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AN I NTEGRATEDOMGORBIDY THE CBHF FKKBPETRATI ONAL
PARAMETERS ONRHGOMEMAPRNCE ANDARNOLIEMT SSI ONS I N A
UTI LI'TY BOI LER

Hamid Abroshan'-’

ABSTRACT

A gas fired tangentially boiler was modeled wunder
then was joint with two mathematical models to calcul at
of watermfaflécthaabeisng the combustion exce86°atp ¢B80FfdD W
st udiesdul ts showed that the boiler efficiency is optimu
However, t hese opti mum ssueptetrihregast eda mamadt rperhcecatceed st eam
I ndeed, a zero or positive tilt angle with 10% excess
efficiency by considering theopotb8&8Btr&l oh geéddéetabinng(
excess air values growths by increasing the burner til
at positive burner angles while a moderzaet eNQCGxx ceensiss sa iorl
Furthermor e, a critical fouling thickness was comput e
temperature of the waterwall exceeds the short over hea
t hebetsy a burner tilting equaThdwoe 0re souwl t3s0 °c opud sdt pboen etst
engineers to keep their wutility boilers in the most ef

Key wo rNbsPr emi xed CdBmbuykEtré esifpe po s,iTthieombfi ¢i &NODxy and CO
Emi ssi on

| NTRODUCTI ON

Boilers are one of the most i mportant component s
Vi ewpoint s. They are at the heart of steam stations a
i mportance wasat haetmpifns $our medef i ng the utility boile
efforts were conducted to improve the performance of
Whereas boilers consist of variboud i vgmplgax praadd eass eq, (
di fferent parts), it is hard to bring alsli ngbdeéehiemgtog
approach whichdi scpebbtiamt Doffkheentampldietablge aippriohlicé
as: CFD simulation of the furnace, CFD simulation of t|I
Comput ati onal fluid dynamics gains a greaf trangt etntd on
computational abilities. Theaye weé safrluchwe td madi difedig tn fioe , d e f

predicting pollutant emasBoioher aedepgbomgpivdgdnuinct i on

CFD MODELI NGERF BOI L
CFD simulations are widely used to find the flow an

an i mprovement. Utility boiler of a 120 MW natural gas
domal]ln. [Aiunh botulde dr ear pass i n their si muHfautrin@amceand domgy
swirled for the tangentially firddrbhuwgndros.| eEv avlasatpiemd
while a heavy fuel oi[llstvawa nreed wcecadarb gidmp tainadt heui dir ti
complete boiler was modeled by CFD whereas the convec!
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mo d e | was only poor in prediOGhengsthedi ¢éssr wace ocondect
temperature andufhawe fti@lfdisndnaidaet ahéd model ¥i.t h the

The other applicatfianrs mafttihGlg Dp o Inl ubt dlinled rfeand itasfv eaness s
modi fied over (fOFRpsaigt udckicendh olp YWOIQF® MO Ae MWn Hul viehreiyz e d
di scussed the parameter si dginmdlusnicaimog h¥Omadrtieodwcd fif omi thryi
was investigated i n a duas$[6)f.uen b aitlegd ad a meuw sotf h cap estt eacghe
and OFaAl avmasl yzed for a HRpavgpubhor § ivwdesdi piredald iedntagfd Cvoe | | b
mo d e | whil e NOxswagh8vgdgshgmabhedNOx and CO formati on
met hoidchhaukt i | i zed in many other research@&g 9e sAd @ chioaulglhy CtF«
simulations were widely used to estimate pollutant emi
accurate enougéixampltehi sCQ rfeaar. martoiron whi ch was %btained
hi gher than measured valwues, while the furnace exit t¢
experi mehf.al data |

Someti mes CFD si msleatdiatnishegft aar emalefennct i on i n boil el
met all urgical studies was combined to find the reason
L. In andfhera dtamdyyentially fired whasi leevral fuiartierdg bme trmael
Results showewdi tbdam thewnpattern which is a characteri :
reason-umof onon wal | temperature distributioh aoti ¥t mat
which used a CFD approach tbedgggabsemodpEtraeatbooas pno
configGrphiB8Bwaluating the effectiveness oflan offered

One of the bos$stl ernséemastaatngns bel ongs to a combina
package to providelba mMmarteh orrealuissetdi ¢ hmag ¢ eddmjuep laenddl engeatsh o ¢

to fume the water wall heat ofnl f>orad han bex d cetr hCd-WDn dnordye | ¢ ¢
were al sospeirmuwilsamedi a. |t seems that there are a few p
in some researches, a furnace CFD mo@iBl mwabemambc¢cakdmo
convective ell®ments, such as |

Fouling i neebnoicloenrssi dhearse db .i nHeswenee r,e srm@gtc hgf ttolbem we
t haesh depwveitt ba s uwroftltiwead eaf stcades,i nsaslesugbhest ed met tio:
|l ocations with highest possibility of adhkFenkcre a&rMotalsd

i nvestigat iHadm,i negh friedlitei owdInldoplradeirmegd depedit hoa pokwaéer |
fuel boiler bylBumé&obutahgmodelwahgr walall soneglvead avad eer mal
mo d e | whi ch used NTU method (a mat hematical 1fadel ) to

MATHEMATIMODIELI NG OF BOI LERS
Somet i mes t hesruecthedaand erdea chffoarmati on t hat a CFD si mi

these situations, a mathematical model is sufficient t
coJhey see the boiler componbhatsksbmrhowmpabl agkt bofCFB
main punpmatherhati cal model ing of boilers is often f
temperatur e, and syt axtk permperaadr ® maiamlsni eaan &arotnidd It @
mat hemati cal mo dceoln swasfe i snegyeorel e b € dbr di fferent parts o
waterwall, dr un2D.anbly ndaoowncc orneesrp)pnfes sof ecbabgipognt hevas
consequences of wvarious paraimenhersat eme taald s e mgne d aet vierh e)
components of a boiler (drum, super heater, andn®conomi

whereas the heat transfer from f ur nZlc.e T hoe ye aucshe dc otnpeoinre
check the dynamic behavior of components by <changing

model ing of bpitlleem -bydedissudlam be seen in many ot her
mat hemati cal modeling and genetic al2dgor iat hm xteod da dujmpsetd
model o i mprove predictinlgh,the dynamic responses of bo
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I n some cases, a mat hematical modeling was applied
water wall of a supercritical boiler was modeled to fir
circaBtslLifkewirseeseaamnccht heas condubttedchetnadi spegdprobcghs ion
supercritical boil2%. bYVhay dsdlfeedntDagpverarcihng equatio
vertical distribution ofoohédatr.flAbxmofstomitmedkmi ecnalt het antaa
|l iterature concentrating on waterwall i2rp. sUdphenrer iatriec aa
research activities paying atten2fi omhdroe cao nvl2 crha dreel ew e
for superheaters and economizers

BOI LERS WI THL VEBRNER TI LTI NG

I n some wutility boilers there is a possibility to e
of burners iend thboandemtsi alsl wofti @ new concep®2Fandhit smai mv
reason for introducing a tilting angle burner was for
changing the temper atocee o6t @gasobgsawvwusgthhéeé SlUupping bt
ball to shift up and down. Boiler operators often desc
furnace, positive burner anghé,séndtibhgtbuther sSualohg:
provide an extra flexibility in controlling the temper

Many research papers focusing on b@r8Bnle.r29ao dnt i efy telfi
used a CFD simulation to showbthatta peppetrti gectibhi o§
the superheat/reheat steam t-bampkranuwvertThbiat datrecnhalr!

exper imeeanstuarl e ntNOXx[ emi ssi on at zer o, negative and pos
MW boil er 3fit Ah@GFAe[sults showed that no tilt situatior
angle leads to hhghesar & Oal sosohhegereJearch articles
tilting burners. For instance, an increase of the depoc
analyzed in a pul8Prized coal fired boiler [

Thearee some attempts to demonstrate the effects of
Some operational parameters (e.g. burner tilt angl e an:
of a tangentviealilzye d3igroead h@wywyidemclluded t hat negative or
heat fluxes and higher variance of it over the waterwa
tilt angl es. Up vea rNdOxt iflotrinmmagt i iomc raenads ezde rtoh t i I ti ng was t |
I n anot her i-mwviefsd i miatty omf, meomeated steam temperature wae
[3%. CFD simulations suggecsatuesde st hla2t °aC proesdiutcitvieo na nignl er e(h
deviation. The authors analyzed the flaF.naThke y rfoonu rcd mtbh
turbulence intensity increases f oreniigsiean bwhinlea tameg | MNC
ri ses significantly. However, the authors did not anal

I n summary, avail able research papers dealing with
comguences of using them. B u ts o hubnecrhee aabroeut s ccrheo os hh Mgt aag ep
negative or zero angle for burners. Most of researches
may transferlyheéé) ppontisl brbefners has the | owest NOXx
and high heat flux to waterwall. (2) wupward tilting ha
higher turbulence initemsi(t3) &aaownwarwert iCIOt iemg srsesul t s
hi ghest NOx emission, and possibility of high metal te

In this paper, a more comprehensive analysis is pr
gas fliirteyd laiil er at full | oad condition. The necessity
the effect of burner tilting angle on the ther mal pei
combustion exceshsoialierr iantf [duiefnfceer eerht burner angl es? (iidi
tilt angles and excess air) may result in desirable op

or tube rupture? and thow amuc hs ctal & dihr cklinatsisoni nrsa de w
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Answering these questions |l ed to a study combining the
of convective sections and al sTohedget was ea drsd ermtnr tiead uao
utility boiler which is used in three different power

results of this study would be applicable for 2560 MW

METHODS
ProblSemt ement

The considered issue in this study is a boiler oper
and a convection section (in the ceiling or rear side)
happens vileoclatt ebduranterfsour | evels from 8.3 meters from b
four tangentially burners is mounted with specific hor
the furnace. The Ou4bh@&Bce Hl1men&i »n39ar7re4 I1meters. The b
steam and 800 tons reheated steam per hour at full | oa
and two convective reheat eer ssahtauvrea ttehde srteesapmo n(soirb illoiwt ys uof
temperatureCequal addi 6406n, an economizer is | ocated a
feedwater temperature before entering the drum.

The furnace is ercltoxsad wiutbessaraimed ofater wal | . The
| ower drum by help of a pump (boiler circulating pump).
radiation) while the two phas®e Whtemwaiterflsaowirng wpwanva

The entire boiler is divided into three section an
section, and the waterwall. These model a imodetaobt wi hh-
the outputs of theaothens mbpdell(lays h eTahiem dneoidne | F ingu rset a
simulation of the furnace. Then its outcomes are fed t
next step in which the outcomes from both furnace and

ModelthegFurnace Section

The main purpose of modeling the furnace section i
t his, the continuity, mo me nt udmn sacnrdea enazéemrdg Yo ye drlL JEINA N $ oW &
addint,i combusti on, radiation heat transfer, NOx f or mat.
enter the furnace from sixteen tangentially burners. E
(Fi gBr.e The wpper nonrdlles and channels are inclined witht
achieve a more realistic inlet condition for solving t
simulated by CFD in tdcuwet Ifatr swue Isacaigtey. pArfdfeirlwearwias Uded
of furnace.

The furnace was meshed with structured cells. A hig
superheater, and especialliyt h nl.tdh® nmirlelai @l oelee meon tbau r arec
a coarser (0.7 million) mesh grids were considered in
tot al heat transfer to waterwall ,e fdfuet lgparsmale mp@x adiud e
significantly by increasing the mesh number more than
the current study. The furnace was model edsbyfaoemeg asd
the waterwall has a constant temperature. The bienfl uenc
di scussed |l ater in 3.3.
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Figure 2. A single burner with two fuel gas nozzles and three air channels (left), and the fuel gas nozzle (right)
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radiation model was wused successfully in many Besearch
57, 12] . 1FheBMal and prompt NOx were also included in
FLUHNsoft ware.

ModelthegConvective El ements Section

Adding the model of convective el ements in the boi
some extra information about its performance. The boil
article, avaiorarbelleathieoants tarraen sufseerd ct o model these conve

steam and hot flue gas t hr oRiigghu(rteh es &l he atf deédhelangeomy ei
tube cross fl ow heat e xacnhka nogfe rbsar eSttewnhre sf | (oewmsc-te pribseildceo nao

and hot gas flows over it in a cross configuration. Sp
Tabl@edmetrical specifications of convectiyv
SH1| SH2| RH1| RH2 ECO
Tuéb outer di amet 51 51 6 3. 57 51
Tube wall thickig 5.1% 9.3 4.194.5¢ 4.77
Pass number 2 8 13 3 11
Tube rows in fl 12 24 52 12 11
Tubes in transvg¢ 50 100, 100/ 100 151
Tubes transvers¢ 228, 114, 114 114, 76
Tubes longitudiyg 1202 102 108] 102 127
Tube | ayout Sgqug squg squg squdg tria
To find the output temperatures of each el ement, by
exchangenvwiwaesl into a few heat exchangers in series. TI
each el ement. For example, the second superheater (SH2
exchanger s. OQutl eantdegper Atomes hef fstetamdi vi si on are t
This method gives an opportunity to obtain the gas tem
Al di vi sions were modeled as a sihght heanhsérchaneg
can be calculated from a correlation proposed by Gri sm
of tube diameter, Il ongitudinal pitch, transverse pitch
66 o6YQ 01 ! 1)

WheC€Ca&nmare constwamthdgeadimbmha t able based o08] getolmet ri
Reynolds number computed for the mionmiimcéaoea whst wesend

suggestedDPDbfyoKalkeaf exchangers that have tube rows i n t
is completely important in the present st udsyi obnesc aaursee
bet ween 1 and 6.
For heat transfer coefficient of i nterdralwafsl avs e(dst ¢
06 I 2
8 8 ] !
Q pH@ENQ pHT ®
Anot her point in modeling the convective el ements
superheaters and reheaters. In fact, a portimnredsetea
the subcooled water to the boiler by a feedwater heate
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not same as the calculated steam flow rate from CFD mo
a simplwerbut mpmet hod was used to model the firdeasisgmges
conditions. Mass fl ow coefficient which is constant at

[4P:
0 0 0 ()

Based on this assumption, mass flow rate of reheate
properties (pressurfenahdredmpdieadt ste)amofvhbimedesi gn po
iterative procedure is required to find an I PT inlet m
reheated steam obtained fromsilty,e tcloen veeicft fi eeree red e meett vge anr
reheated and superheated steam equals the steam extract

iterative procedure is needed to firhetahertsempgemratdwr e ¢
mass fl ow coefficient concept was used for HPT stage ¢
the inlet and outlet temperature and pressure of rehea

ModelthegWaQierrcui t

Modeling the water circuit inside the boiler was |
waterwall tubes. The boiler consists of 774 tubes in f
equal to d4A4. 6umer adttde ne3.er mmuaThe materdlabaeftdabh AB&I
standards. This type of carbon steel has a ther mal con

The mass fl|l pwasat vatefr &t WwWo ough aldl owdratiineal ftrwhne ana
rate of water into the boiler with considering the tot
water to tubes i scdmstsanturhaeetd fsltuax ean Ao mtotheshbheédtckl o
di stribution is obtained from CFD modeling of the furn
for each excess air and burner tilt angle, a vertical
mm gap between vertical tubes which is filled with a p
heat absorbed by these plates is transferred completel.)
temperatafreuwased from heat transpghasec)o,eftfiecimettalofc arh
tube wall thickness (5.1 mm).

The internal flow experiences different regimes alc
in texebhddok$ The first regime that exists in the initia
mechanism is saturated nucleate boiling. From the bot
temperature whvialre .t Tdhefrledwries ap subcooling boiling d
starting a nucleate boiling is exceeding the wall temp
bel ddw5f i n SI

Y Y UG pryed P ®)

Regarding to the range of oOopmped atilmrg sgathamg&e 3shan
saturation temperature. Thus, it i s ratioenaelartloy asstsaugnees
the vertical tubes.

For calculating the saturated nucleate boiling heat
utildpz.edlf this method, basedfJonthecbeaept rpnsdenit ede b
two parts: a poodnbedctliing) pamd 4 mi ecrcoewde cctoinwee)c,t i a@sn  tpealrc

6 (O} Yo (6)
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The convective heat trlamcwre rBocdoltetfesri cdi deupatti icjoi v refingy rbfyl o
inside the tube:

6 Mc¥yFo0i® Qo ©)
For pool boiling pard8], wars accgwati on from Cooper [
55 - A 8“= r
6 boojo 8 aéPo Dw 2n 8 (8)

Gungor andtWmatedt adrheesnhancement and suppression
increasing the velocity due to higher void fraction,

convection, respectively.ré@dheemptiwabfactéasrbefow: vertic
O p cTnnnEd p& YO °© )
Y p pp@ @O YQ @p

The MartineXdilti Ipairlaimel esmrueribcearl caunidat ed by:

" a8 om i B, 8

A P Djw j j @y

0 € Moo BHddQ €:

O 16 0 “0 (13

YQ " 60 j° @ax

6 p 0O (€8
After bubbly flow regime, the two phdsa filnow hdfs wat
was also calculated by the same method as bubbly fl ow.
fl ow rate, heat flux), flow regime wil/| be channegred t o
wall of the tubes while steam in flowing in the core r
calcul at ed. The reason is that almost all/l the tubes a
experianoael aheflow. I n fact, its design is so that a s:
for abnor mal wor ki ng comnudliatiiopnd ,hresstgadi nas whecee asedi |l @r
selected as aintwlaff mhdpwetpiospti bhdrooubtv iiosu sc otnhpdtet el y und
associates with drying the thin liquid film on the wal

al arm fodrouwidurtr iang ontsyi dmearagilre, safeorrel ati on proposed
onset of d@Pnular flow |

481



Journal of Thermal Engineering, Research Article, Vol. 6, No. 4, pp. 474-498, July, 2020

0 — (1 p

I'n this Xxaédrsreéehat vapor quality of appearing the annt
an equivalent diameter was uskkdsi nditeedd nefr idnmenet eiramne
| ayer of fouling itrmei e otwithe .i nl f | otwherelwaeridy due to de
taken into account. The main consequences of fouling f

MODEL VALI DATI ON

A complete model wvalidation seems to be very diffic
the number of parameters obtained from the model and a
vertical di s ttrailb uttei nopne roaft utruebeormeCO percentage at diffe
measurements were unreachable due to | ack of instrumen

admini strators. To compatrert hd hreo deahs doeuetd asonbayse dwpiietm ha It roa asl
The most comparable parameters was sum of heat transf el

from feed water temperature, wat erNumaesrsi cfallo w, e saunldt ss aatrt
with measurements in table 2 for two different power p
hard because the boiler rarely operates withnald Wi6t In:
heavy oil fuel to ensure flame stability as they cl ai me
tabl e.
Tabl@om@paring the economizer and evaporator total heat
ExcessBurneifMeasulPredi (Diffe
( %) angfelvalue|val ue|( %)
Power plant NO. 1
4. 46 -5 348581351871+ 0. 94
4 -9 34981¢35638(+ 1.8
9.7 -10 363011361504-0.514
10 15 36453136861 (+ 1.1
Power plant NO. 2
20. 8 -10 37740)133817(-10. 4
18.47]0 41017(33600¢(-28.1
14.1 10 339417339451+ 0.0

Table 2 indicates that the developed model was com
plant NO.1. However, the results are not satisfactory
excess air. Pawewo!| pll amt t N@i th ip®or operation condition
|l oad. So it is more reasonable to accept the good agr e
pl ant NO. 1.

I'n addition, NOx ard eCO nwemi & eme dutrled 4dtn tplower pl a
was 120 ppm or NOx while the model results in NOx equa
angle=0°). Nevertheless, the CO was ®dWwWI3&t ipoms .f rlom grnerer
the model cannot predict the magnitude of some par amet

of changing various operating parameters.
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RESULTS AND DNSCUSSI

Furnace Section
The CFD modededtiseamidbeddl wams used to simul ate the co

NOx formation for various excess air and burner tilt ar
excess air and 5 di fwfeeree nuts etdi Itto da mdglea p.r efihda hreeganallt e ha

Saturated steam generation is the main objective in
to know how does excess air and theuaFMn g8y angodbe alff ebtr nhé
t he maxi mum heat transfer to waterwall takes place at
absorption by evaporator is within an excess adirr rhbadti wes
fuel rich combustion occu4r.eman ntsh eusneb ucranseeds ,a ts otniee pfourrtnia
cannot deliver its full heating potenti al to the evapc
enirely but existence of extra air results in cooling
the combustion. I n an excess air between 5% and 10%, f
and mini mum ownn encge s sHaernyc ec, in this optimum excess air v
evaporator.

Effect of burner tilting anmnpnlse exmpetche dhe datoot.r dms ff ar
i mportant duties of c¢changing burner tilt angle is for
where burners are inclined downward, ftigmperl dt umoev ega st &
| ocated at | ower zones of the furnace and they have mc
this reason, more heat wild. be transferred to water wal
rate of reaction i s-395%camgpabb¥%ghitghern |fteE0°tialtt €onstan
to the first and second reactions in the CFD simulatio
i n evoapoaobryati ncreasing turbulence and residence time of

As it i sFiogByiepwsiitnve tilt angles have a little dif

di fference is not negligible. iTshelOhiMj\je sviBed embsee tvad & h wi
heat absorption is 22 MW highieg3tidsant hdtl tt=l0€ teebs"ene Jgdte

an80°) results approximately in the &tames ha&lstlo5t eidnsd te r 1
| ower excess air values. I't requir-@8°aldadpetoi hsgpghbt
to the waterwall at |-8@°excess air comparing to tilt-=
< 340 _
=3 - A= tilt=30
T - ceohee tilt=15
% """" i = tilt=0
= 3204 - - =
©
s . <o -~ tit=-15
= tit=-30
“?3300
= |
E #..
T
2
— 280 -
©
°
'_
260 ; ; ; ;
0 5 10 15 20 25
Excess air (%)
Figumfetad8l heat tragsé6ecttonevapocambusti on excess a
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For better understanding of the tilt angle effects
15° compa+3iOng tid tiisl tussef ul tboutti aokne oa I|heeak atiFavegsrfrterc d&lo
4) . At tilt=0°, as the base case, radi ant heat transf
maxi mum occurs at an el evation abouta% mramhcvyert lvd aly ursr
|l ater. This is mainly due to movement of fireball to |
al most |l ower at al l heights in positive pobdbt amdgl esern
i ncomplete combusti on.

Situation becomes totally different for negative b
starts to rise at the bottom of the furnaceo Thketzxreas
negative tilt angles have a | ower maximum radiant heat
a bigger portion of the furnace. I n other words, heat
especially in the | ower section (i.e. wup to 16 m which
peak in heat transfer to waterwall, its vertical di st
transfteerr wao lwaBsg&8.hewn in

i

The ot heFri gtuariierst tihre di fference between two negative
he heat transfer patter-h5°bioyvyea bluirintelres Iziog-BOe®r )huarsivea tol
i gher heat transfer but at | ower parts the situatiol
pproximately 10% higher-1521l owheheebhsonebehizondet hbs beé
ate of tidBdEt i(dmbilmem 1). The turbulent rat-20bfcompati og
o LbPt=This Il eads to a better €eldmbhustoimbrusitn othh é elxwrmree
ower parts ofmpglhet & d.r nTalcies twi Ible lkceo di scussed | ater in
nd a better radiant heat transfleg° .t oTHiosweirs stehcd inoani o fr
ot al heat translfseehand80whtaeasweabhtF-idgBseussed for
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= fe= +30
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10 A

Radiation Heat Flux (w/m2 x 10000

: |

| burners

radiantsuperheater
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Furnace Height (m

FiguwWerdical distribution of mean radiation |

It is shown in table.3 that turbulent rate of reac
and zero talmosanhgsiemi hawvwereaction rates. -1T5h°i.s -BpBa°rfainett=e |
the turbulence rate of reaction increases significant/|

Because of i ncompl ete combustion in some regions
umnvaoi dabl e. However, the ganoduced e@®@iwiilnlg @anverntos tthe ¢
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of plenty of oxygen. On the other hand, while the comb
5 %) , paritoinalofoxmedtatane wi | | not be completed. So the C
outlet in | ower excess airs. W th an excess air equal
value seems negligrbbhae, i htompl anheianddcpbor €ombusti on
carbon monoxide at |l ow excess airs is more notable fo
residence time of gas fuel andgbrygen while the burner

TablMax3i mum tur bul ent rate of reaction for differ

tiltCangllturbul ent r
(kgmdlis)m
-30 0.407
-15 0.291
0 0.267
+15 0.271
+30 0.276
0.70 0.60
— A= tilt=+30 A — tilt=0
0.60 wemeee- tilt=+15 ‘ ’&\ 050 oo =15
9 “ﬁ\& S ilt=30
% 050 | ——til=0 ‘64‘ wd 3 o0 A
; g 030
g g
8 8 o020
0.10
000 hassgmess”
0 5 10 15 20
Furnace Height (m) Furnace Height (m)
(a) (b)
Fi guwver 6i cal di stribution of mass averaged values of
negative tilt angl es
For providing more details, vertical dii goir i i d ieon
t he exceguwalaitro ilsO%. This figure covers a range betwee
values of CO are negligible. The wavy pattern of these
fueilch regions. allt ithetltasrvess hrmavwehy our PiegaikrseAneoqtuhae r t
poi nRi gisit b) i s about extending the combustion to | ower
di scussed i Fid@seHepe|minisoiws tmhat o©oombustion occurs at
i s negative. But the mai-0 °d 5k rl é necse i ne ttvheee nl etviellt od n gelc
in |l ower parts of the furnaceur nanc ef abcot3tOcamm | fecard stmplbte=h e s
heat transfer to waterwall d&rfacdduco m@Earging uted athh eveda
transfer to the watetWwalini boweigbighedi gkxeesat ads!| rRa
and 20%), combustion incompleteness in | ower section o
The other important aspect of combustion in the fur
shownFiigereFor all bur-keowhi behawgbesisaviwel bl e. NOx f o
small and then it grows by increasing the excess air r

485



Journal of Thermal Engineering, Research Article, Vol. 6, No. 4, pp. 474-498, July, 2020

peak tempgdraanteur e foft he excess air rises further, t he ¢
|l eads to | ower NOx formati on. I n fact, a c odmebsicneantdiionng o
pattern Fiag®iysedm inmt wogtthat ther mal NOx is the domina
boiler.
250
)
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D
=
= 150 -
>
[©)
®
=
@ 100 H
g - |
< - =A== tilt=+30
% 50 = &= tit=+15
—tilt=0
= @= tit=-15
tit=-30
0 - ; ; ;
0 5 10 15 20

ar e
ai
cas
[
oXxXy
ti

of

r

eff
add
and

Con

wat
t he
exc

at

At

Wi
abs

t o

t

n

Excess air (%,

Fi guN©x6at the outlet of furnace for different burn

But the effect of burnewast imetntiisonaed iitnt Iteh emoirnet rcoodmpc

suggested to produce | ess NOx. However, this sugge:
ratios (i . e. 0% and 5%), positthevier tlidwe ranmd &eks tgemp
e with zero tilt angle has the highest NOx at the f
g4reBy increasing the excess air, the situation bec
gen becomes more available at regions of the furnac:
t angl es NIxe adrimnsg itoon.hifghreetrlie xic eisscrae¢easiregul ts in a dr
the cooling effect on the hot gases. The reduction
ect appears earhlierNOr €mmi sscaseinlmnegentilt angl e
ition, zero burner angle produces the | owest ther mal
15%) .

vective El ements Section

Whil e tielrtsi tgowaurdn bottom of the furnace | eads to
erwall, convective section of the boiler (superheat
r mal energy prodused Thi st hbel aPmibgotsrteil snn o p vl ot o=a+s3 0i°n c a !
ess air valwue, superheaters absorb the highest amou

positive burner angles.r@xnultthei rota elrowern dh e ante gtart a rnv !
Decreasing the heat transfer to convective el ement :
excess air values s madal5l°erhatshan |1o0u peiednd att g @aneifl telr n t
h-30P 1l tFThe reason was discussed bBegBrel horeadieng amie
orption in superheaters by rising the exceasfarr is
the reheaters and the economizer follows the same |
early by rising the excess air.
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Lookimkhigg8rtet he maxi mum heat transfer to the waterw
However, by setting the excess air in the range of 0 t
Further increasing the excess air | eads to | ower heat
becomesr aveamosad f or t hRei gcoornev exntailvlie asnmeocutnitonof( excess air
transfer to convective el ements. Since both sections o
together, thesefafibeitercy i ofdi taitloer fior evaluating the t
all the consequences of c¢changing the tilting angle and
to superheated steam,edamatand amastfer pgroehrediteiangegdi n t he

8205000
12 =TT T T A = - -
%200000— A,: —emkTTTTT T g
=
S 195000 s o
3 e
£ 1900004 STt
g -~
S 185000 % ,/’
§ /' tilt= -30
T 1800007 v - @= tit= -15
.7 —tit=0
175000 ¥ - &= tit= +15
=A== tjlt= +30
170000 ‘ ‘ ;
0 5 10 15 20
Excess air (%)
Fi guHea? transfer to Superheaters in convective

As shdwm8irrewhil e the excess air is equal to 10%, t
tilt Téhreglmms.n reason is good heat transfer to the water
excess air FigouBarlenidg@)y 4 08 foil er efficiency close to 86
angles with exciesstlaeropdomunmht bbr mal performance. I n
unacceptable thermal efficiency with zero excess air v
air is 5% or 15%, the efficaegeyfiaemsbhbmetwbatlSeatbrall
al most has the | owest ther mal efficiency.Filgt@riea nworatl h
over this article) is without carssichanrpiomgenan aihre rodH e
increase significantly by wutilization of ther mal energ

Al t hough the ther mal performance of t hwarbioablees,i st w
ot her aspects should be considered, too. The first is
earl i er, NOx emission increases by rising the excess
exi ®t @efc CO in the stack. Therefore, the optimum choice
excess air equal to 15%. However, if the excess air ir
35% |l arger whilmathe L£Or emi Atsi bhi s erange (10% <excess
| owest NOx |l evel, but the efficiency reduces between 1
negative burner tilt anglthe NOxoemilssiowmg c¢adsd. 3% high
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87
----- ExAir= 0
— — ExAir= 5%
86 ExAir= 10%
- = ExAir= 15%

8 | N e ExAir= 20%
? /\-
S 84 SIS —_——=
L>>\ ___________
o 83
= R
5 o | T
3
3 81 ] -

80 . TS Neeae- -

79 ; :

-30 -15 0 15 30
Burner tilt angle

Fiug&Boil er efficiency for various tilt angl es

620

580 1 o=

Steam temperature leaving Reheaters

— -
540 —_—— ‘/_,_»—
----- ExAir= 0
500 — — EXxAIr=5%
ExAir= 10%
= - = ExAir=15%
ExAir= 20%
460
-30 -15 0 15 30

Burner tilt angle

FigOBfeeam temperature exit from reheaters

The second considerati on st hHehte shoualld shuep etrahkeeant eirn/troe |

Al'l steam power stations have a set point for the outl
point, which is achievable by the coonmeaetl tslyest @esiomred
performance considering metallurgical l'imitations. The
for both reheater and superheater out pufi g®%theela )8 atmemper
behavior is observabl e Hioglb@seuper heater exit temperatur

I n these figures, it is clear thhtg@8@hewiclalsenat tdhat.i
steam temperature conditioan krckastaitheqaoapér abpon 0 %h a
angle or an excess air equal to 15% witéffi aniegmadcy veqtua
84. i |l e a | ittle desuperheating smamert iisn ersesteedti erl &
sections. In The second choice, however, the boiler ef
I f the excess air value is set to 5%, areehol dr MPorsieax
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air =50%, using a burner tilt angle equal to 30 is a bet
NOx emi ssi on. Nevertheless, as mentioned before, CO em
» 600
I3
©
e
Z 50 |
S VU e -
[V} _ .-
CE» ==
& 560 e
<@ 7 -1
. -
(0] - -
é —_—— — ’/’
S 540 o S, e _- -
(]
g - — —ExAir=0
e — — ExAir=5%
E 520 ExAir= 10%
& - - - ExAir=15%
......... ExAir= 20%
500 ‘ :
-30 -15 0 15 30
Burner tilt angle
Fiugk0St eam temperature exit from superheat
For better understanding the results at a glance, t
The table is based on the outcomes of ¢ oncvaescetsi vvei tahn dar
efficiency above 83% are gathered in this table.
TablT®ehet consequence of operational parameters and t
Prio Exces| Tilt Ef ficiiCO (p|/NOXpp Desuperhe
(%) ) ( %) (super heat
1 10 +15 84.5 0 168 moder at e/ mo
0 84. 2 6 142 moder at e/ mo
+30 84 0 179 hi gh/ high
2 15 -30 84. 1 0 220 no/ no
-15 84 0 222 no/ no
3 10 -30 85. 7+ 0 160 no/ no+
-15 85. 5+ 0 152 no/ no+
4 5 +30 84. 1 550 83 moder at e/ mo
+15 84 290 114 |l ow/ no
0 83. 6 280 125 |l ow/ no
5 15 0 83. 6 0 196 high/ high
+15 83.5 0 217 high/ high
+30 83. 3 0 191 high/ high
6 20 -30 83. 3 0 203 no/ moder at e
-15 83. 2 0 208 | ow/ moder at
+ Ttheemper ature of main aB&C.r ehlewnd tshe aef fiiscil owey dfhamy &l e be
is roughly equivalent to a boiler efficiency of 84.4% and 8
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Evaporation Section

I n a wutility boil er warhédt dlubtesmmerratvereg o fmptohre amdt. e rl
to high temperature (fl ame) may experience tube ruptu
temperature of waterwal/l tubes nevearepende aads oint s hrae tog
conditions, boil ers may pass over this threshold resul
knowl edge on the effect of operational conditions on t

The tempwanaeur ewabf tubes generally depends on the
tube outer diameter, tube wall thickness, properties o
of saturated water fsladwirmg eidnsvadert fd otwulbreas.e Tiltse a f un
(steam | eaving the drum), circulation ratio of the bo
water wal | . Di stribution of  hneeadt ffrlounx D tshiemuw aattei romwa | ol f
the method described in the section 2.4, temperature d

The r ecsndats ef arsFisdqhlolweT hien t emper at ur e centtourad &ireematc d
contfoeawea | | which has higher |l ocal heat flux. As it is
mainly dwettd htahet he saturat dcdaswatomrstfalnd witegnpiem it die et fi
t hveer ti cal tubes. Thus the distributi @& hheeodt nfeltuwX. tlurb et H
si mul & tviesotnesr,wal | temperature was assuméde ovebage ¢cempe
of weat er wall can Fheglcteell multdti esed cfamem t he taweetr agwealklur f al e
is equal to 668 K tthhaes s ume 8 B W@FEBiemelsa tiTidoew sl édaduiasnthie a t
flux should be higher with this new s thnkeaw et et neprepreartaut ruer
calcul ating a newer surface temperature based on new h

t o 4 tiitneesatfddan ,o nteh ec afsien al aver algpec aamgdauat walol 6199 mKe r dtnu
changhwagt er wal | temperature from 750 K t 6 hpgeOrOf okr niam cteh €
parameters, ssiogntihfei caatntélmud astesl wWegr CFD without the iter:
wall temperaFareegxdmpl &) tot al heat absbhgtuieo g absy cwvhaatneg
only O. 9%vyarndnpd.e2énti ng trheesipiwtedtryati on procedur e,
x 10°
415
410
405
<400
L 395
L -390
F 385

2 4 B ] 10

FiuglSi mil arity of contours of the water wall temp
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Di str i btuempoenr aotfur e oot & h easfu hvibaatceerawnad | tubesarae vert
showhi gm?2Tehi s figure was plotted for a single vertical
heat fl uki dplalsmmédj on PFoigl® esi nh owsodne ptorsd ti nner surface of
temper atcddawodOrA5 mm etstsi G knenit @e wal | t ubes hnaasx iamednaalge i n
tempemwmdt wehteer wal Hi st utbreisn ITdype metdhfeaheul isnge i ncreases
temperat drCe IKynk15% eralnigo wahbel eh ingeitepsita7t3d@Bi®@ R r whuck causes
severe short ttheeemeowelr hetttbag will be corrupted i f the
tiPamrd EXAi rsmhdt%y ]l {Tédnghecaeuwal | i s sthhehmgkweaedepobsdaad -t
deposAlttiboonugh t he foul i ngiitlsayiedre nsteiecnasl ttoo bae 2fueu\yi trtlgaitrne s
is a huge Valoe maompadi a0 K/piv u e

0 ———— ‘ : :
o =~
< RN
o N
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8 -20 - N
g N\
= \
© \
= \
€ 40 \
E A
pat = tilt=0 (no fouling)
3 — = tilt=0 (fouling=1mm)

-60
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Excess Air (%)
Fiuglk3Effect of excess air on the maxi mum metal temp
As shdwmgluidrethe peak metal temperature decreases gr

anglPeFDhoutt Hpeewalki tge,mper atludiCe t @ fCal it dieex@cme s4 air goes fr
20%. By i ncr earsajtnigast hdei tsdpacceessésed lmisnmsect itoment ehevat |t dacs B
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whil e more heeetonmnehicenas t odheegd poreactdiidomesoboi l er | eads
water evaportahwadreramhsserdfdeow will be dwiclrle agséetd . id mCunon t h e
wi ahhi gher temperature. Consequence of thesd]|ltolwreandha
|l ess heat flux) is theimadweaoctwiadn .of the metal temperat

An importBngldPei hhei nhnfluence of excess air on the

inside tubes. Exi st esnoc ecraghiul cetdo omi riffieme eecswvdi @igeotrhae he
situaFii@md erfi si ng t he&bteox c2e0s¥% raeisrulftrsom n0 dr oppi°@gt 6 he pe
61C which i sCegedluctioom.3 Thot akb nagtad onu ngt btehcea urseeduct i on

passage of water/steam due to formation of fouling | ay
33.9 mm is equivalent to reducing the fl ow tplae siargtee hrya I
heat trédnsfent cowet!|l ibmprionemeased.s Thd ative to the ' n
temperature drfopgs hmarher restedwseesost hadrr wor ds, the effect o

ExAirs20®i gher comparing to ExAir=5%tbéemaudardd iBen gpge alka s
and°® .féeor excess air of 20% and 5% respectively.

This pattern is followed by other tilt Fangguldees but
redueff etblfeexobss air i s more sensible at pommows vae hiidhe
dr opg hiemxi mumrtagmp e. The reason is for ittsealt ewawal Wahen
transfer deceases by 12% moving fr om °aVhsetredhass triead uccad mho
i hhheeat abstomept € owabayn i8s% Ifens Bthialdt, =0 he order of these cu
was expected. Ho-&B8avree , c amplud tt sl yo fditfifl eFrFegriutd. e Aan og rheewt h ril

t hmeaxi mum metal temperaturme atti ltowareglceess.s air values foc

Bot h ofunihfi sr miotni es i st hmkamed mettahetfeapertabhatre is
of waterwall heat transfer, inlet water temperadtswre, a
dependedet st ri buti on of theiheat fPploesi ble othkler i womdcas

(e. g-30t,i Itth== heat fl ux becomes excessive in a wide area
tot al hbat hehux fl ux becomeas pnorrtei am nalfe rettriveef towakt,e rswuapip o s i
verticdlhheitqubbehdaat fl ux regi on, t hter a@rusbfee rmaiyn bteh ee xpecserdd

= [e=tilt=+30

pMaximum Wall Temperature (K)

cochee tit=+15
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Figadkef fect of theléxeaeaegbeabn &ahd maxi mum metal temper

thickness=1 mm)
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I ncreasing thiemutlhingkhnay®rofinside tubésmeval tiempere
ac hneasx iimusm avliall@@&qHl. s Toi i ti cal fouling thickness is ¢
d buirmegnrglteisl.t As i Fi glspeaddpesndiartg don ntthhees ecfrouwbiicmgr am
i ¢cknesisn ctolud Hr-lhregeTihAer o excess air combustion often
ickness. thoex d o ed@mi@asesnin a | arger criRkiigladl edmoluyl iinng
't ang3 84 5xemd att BA ocfroiulhiicmeg b § &SXcess air is |l ess than
mbustion.t hFemaroher mbrangl e has the hivgaheuseW¢heni t he aé x ¢ |
r is higher tBao 201 atviel + @ n goasel i etghmacdckrnietsis .

FiguBeggests that in ¢ aweaet eorfwahlilg ht ufboeus ,i nigt iinss ibdeet t e

O~~~ g =
- 0O TT" IS S0

or tsheet I't angle to an appropriate value for avoiding tu
boiler tube c¢cleaning, it is recommende’dedme cthiamgley t(hkee ¢
i n rialdd.e Thus, tube rupture wil!/l be avoided by decreas
tube cHewaveg, it i's betmpeapaetrpat d cmrgs ivdachmeetsmabla seme roant i o
conditions. For example, if the boil est ohabs% baenedn +1n5 oipne
of the ti me, i tt hes exucfessciainrt tta Ilcth%.nge

Anot her issue which is studied in /thteiamacuiitc! aef fiesc tl
overheating risk in the waterwall tubes. The boiler ui
equal to 20. I't meahsctuhatea thecwahrack itohthgs mpgihtch hae ma us

ti mdshe mass tfhhjeewer at edost eam. Computations show that i
effect onmu m hnee t mad x utreemp elrf t hgr @aws cOoh atind @Br@&txa tnivne t ub e
temperatueduwwkeyY! 0beé5 %. Howe vreers,ulrtesd uicni nag ctohnep IR el vy di f

1.60
- — = ExAir= 0%
€ 19| — —Exair=5% S
E 150 ExAr=10% . | )
? - = ExAr=15% < | )
g M ExAir= 20% 7
. ~ 4
Q ° ° ‘N N
£ 140 .
2 135
S
2 130
T
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© 1.20
1.15 1
1.10 ‘ :
-30 -15 0 15 30
Burner tilt angle
Figabritical fouling thickness for various til
I n normal operation (i.e. <cirlcutlad iverr triadalonrt@ldlde sate
phase, bubbly flow, slug f1l ogw tahned ccihrucrunl aftlioow praatttieor ndsu.
mal function of valves or the pump, in some tubes which
annul ar pattern. I n all cases, thetaerewl 47 fahdwlwi |l IOcl
t haennul ar fl ow pattern i s equivaldcrmtuahd pesscébal sugdeh
met al temperature. | dhdi mxatd tCubedulyapi ovi é I awb@&Eoodatc uwh ie
calcul ated because it is a rare situation in a steam p
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the annular fl 6w matvtteran beonedirt isaf®ty margin by carefu
it yawarom values | ower than 20.

CONCLUSI ON
I'n this study, three models were integrated to s

i
CFD model of the furnace, a mathematical modelandf t
economi zer), and a mathematical mo d e | of the water/ ste
the best operating parameters which | ead to the highes
whil e mimi snk zef twat erwall tubes overheating. Adjustabl e
tilting angle of burners. The i mportance of <circulatio
were also discussed.

Some valbwmwaskelgeences obtained by trusting on the CFD
range of the operating parameters comparing to article
for the boiler behawviserarchers exampleae, t hae¢ v iNOxs emi ssi o
whereas the present study showed that such a concl usi o
may be categorized as bel ow:

m
h

1 Heat transfer to the waterwall increases by inclining the burners downward, whereas the convective elements
absorb less thermal energy. Simply it is for shifting the fireball to lower parts of the furnace. One exception

is that the burner tilting angle egjuo-15° transfers more heat to the waterwall comparingto8@=, at | ow
excess air values. The reason is that the combustion is more incomplete3atit= i n t he | ower p:
furnace. Therefore, the gas temperature and radiant heat traesfenes less thantitsE5° . Thi s si t ue

diminishes by increasing the excess air ratio.

1 Negative tilting angles result in a growth in the turbulent rate of reaction. This seems to be in contrast with
the results represented &0] where they claimedhtt the turbulence intensity increases by inclining the
burners upward. In the present study it was obtained that the positive titling angles have a higher turbulence
comparing to zero burner angle, but the negative burner angles have significantlytgrbatert rate of
reaction. Therefore, the result #(] is not complete because of ignoring the negative burner angles.

1 Obviously, CO is considerable in the excess air values less than 10%. The CO emission at low excess air
values growths by increasitige burner tilt angle.

1 NOx emission has a more complex behavior when the tilting angle and excess air ratio changes. At low and
high excess air ratios, the positive burner angles result in the lowest level of NOx. In the moderate range of
excess air (i.evalues close to 10%), the zero tilting angle leads to the minimum NOx emission.

1 From the boiler efficiency viewpoint, the negative burner angles are preferred. In addition, an excess air equal
to 10% gives a better thermal performance. Excess air ratiagd #55% and 15% are second and third
choices. However, the 10% excess air with negative burner angles cannot make the superheater/reheater steam
temperature to reach their desired values (538 °C
delivering a steam with an appropriate temperature should be considered, too. By considering this issue,
negative tilting angles are able to produce the desired steam temperature only with an excess air ratio larger
than 15%. Nonetheless, the 10% excess airavjibsitive or zero burner angle is much more efficient while
it has capable of generating steam of 538°C. A sun
boiler efficiency, CO and NOx emissions, and final steam temperatures was demonstedtied4n

1 Thickness of the scale formed inside the watertubiés has a significant influence on the metal temperature
and risk of tube rupture. Negative effect of fouling on the metal temperature was found to be depended on the
excess air values. Increasing the excess air leads to a reduction in metal tubatteeagesimilar pattern
was observed for all tilt angles with some quantitative differences because of the different values of heat
transfer to the waterwall.

1 A critical fouling thickness was defined in which the metal temperature exceeds the shandeneating
threshold (730 °C). The critical t16%5 mrk. rObviossly,f or v a
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increasing the excess air leads to a higher critical fouling thickness. This means that if the fouling thickness
is near critical values, isibetter to temporarily increase the excess air until the boiler be shut down for tubes
cleaning. Zero and +30° tilt angles also have the
one of these two values results in a safer operatitwe ifouling thickness is high.

1 Decreasing the circulation ratio may change the flow pattern inside vertical tubes of the waterwall. Almost in
all cases, &Requal to 1718 can lead the boiler to a doyt and rupture situation.

NOMENCL ATURE

Bo Boi Iniumder

C Constant in Grliismon equation

CR Circulation ratio of boiler

De g Equi valent inner diameter of tube considering f
Di Tube inner diameter

E Enhancement factor

f Friction factor

G Mass fl&st) (Kg m

k Thermal cofhdsigatuwvatdd) | i guid (W m

0 Mass flow ratd at I PT inlet (kg s

0 Mass flow rate of steam inside tubes of water wa
MW Mol ecul ar weight of) water (18.015 Kmol Kag

n Constant in Grlismon equati on

N 4 n Nus sreiimber for internal flow in tubes

N x Nusselt number for external flow over tube bank
Ni ube Number of tubes in water wall

P static(baekpsure

Pec r critical pressure (bar)

P pr Pressure at | PT inlet (pa)

Phas Flue gas Prandtl number

Pr Pramdmber for saturated | iquid

Pr st Superheated steam Prandt| number

Gt ube Heat flux to & single tube (W m

Ren Reynolds number for internal flow in tubes

Re Reynolds number for flow of saturated I|iquid
R @a x Maxi mum Reynol ds numbbeer boafnkgsas fl owing over tu
S Suppression factor

Tsat Water saturation temperature (C)

Tw Tube wall temperature (C)

Tw onB Temperature of onset of nucleate boiling (C)

u Li qwied oicni ttywo phm8e flow (kg

X Vapor quality

XA E Vapor qual i tyanonfulaaprp efalroiwvng t he

Xit Martinelli parameter

Gonv Convective he&t transfer (W m

Cho Saturated nucleate?KkDiling heat transfer (W m
Goo Pool boiling ¥&Hhat transfer (W m

et Density of steam at | PT inlet (Kg m

a Mass fl ow ctoefmeéedii ®née prHfessure turbine (I PT)
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