrew. 1958: Hottel and Sarofin,1967), discrete ordinates
appr..rimation , {halil, 19-Rl), the Mc:te-Carlo rrethod (Hammersley and Handscomb, L964
Hou:i1, 1968), ,rd the discrete Lrans=r methoci (Lockwood and Shah, 1981; Docherty and
Fairt-eather, 19SS), are the nost comn,:nly used methods for calculating radiation heat transfer
in pr:ctical engieering sysrems lVisha:ta and lvfenguc, 1987).

Tr:s paper d;russes two ways to s-:nulate the heat transfer process in boiler furnaces. The
method directl-v eppiyrng CFD resuhs is empioyed in which the grid for solving the energy
equaion is the sane as the flow grid in -jre CFD simulation while radiation heat transfer is solved
in another reladr-ely coarse grid. Comparison of the prediction results between CFD and Heat
Tran:t-er code (S:nple modei) is perforned under boiler full load (100 per cent) with one side wall
foulilg as well a-. for differeat boiler loads (100, 98 and 95 per cent boiler full load, respectively).
Finar-v, a flexibh use of the results of CFD and the Simple model for pulverized coal-fired boilers
is pr:sented. To -acilitate the use of tie system, a user-friendly interface was developed which
enab-:s the usei :o manipuate new ca-:ulations and to view results, namely performing what-if
analtsis.

]. NT-MERICAI MODELS

The.umerical rcdei is basei on an Eierian description for the continious phase and a stochas-
tic L:grangean i:scription :or the coa- particles. The well-known k-e eddy viscosity/diffusivity
moci:i is used tc quantify turbuient m;-ring in the furnace. The representative coal particles are
tracii:d in the c.'mbustion ;hamber u-ing simulated instantaneous gas velocities. The energy
baiance to the i,-ral particles is used :a calculate the particle temperature along time and to
desci:be coal er,--iution. Volatile relea,se is computed by a first-order reaction rate model. Char
combustion is :odelled using a par:llel process of surface kinetics and oxygen diffusion.
The ':alance of :adiative h:at transfe: is calculated using the discrete transfer method. The
radiaive propenis of gas are computec using the wide band model. A detailed description of the
models is presen::d in (Azeredo and C:rvalho, 1993; Coimbra et al.,1994; Yuan er a1.,1995 and
Xu e: al., 1996).

The velocity, r:e temperarure and the mixture fraction are prescribed at the inlet, whereas, the
kinen.- energy oi:he turbulence and ilr dissipation rate are estimated (see e.g. Carvalho, et al.,
1987! At the 's,,ni:s, the laws of the wall llaunder and Spalding,I974) are employed. The platen

Coplr3jrt O 2000 Jrirn Wiley & Sons, Ltd. Int. J. Energy Res. 2000; 24:1161-1169
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superheaters are also included in the computation domain. At the exit, a zero gradient normal to
the boundary is assumed for the depencient variables. The vertical velocity is then corrected to
ensure mass conservalion.
' The governing equations are discretized over a staggered grid using the finite difference method
and inregrated over each conrol volume in the computational domain. Each of the equations is

tridiagonal and ce-n be solveC using TDMA solvers. The equations are solved by performing

iterations until the solution:atisfies a preset accuracy and SIMPLER algorism (Patankar, 1980)

of pressure correcdon is appiied in the iieration.

-:. STRATEGY OF CFD RESULT IMPLEMENTATION

The gnd of flow freid calcula=on in the CFD simulation is generally finer than that used for heat

transfer caiculatioa. The dar: io be tran:ierred from CFD to heat transfer are flow field and heat

release distribution. These d:ia are used;o solve the energy equation in the heat transfer process,

and are not directiy used in Ae radiation heat tralsfer caiculation.

In the calculaticn of heat -,:ansfer pror-ess, there are two main parts. One is, to soive the energy

equation and gir: the temperature prcfr1e in the iurnace. Another is, radiation heat transfer

calculation, and rLis is a mucr more conputationaily time-consuming process. For this reason,

a relatively coarse grid is preferred in :he radiadon heat transfer calcuiation. If we use two

di-fferent grids in heat translr calculanon, then we can construct a fine grid to solve energy

equation. Specificaily, this fue grid can be the same grid as used in the CFD simulation. This will
enable the direct utilization cf flow fielc data into the heat transfer modeiling.

Another option is to solre the energ equation and radiation heat transfer using the same

coarse grid. In rhis case, frrv field d:ta and hegt release pattern generated from the CFD
simularion has to 're converrC to the ne* grid structure. One reason to use this method is to keep

the edd of the 3-D heat trarsfer simularion independent. Meanwhile, it is expected that solving

energ]'equation ::d radiatiir heat trasler process in the same coarse grid wiil save CPU time'

However, convering the flcr; field fron a fine gric to a coarse one will cause problems in mass

balance. Thus, the correctic: ol mass laiance for $e coarse -erid should be included.

3.1. Direct applic:tiort of Cr) results it Simple model

Two grid svsrerns :re emplt--,':d in this sirategy. Tie grid lor solving the energy equation is the

same 3s the flow grid in -ce CFD si::rulation. Radiation heat transfer is solved in another

relatir eiy coarse 5id. Figur: i gives a sceematic di:gram ol the direct application of CFD results

into i-D heat tra-nsfer calcuetion-
To solve the energy equa:on at the same -rrid :s the CFD flolv grid has advantages. Firstly,

flow ield and heai release d:ia lrom CFD can be used directly. Secondly, mass rebalance at each

control volume is aot neces.ary. Howe';er, the conversion ol radiation source and new temper-

ature profile befireen fine 5d and coa:se radiatic-'n grid is a disadvantage in this strategy.

3.2. -lpptication o-i CFD res;,rs in simpie model afer conr;erting to coarse grid

In comparison $-irh the direcl implemertation of CFD results which uses two grid systems, we

"un 
or. oniy one rclatively c-oarse grid system to solve energy equation and simulate radiation

heat transfer pro€ss. In this way, pre-treatment to convert the CFD data into such a single grid

Copynght O 2000 Jcirn Wiley & Sons. Ltd- Int. J . Energy Res. 2000; 24:1 161 - I 169



1 161 M. XU ET AL.

iigure 1. Direct applicadon of CFD results into heat transfer simulation.

Figure 2. -\pplication oi CFD results after converting to coarse ,erid.

sysi-n is the rst step. As rhe flow field conversion from the fine grid to the coarse one causes
uns::isfactorl,:fass balance for each control voiume in the coarse grid system, additional work is
necessary to d*l with the mass reba-lance and makes this method complicated. Figure 2 shows
the s:rategies icr this impiementation process.

3.3. ;-alidation nd comparison

Ontr validatio: of direct impiementation of CFD results is presented in this study. The CFD
resu-s represel: the prediction data of the boiler performance under specific operation condi-
tions- The impl:mentation of CFD results into heat transfer calculation is based on the assump-
tion :hat the low field a-nd heat reiease pattern will not change much when the radiation
properties of b..iler walls change in a certain range.

C".mparison 
"-rf 

the prediction resuits between CFD and Heat Transfer code (or Simple model)
was :erformed :nder 100 p,er cent boiler load with one side wall fouling, and for different boiler

3-D heat kansfer code

Cfid fcr solving
energy e4uation

Conwn
flow freld ild h€t

release from
CFD grid to coa$e grid

Energy equadon md
radiadm beat
tiansfs solwr

Copr::gtrt Q' 2000 John Wiley & Sons, Ltd. Int. J. Energy Res. 2000; 24:116l-1169
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loads (i00, 98 :nd 95 per cent boiler tull load, respectively). While CFD model predicts the full
pertbrmance of rhe boiler such as heat transfer to walls in a relatively long computation time, the

$i-pt" model :redicts oCy the hs21 llrnsfer to walls and temperature distribution in about
j min, keeping ihe flow field and heat release pattern the s2me as those of CFD model.

Figures 3-5 :resent the comparisoo of the CFD predictions and the Simple model predictions

for iouling on ide boiler:r-all under i00 per cent boiler fuil load. The flow field and heat reiease

data used in Simple mc,Jel were i:ken from CFD under clean wall (no fouling on wails)

conditions.
Figures 6-8 3resent the;ompariscr of rhe CF) predictions and the Simple model predictions

for different bc:ier ioads.lhe flow fie1d and heat =lease 
data used in the Simple modei were taken

lrom CFD sirulation ur.ier the sari; boiler lc:d conditions-

F:om these:-vo kinds :icomparise.B. we can i-.: that the Simple model has the same sensitivity

to rhe change ii wall prolerty and bciler load a: ihe CFD code does. However, the total heat flux

to walls and f-:nace exit ::mperatur..rre under-:redicted b1- the Simple model. The difference of
the preciiction: bet*-een iese cwo ccdes is unC:r 1.2 per cent and hence'negliglbie. This means

1007" Load rear \rdl

plalens
right side wal

eft side wall flk=3

front €Jl
6h hopps

iop'irdl

o 20 40 60 80 100 120

Fbat Fh,: (MW' CFD)

Figur: -:. Compa::son ol hear :ux to walls retween CFD and Simple model prediction

for i k : 3 (lou-:ng oa sids rl"ali).

Conmrison of total radiated heet flux

Figure :. Compar:-tn ol totai :eat flux 1e nalls between CFD and Simple model prediction
lor i'k : 3 (fouiing on side rvall)-
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Figure -i. Compariscn of furna€ exit temperature between CFD and Simple model prediction
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9go/. Load rear wail

platers 
^ r,l 

left side wall

right side nall

kont vvall

ash hopper

top wall

0 20 40 60 80 100 120

Heat Flux (MW, CFD)
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lor different boiler 1oads.

CFD simple modol

Comparison of total radiated heat flux

Fisure -. Comparison of total h:at flux to walls between CFD and Simple model prediction
ior different boiier ioads.

L3t, the heal transfer to walls and:emperature distribution can be precisely simulated in a very

s;ort time i,n case that -rhe CFD result database is big enough. Hence, the Simple model results

c:t be used h time to adequately euide the boiler operation.

C--oyright O :1't00 John Wile-'.. & Soos, Ltti Int. J. Energy Res. 2000; 24:116l-1169
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CFD simpl€ mod€l

Comparhon of furnace exit temperature

F:eure 3. Cc=carison ol::rnace exit -;mperature 'retween CFD and Simple model prediction
lor iifferent borrer loads.

4. FLEXIBLY LSING RESULTS OF CFD AND THE SIVTPLE IV{ODEL SiIVTULATION

In the past two c:cades, the :se of CFD codes for nodelling utility boilers has become a useful

tool t,r predict tb.: pertbrmarce of boilers among -.ae scientif,c and industrial communities. It is

rvell k:own thar te resuits -.i CFD sirulations can be used to better understand the complex
processes occuri:g within ':e boiler fu=ace- However, the use of these results to suppofi boiler
operaiion and tr"-ning of operators requires that the CFD models can be easily accessed and the

resulc are easy t.. be anaiysC. There a= several ways to use the CFD results and these will be

discu-sed below.

4-1. Direct applk;rion of CFD results

Direc: applicatic- of CFD r=uits is a u-.eful rl-ay to oredict the performance of boilers among the

scienrrfrc and inCu;trial co-munities. The resuis of CFD simulations can be used to better
understand the .-.-npier prul--3SSeS occuring withil the boiler furnace. However, such a kind ol
direcl'JSe cannc: re easily :;cessed sin.: the calcuation takes a long time, say, several hours or
even longer- This means th:: it can be cnly used rn boiler design but not in supporting boiler
operadon and tr:ining of oierators.

4-2. -t-2plication :.i CFD res;ts by interolation or :xtrapolation

The atplicarion ..i CFD res:its by interyolation ".r extrapoiation is a way to use the results of
existiig CFD ca-=s in the cu::ent situaron. Comparison of the input data of the current case with
those cl the nea:=t existing :3se or tw.. nearest mses should be conducted. Then. the results of
the cu:rent case Jlrl be the s:me zrs the :earest e.xisang case or interpolated/extrapolated by two
nearesr cases. Suc: a kind oi:.pplication of CFD re.uits is efficient in case that the database of the

existiig cases is -:rge enou= so that i:e current r-ese c&n be easily matched.

4.3. lexibly usir? results of CFD and ie Simple model simulation

Obviu-rusly, the d::abase of CFD case ra-ults cannot be as large as required since the storage of the

compurer system s limited.Ihis means ftat the method to apply the CFD results by interpola-
tioniertrapolaticl is impos.;ble. Hower-er, it is quite easy to set only several main parameters

such :s boiler loaa primarl-end seconclary air flous. rows of burners and mills in service, etc., in

-145

_ g.'i4O
!9
3 I .'..o:
oios6 &:13O
* ! -rzs

f,I.-d1ffi lbd98% Uload95%

Copyr:ght O 1000 h:r WileY & Scns, Ltd. Inr. J. Energy Res. 2000: 24: I 161- I 169
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lr-":n+ql I..li.ginfdforl,.il.'.,.. Ed,{

Fig:re 9. Intenace to integrare Simple model and CFD case inierpolation.'extrapolation.

:he matchlg process so that the necessary existing cases in the CFD database will be limited. In
:his circucstance, the Simple modei should be employed to consider other parameters not

:ncluded L rhe previous matching process. This integration is exactly an effective way to flexibly

ue results of CFD anc the Simpie model simulation. An interface to show this way is iilustrated

:n Figure 9.

5. CONCLUSIONS

Two rvays:o simulate .:ire heat transfer process in boiler furnaces were discussed in this paper. The

tetter mer:od directll- appiying CFD results was employed in rvhich the grid for solving the

3nergy equ:tion is the same as the flow grid in the CFD simulation while, radiation heat transfer

5 solved in another reiatively coarse grid. Comparison of the prediction results between CFD and

:he Simple lodel perl'ormed under boiler full load (100 per cent) uith one side wall fouling as well

:s for diffe:ent boiler loads (100, 98 and 95 per cent boiler full load. respectively) showed that the

Simple mc*.iel has the same sensitivity to the change of wall property and boiler load as the CFD
code does. i{owever, the total heat flux to walls and furnace exit temperature are a little bit under-

tredicted rv the Simple model and hence negligible. A flexible use of resuits of CFD and the
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Simple model for pulverized coal-fired boilers was aiso
system, a user-friendly interface was developed which
calculations and to view results.
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