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SUMMARY

The present cement production is facing two main problems. The first one is the production of
ODUJH DPRXQW RI JUHHQKRXVH JDVHV DU-RNXi€®Bns, anRl ZRUQO
second one is the high fuel prices, mainly coal. The cemerducers are therefore under
increasing pressure to reduce their fossil fuel consumption and associated greenhouse gases
emissions. It was found that partial substitution of coal by alternative fuels like waste derived

fuels and biomass may play a majole in the reduction of C£emissions. As waste disposal

at landfills is the last option in the waste management strategy, energy recovery of waste
derived fuels, commonly known as solid recovered fuehkF, in the cement industry has a

high potential.

Incineration of high share of SRF in cement calciners still faces significant challenges,
mainly because it is well known that the use of alternative fuels in existing pulverized burners
alters the flame shape, the temperature profile inside the fuaradehe burnout of the fuels
used. A possibility for the eante control and investigation of the incineration process are
computational fluid dynamics CFD simulations. CFD simulations have shown to be a
powerful tool during the development and optiatisn of chemical engineering processes and
involved apparatuses. They can show some important flow characteristics and mixing
phenomena, which cannot be experimentally investigated, and because of that CFD together

with experiments and theory, has becamnentegral component of combustion research.

The main focus of this workvas to achieve a physically accurate and numerically
efficient method for simulation of therrahemical processes occurring insidecement
calciner. This impliedyood knowledge oftateof-the-art solid fuel combustion models, such
as coal, biomass and solid recovered fuel combustion model, as well as proper definition of
the endothermic calcination process. In order to correctly numerically study the role and
interaction of solid fal combustion and limestone calcination within cement calciner, new
and improved physical and chemical modetse introduced. To verify the accuracy of the
modelling approach, the new modelgere extensively analysed, and the numerical
predictions of eaclmew modelwas compared with experimental data. To represent the
applicability of the modelling approacthree different three dimensional geometrieseai

industrial cement calcingewereused for the numerical simulati®n

VI



654(7$.

Trenutna proizvéc Q M D F H Péhgjévkival R R p Prish@ma. Prvi je proizvodnja velike
NROLPLQH VWDNOHBRukupikh §dalighRrOoBmisikaluiRiskog podrijetlaa

drugi je visoka cijenal RULYD XJODYQRP XJOMHQD 3UWRvEY&EEBpPL FHP
pritiskom dasmanje SRWURA&AQMX |RY bjin@ hdavezdaRikemsiaméa VW DNOHQLpPNL
SOLQRYD 8WYUYHQR MH GD MH GMHORPLpQIp(tbienmaseQD XJOI
i gorivadobivenih obradom otpad® RamatLY DAQ X X O R JX RO)emBiR MaddQ M X

e JEULQMDYDQMH RWSDGD QD RGODJDOLaAWLPD ]DGQMD R
energetska oporalgoriva dobivenog obradom otpada, poznatkeg kruto gorivo iz otpada

(engl.solid recovered fuel SRB, ima veliki potencijalu cementnoj industriji

Spaljivanje visokog udjela SR&u cementnim kalciatorima MREXYLMHN VXRpDYD
]QDpDMQLP L]D]JRYLPD SRJODYLWR MHU MH GREUR SR]QD
SRV WR MhkeacimaBLMHQMD REOLN SODPHQD S UtRizgoendsH P SHU D
samoggoriva koje se koristi. RUL aW 0 Q MXQ D O QeHflu@d. (@myPcomputational
fluid dynamics- &)' P R J}ei(pkethodnaspitivati i kontrolirati procesL]JDUDQMD UD]OL|
vrsta goriva CFD simulacije suse tokom godingpokazalekao PR U D Q z® @by
optimizacijukemijskih procesae samih X U Faymubdr kojih se te kemijske reakcije odvijaju.

One PRJX SRND]DWL QHNH ‘$tuiagia fuitB U DPN W HNSIDAWIKCH] 18
WHEHNR/ SHULPHQW Ddga)eRCADYAAd i &b kEpdriméntima i teorijppostao

VDVWDYQL GapRocksamjdraDjsgoiva Q

Glavna tema ovog radala MH SRVWL]DQMH IL]JLPNL WRPpQH L QXPHU
simuliranje termekemijskih procesa koji se odvijaju unutar cementnog kalcinatorgjeTo
podrazumijevbp dobro poznavanje najmodernijih mbdOD L]JDUDQMD NUXWLK JRU
PRGHOL ]D L]JDUDQMH XJOMHQD Héa, Kk&oD Yrhdvilhodéfilebhjg D L] pY
HQGRWHUPQRJ SURFHVD NDOFLQDFLMH .DNR EL VH LVS
interakcija izgaranja krutih goriva i terpiNRJ UDVSDGDQMD YDSQHQFD XC
kalcinatoraupotrijebljenisuQRYL L SREROMA&ADQL ILILNDOQL L NHPLMVN
SURYMHULOD WRpPpQRVW QXPHUIPNRBE REEHQ EDOQMPHLPIRMDIO
dobiveni rezultati sveog novog modelaV X ELOL XV¥ 8dRtupHifnHelsberimentalnim
SRGDFLPD 3ULPMHQMLYRVW UD]JYLMHQRj& maXNPHLU LLpbIN|RJL pR-R'
trodimerzionalne geometrijeealnh industrijskihn cementnih kalcinatora, koje su se koristile
zadetalQH QXPHULpNH VLPXODFLMH

VIl



352a,5(1, 6$4(7$.

.OMXpQH ULMHpL 1XPHULpNR PRGHOLUDQMH NDOFLQDFLI
kruto gorivo iz otpada

8 SRVOMHGQMLK SHW GHVHWOMHUD XEU]DQR S&yHUDQMH
greenhous gases GHG) u atmosferi, koji su uglavnom industrijskog podrijetla, rezultiralo je
globalnim klimaW VNLP SURPMHQDPD REGAWRALLY M HQPA )& DpostalaVND SU
VYH YDAadmo#DSR]QDWD pLQMHQLEDMNQNRDMABLMHQRBENYKLK
plinova, te da samo cementna industrija sudjeluje s 5% u ukupnim globalniran@§lama
OMXGVNRJ SRGULMHWOD SRWUHEQR MH NRQWhr&esuUDQR S
proizvodnje cement@l]. Trenutno nafikasnija tehnologija u proizvodnji cementa je suhi
SURFHV X URWDFLRQRM SHUOL V YLAHVWXSDQMVNLP SUHGJU
Potonji predstavlja komoru za izgaran® RMD VH QDOD]L SULMH URWDFLRC
VLURYLQD Ynjedd QdRVpnézd, podvrgava procesu kalcinacije. Kalcinacija, ili
WHUPLPND UD]JUDGQMD YDSQHQFD MH VQDaQD HQGRWHUF
WRSOLQH XND]XMXiL QD SRWUHEX L VauRtéronbp izgaRgiaSUR Y R
goriva[2]. Kontroliranje ova dva termdNHPLMVND SURFHVD MH YUOR YDAaQR
GLUHNWDQ XWMHFDM QD NYDOLWHWX FHPHQWD QDVWD
XPLOQNRYLWRVW SURFHVD SURL]JYRGQRRW UFRIGH Q WSIR ERID| K & D\Q
XPLOQNRYLWRVWL LQGXVWULMVNLK ORaAL anwlomfritdtlodaV HQ M H
fluid dynamicssCFD L VLPXODFLMD GD VH LVSLWKemijskhpmadsaMabD LQ
SRVWDMH V3.HzZaj¢dna G ltddriiom i eksperimentima, CFD simulacije postale su
LQWHJUDOQL GLR LVWUDALYDQMD NRPRUD ]D L]JDUDQMD
iskoristiti za optimizaciju turbulentnog reaktivnog strujanja, geometrije komgeganija, te
NRQDpQR ]D SRYHUDQMH HQHUJHWVNH XpLQNRYLWRVWL pL

5D]YRM SULNODGQLK NRPRUD L]JDUDQMD MH pHVWR YUOR
,VWUDALY mxé&rijskih WaotesR Roji se odvijaju unutar kotddd ]D L]JDUDQMH PRJ)
SRVWLUL VLPXODFLMDPD 5DQH GHWDOMQH LQIRUPDFLMH
VH GRELYDMX SXWHP VLP XO Dhj§ kbmoldroeRzaVizgardied ®igh NR G U X
godina CFD je postao integralna komponentabs&rLY DQMD L]JDUDQMD NRMD VH
UD]J]YRMD NRPRUD |]D L]JDUDQMH SRYHUDYDMXuUuL UD]XPLM]
XQXWDU QMLK RGYLMD M X-kéiRiski pHbceSaLuRcEeDtRim Mattinatddikdd R

VIl



MRa&a VX XYLMHN VXRpaidyirha. W BIlJlE hdl)edd Qdzeémijevanja fenomena
PLMHaAabDQMD SURFHVD L]JPMHQH PDVH L WRSOLQH WH VWU
kalcingori. U radu Huanpeng i suf4] SULND]DQD MH QXPHULpPND VWXGL
parametara na dinamiku dvofaznog strujanja u cementnom kalcinatoru, gdje su predstavljena
WUDQVSRUWQD VYRMVWYD NUXWH IDJH NLQHWLpPpNRP WHR!
nastajanja NO, CO i CQu cementnom kalcinatoru pakana je u radu Huang irs{b]. Ova
VWXGLMD MH SRND]DOD GREUR SRNODSDQMH UH]XOWDWD
PMHUHQMLPD ]D L]JJRUHQRVW pHVWLFD XJOMHQD L UD]JU]
procesa u cementnim kalcinatorima provemdge u studiji Hillers i sur[6], gdje je prikazano
modelirane WXUEXOHQFLMH JUDpHQMD SURFHVD NDORLQDFLMI
Pokazano je da CFD ima velERWHQFLMDO X HRIOM MR OLLhvaWIEpM IK JR U
struje primarnog zraka i promjera gorionika na dvofazno strujanj@\pte i krute faze u
cementnomkalcinatoru razmatreo je u studiji Zheng i surf7]. Studija je pokazala da
QDYHGHQL SDUDP H Vjéthl nd StiDkwixa str@abjahdazetracM X pHVWLFD +X
sur. [8] VX VLPXOLUDOL WURGLPHQ]JLRQDOQL PRIEHNR UEYWRWHAIL
Eulerov pristup zaglinovitu fazu te Lagrangeov pristup za krutu fazu. Rad jeapa& dobro
SUHGYLYDQMH rtihd RikhkhdR Vaprienta kastovremenog ubrizgavanja dvije

vrste ugljena i gpnenca. U radu Huang i sii®] prikazana je trodimenzionalna simulacija

novog tipaY UWOR&QRJ SIDIOYEMHIWRMB QRYD PHWRGD ]D UDpXQD
zidova kao inovinRGHO XGMHOD V PpveEiantie dpiBaliErandpéttnd fdhBmeni u
kalcinatoru. Rezultati su pokazali dobro poklapanje s mjerenjima adzjgr vapnenca,

izgorenosti ugljea i izlaznom temperaturom iz kalcinatora. Fidaros i g0} predstavili su
matemDWLPpNL PRGHO Lparametasd ma xtrofanavildieieD iedsportne fenomene u
cementnom kalcinatoru. Rad je pokazao dobro slagesgeltata temperaturebrzine i
UDVSRGMHOH pHVWLFD QD L]OD]Xulgti MjprénfalLpD WRIUD JGMH V
svojeP VX UDGX LVWUDudlijend © kazdradipuU\@héhed unutar cementnog
kalcinatora, H VX SRND]DOL GD Vrddij®v&ReYithi @p@ivkiraniedjerature

unutar kalcinatora, smjer tercijarnog zraka na gorioniku mora prilagoditi tangenci@lda

ulaz vapnenca mora bipostavljen nasupt ulazu ugliena. Haisufl2] LVWUDALYDOL VX X
YHOLPpLQH pHVWLFRdAnjuJvaphéh@Dun@dd cenizhthBglcinatora. Rad je
SRND]DR GD L]JDUDQMH VLWQLMLK pHVWLFD XaptehcdQD LPD
Bluhm-Drenhaus i sur[13] VX SRYH]J]LYDQMHP PHWRGH UDpPpXQDOQH G
GLVNUHWQLK HOHP b Wde L YopliteD $tudijd @kazsld) ddvirazvijena

metoda daje detaljan uvid u fizikalne fenomene koji se odvijaju u komori i daje nove

IX



PRIJXUQRVWL ]Drdr&komdre. Narkee Msfdi4d] NRULVWHUOL VLPXODFLMH
prijenos mase i topline u novo dizajniranom cementnom kalcinatoru.jiR@dkazao da
SUHGORAHQD PHWRGD PRAaH XaXij éda iHgeSriReRifR UKalciXatoRaS W L P L
Jianxiang i sur.[15] NRULVWHWMHPHWIRGXUWORJID L NLQHWLpPpNX WHR
NUXWX ID]X LVWUDALYDOL \Xiusljeng.RRedJe pdkdrabioargmétd YDSQH
rada kalcinatora trebaju biti postavljeni vrlo precizno kako bi proizvodnja bila stabilna i
XpLQNRYLWD 6YH QDYHGHQH VWXGLMH SRND]XMX SRWUHI
FHPHQWQLK NDOFLQDWRLD MHIF&EQROQMHRX N MBRABYGe GH QLK
UH]XOWDWH XVSRUHYyLYDOD V PMHUHQMLPD SURYHGHQLPD
mjerenih podataka vezanih Warakteristike strujanja te kemijskih i fizikalnih procesa unutar
kalcinatora, ovakav pristup je valjan ZaUH G Y Ly D Q ppidtakbiabizibhdrBzgradnje
YDSQHQFD L VWXSQMD L]JRUHQRVWL pHVWLFD XJOMHQD 6
komore i ostah SRGUXpMD V LQWHUHVDQWQLP IHQRPHQLPD V\
RSWLPL]DFLMH NOM X p Qibkroceda NriDt@rkal&inatorapwi Piisky koji
XNOMXpXMH RGYRMHQH PRGHOH SURFHVD NDOFLQDFLMH L
poboOMaDYD GRVWGDGKuRdjaVv RGgX visoke pouzdanosti modela koji su
odvojeno validirani, ovim pristuporje PRJXUH SRVWLUOL SrRwdgmhEdetdlawW Rp QR
NHPLMVNLK L ILILNDOQLK SURFHVD XQXWDU FHPH@WQLK NL
su sve navedene studfURYHGHQH |]D VOXpDM L]JDUDQMD XJOMHQD
se nije analizir® R N R U L a With® ybHvaD igpiMViibn&3®ikrutog goriva iz otpada.

CILJ | HIPOTEZA

Hipoteza ovog isU D aL Y D Q34 xorbhadjdn Euler DQJUDQJHRYH PHWRGH Yl
stUXMDQMD WH SULODLGRHWQRKLELPR]EG MY §jaRNIINOHQ B DSRULIVEH. QH
biomase i razvijeninimoddom NUXWRJ JRULYD L] GRAVREDG/DIRR RARPIGHRN L
simulirati termekemijski procesiunutar cementnog kalcitma Rezultatlt GRELYHQL SRPRI
RYRJ PRGHOD RPRRM XMXQNRYLWMMR KRN DIOFA dD &k DED MEDL O
QRYLK XpLQNRYLWLK PRiGih@d2u NSRpdlddboX reBiRate Ysich@dciie i

dostupnih eksperimentalnih podataka.



ZNANSTVENI DOPRINOS

RezultatovoJ LV W U [edbl}¢ BaguMievanje utiecaja sspaljivanja akrnativnih goriva i

ugljena unutar cementnog kalcinatora, i njegovog utjecaja na proces kalcinacijgndsse
SDAaQMD SrdeNdhiW pracBsa kalcinacije, gdje su se u obzir iuzgécaj lokalne
temperature, tlaka razgradnje, difuzije i ostaihMUHFDMQLK ILJLNDOQLK ]QDpDp
]QDQVWYHQL GRSULQRV SUHGVWDYOMD NRULaAaWHQMH PRG
RYRP LVWUDALYDQMX SULODJR yHQugljehx#d] primaHdlgov& DU QR J
Novi pristup modeliranju, predstavlielX RYRP LVWUDAaLYDQMX WDNRYyHU
PRIXUQRVWL YRYHQMD SURFHVD L SURL]JYRGQMX HILNDYV

proizvodnju cementa.

METODE | PGSTUPCI

'D EL VH QDSUDYLOR LVWUDALYDQMH XWMHFDMD UD]QLK
vapnenca, izgorend WL pHVWLFD JRAM/ MV Q L& DS/RANCDMWNDDQMODV D X FHP H ¢
VYH YDAQNHWHMPRH UHDNFLM Ha, iXdaranjé Wjen¥, Yiomas@ifagQ D F L M
JRULYD L] RWSDGD PRUDMX ELWL PRGHOYLHDIQH BQRWMRMH
pristupa danas, koristila se EHEDQJUDQJHRYD PHWRGD UMHADYDQMD Y
RYRP SULVWXSX NUXWH MINRQWDLFH R E SRM B RWEX&NMipe MW L F I
parcelama[16]. Pretpov WDYOMD VH GD VX X MHGQRM SDUFHOL VDC
fizikalnih svojstava. 3SXWDQMD VYDNH SDUFHOH XQRWWH SREORMIX
Lagrangeove shemeaWR SUHWSRVWDYOMD GD VX UHSUH]JHQWDWL
skupD M H G gofg Ggidtiju njihovu dinaml X GRN VH NUJUDEXMQWRYR SROMH V
SRYH]LYDQMH NUXWH L SOLQRYLWH ID]H Xrdv® £a i¥hhjers RE]L U
mase, kemijskihY UV W D PRPHQWD L HQHUJLMH /DQJUDQJHRYD
viemenVND SURUDpPpXQD, ékspliEitodryirtegraciskonmetodom, te se tako
GRELYDMX L]JYRUVNL pODQRYL ]JD (XOHURYX fhpe] daje-HGQDN

parametre okoline Ziaangrangeovu faz[17].

5D]YLMHQL RDWRBBWLPpNRML VH NRULVWH ]D SURUDpPXQ
ugljena, biomase krutog goriva iz otpad&oristili su modulLagrangeovog sprejanutar
NRULAWHQRJ SUR gtjdse ¥ eNRNNHPDLMWWB UHDNFLMH RGYLMDMX
izmey X p H Vphino¥te fdze.Kemijske reakcije @ XWDU SOLQRYLWSRIPREXUD p X
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UMHADYDpD NRML NRULWWIG Q B Gnhi patsthyjadaQdEri pbbhodilR H
LIYRUVNL pODQ ]D WUDQVSRUWQH M H Grovixdp faf. HRakvijeRiL M V N L K
modeli, zajedno s termfizikalnim svojstvima vapnenca, vapna i komponenti ugljena,
biomase i krutog goriva iz otpada, te mod¢ld DpHQMD pHVWLERomerQjsthH JUL U D C
CFD kod AVL FIRE® SRPRIiX NRULVQLPNLEK UuXpQorerhdddn kD SLV D Q
FORTRAN, kako bise procesDOFLQDFLMH L L]JDUDQMD VLPXOLUDR QTC

2YR LVWUDAHdD@MDQBENR®YHNR NRUDND .DR &@&WBOMH SUL!
razvoj nove metoel za ispitivanje sgpaljivanja alternativnih g@riva s ugljenom unutar
FHPHQWQRJ NDOFLQDWRUD ]J]ERJ EROM Higizadie@] KredesdaHYD QM

kalcinacije.

Prvi korak LVWUDALY DrgipD MHREMR UD W R prQdesaWalcira@jé& H O D
Ispitivali su seglavni utjecaji na ovaj proce€ilj ovog koraka jebio dobivanje informacija i

saznanja o procesu kalcinacije i utjecaju raznih radnih uvjeta na isti

Drugi korak jebio LVWUDALYDQMH LPSOHPHQWDFLMD L SURYM
uglienai biomase Ispitivali su seutjecaj V X §aH Qirolize, izgaranja koksa i izgaranja
hlapljivih tvari. Pod ovim korakom provedeno jeiVWUDALYDQMH L SURYMHUD
izgaranja krutog goriva iz otpada2YGMH VH WDNRWMHRENELWXXD@MD
izgaranja koksa, izgaranja hlaplmvari, PHYyXWLP LVSLWLYDSGIODVWUpPpQRJINOG
u otpadu. Cilj ovog koraka jebio dobivanje informacija i saznanja 0 procesu izgaranja
UD]OLpPpLWLK N ujEcajlrezrniiRrabhill Ovjetd/ri4 isti.

8QXWDU RED QDY H G HeDisgititad ¥ NDWIDWRY BH&YLYDXWMHFDM ¢
UD p X QV N HhaG@ésbreh&rezultate

.RQDpPQR VYL pethanMhkepraka bili]su primijenjeniu CFD simulacijitri
U D] O Indusinjgka cementn&alcinatora. *GMH MH E L OdrultatRsinuiatlja su
XV S R UdHdpstipihim mjernim podacima, tdH L] ORSWUKDIQ D D QD Methini UH]XOW
opisiwuL UD]OLpLWH JHRPHWULMH UHDOQLK LQGXVWULMVNLE
GHWDOMQH QXPHQRLOBH. WLH X QfaRthe/mairER)2, R i.€

&MHORNXSQD PHWRGD UMHADYDQMD YLAaHID JgnRrdavay WU XM D
i Langrangeova faza, opisan je u pagjla 2. NUMERICAL MODELLING. Pod istim
poglavljem nalazi se detaljan opis modela kalcinacije te modghranja svakog od
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NOMENCLATURE

A sphere surface, m

Aeom sphere surface, m

A particle surface, f

A projected area of anarticle, nf

A overall reaction surface,m

c_p specific heat capacity of coal or biomass, ash and char mixturé,K kg
c, specific heat capaciigt corstantpressureJ kg* K™

Cocacq specific heat capacity of limestone, J'kg™

Cocao specific heat capacity of lime, Jk¢™

C, specific heat capacity of gas component, J kg

specific heat capacity of polypropylene vapour, 3 kg
water vapour concentration at the particle surface, kg rifol m

concentration of water vapour in the gas, kg mdl m

C

C

d particle diameter, m

d mean particle diameter, m
d

particle diameter, m

o

particle diameter, m

o

pore diameter, m

diffusion coefficient, ms?

binary diffusion coefficient, fs*

=3
=]

Knudsen diffusion coefficient, fis!

oxygen diffusion coefficientlimensionless

o

diffusion coefficient of water vapour in the gas’ sl

=

m O O O O O

internal energy, J kg

activation energy for polypropylene decomposition, J'mol

QO

m m

activaton energy for devolatilisation, J niol

=3
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hatent
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activation energy for char oxidation, J fol

particle emission, W i

reaction enthalpy factodimensionless

mechanism factodimensionless

carbon monoxide factodimensionless

drag force vector, N

force including effects of gravity and buoyancy vector, N
gravitational acceleration vector, M s

incident radiation, W M
latent heat, J kg

reaction enthalpy, J mol
overall reactionate, kg nf s*

overall reaction rate, kg's

chemical reaction rate, mol'ns*
chemical reaction rate, kghs*

chemical reaction rate;'s

overall devolatilisation reaction raté® s

reaction rate, mol fhs® Pa*

overall char oxidation reaction raté’ s

physical reaction rate gkm? s*

mass transfer coefficient, rit s

pre-exponential factor for polypropylene decompositich, s
devolatilisation preexponential factor,”s

char oxidation prexponential factor,s
devolatilisation reaction rate’'s

char oxidation reaction rater s

char oxidation chemical reaction rate, kg g1 Pa1

char oxidation physical reaction rate, ki 8T Pal
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Mo

Me

Mhoay biomas:
Meacq
Meao

m

m,

Mysh

m

m

Meoai biomas:
Meo

Mo,
Meacq
Moo

3

rnPF’vapour
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coall biomas:

ash mass, kg

char mass, kg

coal or biomass mass, kg

limestonemass, kg

lime mass, kg

i-th gas component mass, kg

particle mass, kg

mass transfer of ash, kg s

increase of char ass due to devolatilisation, kg s
decrease of char mass due to char oxidation;'kg s
coal or biomass mass change, Kg s

mass transfer of carbon monoxide, Kg s

mass transfer of carbon dioxide, kK s

mass transfer of limestone, kg s

mass transfer of lime, kg's

mass transfer ofth gas component, kg's

mass transfer of oxygen, kg s

mass transfer of a particle, kg s

mass transfer of polypropylene vapour, Kg s
mass transfer of-th gas componéemlue to devolatilisation, kg's
average molecular weight, g riol

char molecular weight, g mbl

carbon monoxide molecular weight, g mol
caton dioxide molecular weight, g mbl
limestone molecular weight, g nol

lime molecular weight, g mdl

coal or biomass molecular weight, g mol

water vapour molecular weight, g rifol
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Mo, oxygen molecular weight, g mbl

M, k-th gas component molecular weight, g thol
n particle spread parameteiimensionless

n, number of particles per parceimensionless
p total pressure, Pa

Peo, carbon dioxidepartial pressure, Pa

Peq equilibriumcarbon dioxidepartial pressure, Pa
Po, oxygen partial pressure, Pa

Bres referent pressure, Pa

Peat saturation pressur®a

R universal gas constgrit mol* K™

Reo, carbon dioxidegasconstant, J KgK™

Re, particle Reynoldsiumber, dimensionless

S mass source, kg's

S energy source, W th

S, momentum source, N th

S, k-th gas component source, K§ s

Sc Schmidt number, dimensionless

Sh Sherwood number, dimensionless

t time, s

T temperature, K

T, reference temperature, K

T, gas temperature, K

T, particle temperature, K

T, ratechange of particle temperature, K s

U, particle velocityvector, m &

ViV, velocity vector, m$

Xu,0 water vapour molar fractiowmlimensionless
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Ye mass fraction of char remaining in the partidienensionless

mass fraction of coal or biomass remaining in the partiohegnsionless

ycoal/ biomass

Y, k-th gas component mass fractidimensionless

Greek letters

C convectve heat transfer coefficientv m? K*

*

diffusion coefficientdimensionless

Cronecker symboblimensionless

correction factordimensionless
emissivity,dimensionless

void fraction (porosity)dimensionless
pore efficiency factordimensionless

thermal conductivity, W M K™

dynamic viscosityPa s
char stoichiometry number from devolatilisatioimensionless

k-th gas component stoichiometry number from devolatilisatlonensionless

density, kg nt
Stefan % ROW]PDQQYTV ERQVWDQW : P

characteristic lengthm

~ S~
o4

stress tensor, Pa

:S

tortuosity,dimensionless

N =

diffusion collision integral, dimensiess
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1 INTRODUCTION

1.1 Background

Over the past five decades rapid increases in the concentrations of greenhous€g&es

the atmosphere, mainly coming from the industrial sedtave resulted in global climate
changesClimate change problems are addressed by two major international agreements: the
1992 United Nations Framework Convention on Climate Change (UNFCCC) arid®9%@e

Kyoto Protocol [18]. The ultimate objective of these agreememdsto stabilise GHG
concentrations in the atmosphere at a level that would prevent dangerous anthropogenic
interference with the global climate system. The latest report from the scientific panel on
anthropogenic glbal warming indicates that remarkable and joint global action is required to
reduce CQ@ emissions. Meaning the longer we wait to address this issue, the more difficult,

technologically challenging arekpensive it becomd&9].

It is well known that over 80 % of global G@missions are caused by industry and
transport activities and due to this reason, there is a need to decarbonise transport and
industrialproduction[20]. In 2008, the electrigitand heat generation sector was responsible
for 41 %, transport sector for 22 %, and industry for 20 % of anthropogeni@@idsions
[1]. From these 20 % of global G@missions related to industry, cement industry accounts
for approximately a quarter of total @@missions in industrj21]. This means that cement
industry as an energy intensive industrial sector, alone generates approximately 5 % of
anthropogenic C@in the world[1],[22].

In recent years, there have been numerous studies worldwide discussing energy
conservation policies, estimating the £Ritigation potential, and considering technology
evaluation for the cement indust§ome of these studies investigated the effect of mitigation
measures at the global level, such as the study conducted by the loteinatiergy Agency
- IEA [23]. However, the majority of these studies evaluated the enveotainimpact of
cement production at national and regional levels. The effect of mitigation measures on the
regional level, like those in the EU weaealysedby Pardo et al[24] and Moy et al.[25].
7KH 8QLWHG 6WDWHVT FHP kh@he/study Gy &t d[26F Bldivede due \V H G

to the rapid economic growth and vast urbanization, the majority of the studies related to the



cement industry are for the develogicountries like Ching27]-[29], South Africa[30],
Turkey[31], Iran[32], India[33], Thailand[34], and Vetnam[35]. The reason for these is
most easily seen in Table 1 where the global cement production for 2012 is given. Table 1
shows that the vast noaity of cement poduction islocated in developing countries,

especially in Asia.

Table 1 Global cement production in 20136].

Country I.Droduction Share in -the

(million tons) world production
China 2150 58.1%
India 250 6.7%
United States 74 2.0%
Brazil 70 1.9%
Iran 65 1.8%
Vietham 65 1.8%
Turkey 60 1.6%
Russian Federation 60 1.6%
Japan 52 1.4%
South Korea 49 1.3%
Egypt 44 1.2%
Saudi Arabia 43 1.2%
Mexico 36 1.0%
Germany 34 0.9%
Thaland 33 0.9%
Pakistan 32 0.9%
Italy 32 0.9%
Indonesia 31 0.8%
Spain 20 0.5%
Other (rounded) 500 13.5%
World total (rounded) 3700 -

The importance of cement production in these developing economies can also be observed

when comparing the annual @@missions from cement production in industrialised countries
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and developing countries. In the EU, the cement industry contributes to about 4.1 % of total
CO, emissions [24]. This share varies from one EU country to another,(B1fV PRVW
developed country Germany, this share is even lower, and the cement industry accounts for

R1 *HUPD Qeé&migsieng37]. This is similar for the cement industry in United
States, where cement production isp@nsible for about 2 % of total G@missiong38].
KHUHDV LQ WKH &KLQD ZRUOGYY ODUJHVW FHPHQW SURG
of GHG emissions, 15 % of total G@missions & related to cement producti¢d9][40].
All of these studies stated that there is a great challenge in attempting to approach

sustainability in the cement industry.

1.2 Cement production process

The best available technology, the omi¢h the lowest energy consumption, for the cement
manufacturing today, is the use of a rotary kiln together wititi-stage cyclone preheater
systemanda calcinerFigure lillustrates thestages of theenent production procesAs can

be seen, cememanufacturing is a complex process which consists of severglreubsses.
There are foursubprocesses in the cement manufacturing process hitna¢ the most
influence on final cement quality and fuel consumption. These dolxprocesses are: raw
materal preheating, calcination, clinker burning, and clinkeoling [10]. Prior to the raw
material preheating, the raw material is collected, crushed, mixed with additives and

transported to the cyclone preheating eyst

The cylone preheating systems have been developed to enhance the heat exchange
process between the ramnaterial and the flue gasebhe preheating system takes place prior
to the calciner and the rotary kiln and can have several stages, depending on how many
cyclones are used. At each stage of the preheating system, e.g. in each cyclone, the principle
of the heat exchange is the same. Raw materlaased by moving countélow of the hot
flue gasescoming from the rotary kilnThis counteflow movement effecis due to the
particle separation phenomena occurring within the gas cyclones. The separation of the solid
particles from the gas is done by the highly tangential flow entering the cyclone. The
centrifugal force acting on the particles directs them ewall, separating them from the
flow, and due to the gravitational force the particles slide to the lower part of the cyclone. In
contrast to the solid particles the gas flow has a different behaviour. Firstly the gas swirls

downwards in the outer cyclomart, where the separation is done, and then in the lower part

3



of the cyclone where the axial velocity reverses, the gas starts to swirl upwards in the inner
cyclone regionThis process is repeated until the raw material goes througtealyclones
[41].

Figure 1 Cement manufacturing procesg23].

After preheating, raw matat enters the cement calcine€ement calciner, is a
combustionunit found prio to the rotary kiln, and inside of it, the raw material, mainly
composed of limestone, undergoes the calcination process. The calcination process is a
strongly endothermic reaction that requires combustion heat released by the fuel, indicating
that endotbrmic limestone calcination and exothermic fuel caostlon proceed
simultaneously{2]. According to Szabo et al42] a decreasé energy consumption by-8
11% can be achieved when a rotary kilmsed together with a calciner. This decrease is due
to the fact that cement calciners have lowperatingtemperatures than rotary kilns. To
HQVXUH D WHPSHUDWXUH RI f& QHHGHG IRU D VWDEOH

heat from the combusn of solid fuels along with thexeaust gases from a rotary k[#3].

Clinker burning is the highest energy demanding process in cement production. It occurs
after the calcination process. The clinker is produced in ayrkilarwhich rotatesat speed-
5 revolutionsper minute, and is positioned at an angle -df @egreego the horizontal line
This angle causes the material to slide and tumble down through the hotter zones towards the
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IODPH 7KH WHP SH U DWetbeclirker formiat®n HXQer the clinkering process
in the rotary kiln is finished, the cement clinker #pidly cooled down to 100 0@

This process is done rapidly to prevent undesirable chemical read@iensing of clinker
with different additivedollows the clinker coolingprocess. At that point the composition of
the final product cementis obtained. Afterwards the cementnidlled, storedin the cement

silo, and distributed to consumers.

1.3 Motivation and general overview

Coal as an abundant resource, is the most used solid fossil fuel in industry and power
generating sector worldwide, albeit its £€€mission is higher thamat of other fossil fuels

[45]] The utlization of coal has however over the past decade started to face arising

environmental challenges, mainly because-fioadl plants are the biggest contributor to O
emissions.Consequently, extensive efforts have been devoted to develop cleaner &d mor
efficient technologies for the utilization of coal.

Partial substitution of coal by alternative fuels like waste derived fuels and biomass has
attracted attentionvorldwide, mainly because biomass and the biogenic fraction of waste

derived fuels are caidered C@neutral|[46]| Depletion of fossil fuels, rising of their prices

and the Kyoto Protocol, are more and more directing plant operators towards renewable

energy. In that sense, the displacing of fossiél$ with renewable fuels is gaining on

importarce in all industrial secto‘r[ﬂ?]

The present cement production is facing two main problems. The first one is the
production of large amount of greenhouse gaaasd, second one is the high fuel prices,
mainly coal. The cement producers are therefore under increasing pressure to reduce their
fossil fuel consumption and associated greenhouse gases emissions. Due to the huge amount
of concrete used throughout the vebds construction material, especially in the developing
countries, researchers are searching for ways to reduce the cost of cement production and CO
emissions related to cement production. There are several measures, which applied to the
cement manufacting processes can reduce its environmental impact and improve its
competitiveness. However, it was found that partial substitution of coal by alternative fuels

like waste derived fuels and biomass may play a major role in the reduction efr¥3ions

[48]| Figure 2 shows the IEA comparison of the fuel consumption for cement production for




industrialized and developing countr|p8]| The figure shows the actual consumption in

2012 and the projecin for year 2025. As can lseen, in both industrialized and developing
countries, it is expected that the share of consumed coal and odesikase and thatd

share of natural gas and electricity will stay at the same level titlgligcreaseThe only

fuel that will have a considerable increase in consumption will be biofuels and waste derived
fuels. The reason for this expected increase in consumption of biofuels and waste derived
fuelsfirstly is because these fuels are enyiref at least in pa considered C@neutral, and
secondly becausegial substitution of coal by alternative solid fuels like waste derived fuels
and biomass in existing pulverized coal fired furnamaas be achieved with small investment
coss. This method of partiadubgitution of coal by alternative solid fueils recognized as one

of the most convenient and advantagemethods for GHG mitigati@

Figure 2 Projection of energy consumption by fuel in cemerindustry worldwide [[49]

At the European Union level, there is a great potential for the use of solid waste derived
fuels in the cement industry. As waste disposal at landfills is the last option in the wast
management strategy, energy recovery of waste derived fuels, commonly known as solid
recovered fuelstSRF, in the cement industry has a high pot Municipal solid waste
- MSW is generated in largemunts worldwide and has a significant environment impact, as

for example atmospheric emissions and effluents from Iar1@5ill$ This MSW generation

burdens the local communities for collection, handling and disposal, antb diis reason

waste management has become a oggmt probleny52]| Traditional landfill method is also

facing the problem of land shog& Therefore, waste to energyVtE methods, including

incineration, pyrolysis and gdication are drawing more and neoattentiong§53]| Energy

recovery of SRF in cement combustion units has one major advantage compared to regular

combustion of SRF in incinerators. Due to the need for high combustion teunpsrdtiring
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the cement production and supply of fresh air within the cement calciner and rotary kiln, a
complete combustion of the waste is ensured. Furthermore, any ash that is produced as a by
product of the combustion process falls to the floor of ttary kiln, reacts with the raw

material and exits the rotary kiln as clinker, so there is no liquid or solid residue to contend

with. As a result, the process is clean and favourable for the envirgfdgnthis is not the

case when the alternative fuels are combusted in incinerators-contousted in utility
boilers. The ash from such applications needs to be disposed of in a different way, meaning

that there is still a solid residue to contend |

Although partial substitution of coal by alternative solid fuels is recognized as a method
for GHG mitigation, and is gaining in significance worldwide, due to different volatile and fix
carbon content than that of coal, and especially becdube hdeterogeneous content in SRF
(paper, cardboard, textile, plastic, etaljernative solid fuels may influence the operation and
performance of a pulverized coal fired furnace. Therefore, combustion of biomass and SRF,

and their cecombustion with cal continues to be a challenge to the scientific community and

precticing engineers worldwi(i[556]

The development of appropriatembustionunits is often very demanding, and time and
cost consuming. A possibility for the -@xte control and investigation of the therstemical
processes occurring insid@mbustionunits are CFD simulations. Early comprehensive
information, parametric studies and initial conclusions that can be gained from CFD
simulations are very important mandling moderrrombustiorunits. Over the years CFD has
become an integral component of combustion research. It has been used in the development
process for understanding the complex phenomena occurring withicothlustionunits.
Furthermore, CFD modeétg of furnaces ca@wombusting alternative fuels is essential in order

to reveal potential problems that may occur during their combustion and to mpajatdial

negative effeci§57]| However, CFD simulations of the thermasbemical processes occurring

within cement calciners still face significant challenges. With the aim of better understanding

of the mixing phenomena, heat exchange processes and fluid flow in different types of cement

calciners have beemvestigated. Hugreng et al[4]| performed a numerical study for the

effect of different parameters on the dynamics of thepghase flow in a cement calciner.
The study represented the transport properties of the solid phase with the kieetic df

granular flow. Huang et @ numerically analyzed the formation of NO, CO and,@®Da

cement calciner. The study showed that numerical predictions forootirof coal particles,

limestone decomposition, are in gbagreement with the maasd results. Hillers et {|I6]

7



numerically investigated processes that occur in cement calciners, e.g. they modelled the
turbulence, radiation, calcination process, coal combustion, andfdd@ation. The study
showed that CFD shows a great potential regarding emission cordrblelrsavings. Zheng

et al|[7]|studied the effects of primary jet velocity and throat diameter on th@lhase gas

solid flow inside a cement kaner. The study showed that for the simulated cement calciner,

these two effects have a strong influence on flow structure andlparincentration. Hu et

al.|[8]|simulated a thredimensional model of a dual combustor araciner, by using the

Eulerian frame for the gaseous phase and a Lagrangean frame for the solid phase. The work

showed that the burout and the decomposition ratio during the simultaneous injection of two

types of coal and limestone were wellegicted. Huang et al|[9]| performed a three

dimensional simulation of a new type swspray calciner. A new method for particiall
boundary condition and a new femmxture-fraction model were developed to describe the
transport phemmena in a calciner. The work showed that predicted results for limestone

decomposition, coal burnout and the temperature at the exit of the calciner agreed well with

measued results. Fidaros et flL0]|presented a mathemadlonodel and a parametric study

of fluid flow and transport phenomena in a cement calciner. The work showed good

prediction capabilities for temperature, velocity and distribution of particles at the calciner

exit, where mesurements exist. Dou et glL1]|investigated the coal combustion and the

decomposition of raw material inside a cement calciner. The work showed that in order to
increase the raw material decomposition and optimise the temperature inside the calculated

cemetn calciner, the direction of the tertiary inlet needs to be tangentially adjusted, and that

the raw material inlet needs to be oppesite coal inlet. Ha et gll2]{studied the separation

of coal particles and its correspondiinfluence on the decomposition of limestone inside a

cement calciner. The study showed that by combusting finer coal particles a negligible

influence can be observed on the decomposition of lonesBluhm Drenhaus et g[13]|by

using a coupled fluid dynamidiscrete element method investigated the heat and mass
transfer inside a lime shatft kiln. The study showed that the developed procedure gives detailed
insight into physical phenomena related to kiln operating conditmal it furthermore opens

up new possibilitiesto its optimization. Nance et ai@ using the mineral interactive
FRPSXWDWLRQDO I0XLG G\QDAHEXULQ@Y HFRYGILMLRGQ VWIK®IV B -
calciner. The work shoveethat the proposed method greatly assists in the optimization of a
FHPHQW FDOFLQHUYTV RS ddsignivwliapxiank %Q@MUR}QM IES

simulation approach and the kinetic theory of granular flow, investigdte mixing of

particles and the stability of production for the simulated cement calciner. The study showed
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that operating parameters need to be set up very precisely to have an efficient and a stable
production. All these studies show that there isl stilneed for further research and
development of cement calciners. However here should be noted that most of these CFD
studies evaluated their numerical predictions with measurement data obtained on the
FDOFLQHUTV H[LW 'XH WR W Kbt flovd EhardrteriBtidd) ahy physicdlQ W GLC
and chemical processes inside cement calciners, this approach is satisfactory when looking at
pollutant emissions, decomposition rafar limestone and burnout ratior char particles.

When it comes tthe detailsabout burner region, wall region or other regions with interesting
flow phenomena, the mixing phenomena and the optimisation of key physical and chemical
processes inside cement calciners, the new approach, with separately validated models for
calcinationprocess and combustion of different pulverized solid fuels, improves the available
CFD simulation methodology. Due to the high reliability of separately validated models,
appropriate accuracy needed for the investigation of named details and optimi$atyn o
physical and chemical processes within cement calciners can be achieved with the new
approach. Furthermore, here should be noted that all of these CFD studies investigated only
the coal combustion inside cement calciners, and none of them analysexttbf alternative

fuels, i.e. biomass or solid recovered fuel.

1.4 Objective and hypotheses of research

The hypothesis of thisesearchis that by combining the Euldragrange method for the
multiphase flow with attuned diffud@netic models for the calcation process, combustion

of pulverized coal, biomass and the developed solid recovered fuel mosketficéently
accuratenumerical simulation of the thermahemical processes occurring inside of the
cement calciner is feasible. The resubtained bysing this modeénable the development

of a more efficient calciner. The aim of this reseameh to develop new efficient models that
confirm the hypothesis by comparing the simulation results and the available experimental

data.

1.5 Scientific contribution

The result of this research is thetter understanding of doing of alternative fuels with coal

inside the cement calciners, and its influence on the calcination process. Special attention
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given to the modelling of the calcination process. Forctideination process, the effects of
temperature, decomposition pressure, diffusion, and pore efficiea®taken into account.
Furthermore, attentiowasalsogiven to the models of alternative fuel combustion, in contrast

to the commonly used coal combtion model. Additioal contributionis that the new
approach for the investigation of calcination anefidag processegrovidesresults that can

be used by cement plant operators to make the cement production more sustainable.
Furthermorethe obtaind resultscan be used by manufacturers of pyroprocessing equipment

to produce more efficient combustion equipment.
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2 NUMERICAL MODELLING

In order to investigate the influence of different parameters on the decomposition rate of
limestone particles, burnouate of fuel particles, and pollutant emissions from a cement
calciner, all relevant therrachemicé reactions must be treated,.itbe calcination process,

the combustion of coal,iimass and solid recovered fuéh this study, and in the most
engineeing applications today, the Euleridagrangian method for solving the megihase

flow phenomenawas used. In this approach, the solid particles are represented by finite

numbers of particle groups, called pargéi]| It is assumed that all the pargsl within one

parcel are identicah size and that they have the same physical properties. The motion and
transport of the parcels, through the cement calciwerg tracked through the flow field
using a Lagrangian formulatipmvhile the gas phaseasdescribed by solving conservation
equations using an Eulerian formulation. The trajectory of each parcel within the flow field
wascalculated using the Lagrangian scheme, which means that representative pegtiles
tracked by ging a set of equations that describe their dynamic behaviour as they move
through the calculated flow field. The coupling between the solid and the gaseouswdsses
taken into account by introducing appropriate source terms for interfacial mass, ¢hemica
species, momentum and energy exchange. Lagrangian plasssolved in between two
Eulerian phase time steps, with an explicit integration method, providing the source terms for

the Eulerian phase. Vice versa the solution of the Eulerian phase mrdhi@leambient

conditions for the Lagrangian ph4&]

The developed mathematical models used for the calculation of the calcination process,
coal, biomass and solid recovered fuel combusti@mre treated in the Lagrangian spray
module, where thermohemical reactions occur inside a particle as well as between the
particle and the gas phase. The chemical reactions inside the gasmetasgeeated via an
ODE solver providing additional sink and source terms for the species dadpgriransport

equations in the gas pha$g7][ The developed models together with thenohysical

properties of the limestone, the lime and the components of the coal, biomass and solid
recovered fuel particles, as well asparticle radiation modelwere integrated into the
commercial CFD code AVL FIRE via useffunctions written in the FORTRAN

programming language, in order to simulate the calcination and combustion process properly.

11



This researchivasperformed in several gps. As it has been said previously, the aias
to get a new procedure for the investigation of thdiraog of coal andalternative inside a
cement calcinerwhich will providebetter understanding, improvement and optinosaof

the calcination proces

First stepwas the development and validation of the calcination reaction model. The
major effects that have a diteinfluence on the calcinatioprocesswere investigated. The
aim of this stepasto gain some information and expertise about the reaticin process and
effect of different operating conditions on it.

Second stepvas the research, implementation and validation of the eoal biomass
combustion model. The effects of drying, devolatilisation process, combustion of char, and
combustion of/olatileswereinvestigatedAdditional work that was performed under thtep
wasthe development and validation of the solid recovered fuel combustion model. Here the
effects of drying, devolatilisation process, combustion of char, combustion of es|diilt
also the decomposition of the plastic fractiwasinvestigated. The aim of this stegsto
gain some information and expertise aboutdbmbustion of different solid fuelnd effect

of different operating conditions on it.

For both mentioned ®ps,the influence of spacdiscretization step, i.e. mesh resolutiom

the resultswasexamined.

Finally, all findings from previous stepsere applied on a CFD simulation dhree
different real industrial cement calcireconfigurations. Bnulation resultswere compared

with available measurement data and an extensive analgsggven

The overallprocedureused including the coupling of the Eulerian and the Lagrangian
frame of reference, islescribed below. & details sedhe appended PAPERSEL The
modelling approach for thealcination process armbmbustion of each solid fuel is given in

detail.

2.1 Continuous phase

The continuous phase is described by solving conservation equations using the Eulerian

formulation. These equations are based onctireservation laws for mass, momentum and
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energy. They arsolvedby usng the finite volume approacfihe differential form of mass

conservation equation is:

1)

The differential form of momentum conservation &ijpn is:

2)

with i,j,k denoting coordinate indices, and where the terms in the square brackets on the right

side represent the stress tensor:

©)

The differential form of energy conservatieguation is:

(4)

Additionally to the conservation equations, forspecies the following species transport

eqguation is solved:

(®)

The source terms on the right side of each conservation equation and in the species
transport equation are used for the coupling of the continuous and solid phase, e.g. the
coupling of the Eulerian and the Lagrangian frame of reference, due to heterogeneous
reactions. Addibnally the source term in the species transport equation is due to the
production or consumption of species mass fraction by homogeneous reactions in the
continuous phase. The conservation equations are solved with a finite volume method
providing the terporal evolution and spatial distribution of velocities, temperatures and
concentrations. Gas phase chemistry can be defined via input files containing the desired gas
phase reactions and is treated via a separate chemistry solver betweeg #tepgmwthe gas

phase solv§l7]
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2.2 Solid phase

Lagrangian frame of reference is used to describe the motion and transport of the solid
particles through the flow field. The Lagrangian phase is treated by distributirggahmass

of particles into a number of computational parcels containing particles with identical

physical properties known as Discrete Droplet M¢dél]{ This allows the reducing of the

computational efforby treating only one representative particle per parcel. As the parcels
move through the calculated flow field, the trajectory of each representative particle is

calculated from its corresponding differential equation for momentum conservation:

(6)

Here is the particle massgy,, is the particle velocity vector, is a force including the

effects of gravity and buoyancy, and is the drag force, given by:
(7

Here represents the particle relative velocity vector, andis the drag function, defined

as:

(8)

where is the gas density, is the crossectional area of the particle, and is the drag

coefficient which is generally a function of the particle Reynolds number

From the various formulations in literature for the drag coefficient of a single sphere,

FIRE uses the following formulatidnom Schiller and Naumami 7]

(9)

Further energy and mass conservation equations are solved for each particle as described

in the following sections taking into account all necessary thatmemical reactions of solid
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particles. The thermohemical reactions occur inside a particle as webetsveen particle

components and continuous phase species.

2.3 Calcination process model
In general the calcination process can be presented by the following equation:
(10)

In this study the mathematical model of the calcinapimtess, based on the chemical

reaction schem@ublished by Silcox et zi[58] is extended with the effects of diffusion

limitation of the overall rate and the pore diffusion effectiveness factor. The calcination model
involves three ratéimiting processes: a) heat transfer to the particle, b) mass transfer,of CO
from the reaction interface through the porous layer and particle boundary layer to the

surrounding, and c) the kinetics of the chemical reaction.

The calcinatiorprocess starts only if the partial pressure of carbon dioxide in the gas

surrounding the limestone surface is less than the decomposition pressure of liffE}4tone

The decomposition pressure and thechemical reaction rat&, of the calcination process

determined bySilcox et al[58]|are:

(11

(12)

where p.,, is the m@rtial pressure of carbon dioxide at the reaction surface of limestone and

k, is the reaction rate calculated by the following expression:

(13

Based on the Eq(ll) and EqQ.(13), Eg. (12) for the chenual reaction rate of the

calcination process, can be written in the following form:
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(14

Major effects such as temperature, {gartial pressure and enhanced overall surface due to
porosity are taken into account in this edquat The surface increase is modelled as

, where A is the overall reaction surface (representing the surface of internal
pores and the outer surface of the sphere), @d  is the suface of the particle (sphere).

The surface increase is depending on porosity, pore diameter and topology of the porous
structure and in this work it wasised as a matching parameter for the specific type of
limestone with typical values ranging from 1 %o This parameter has some initial value
depending on type of limestone, but starting with this value it will also evolve during the
reaction by shrinking and cracking processes as well as by sintering. Since the latter processes
partly increase and parttjecrease the surface the assumption of a mean average or balanced

value is supported.

The physical reaction rate,, of the calcination processdgtermined from

(19

which represents the mechanismddfusion limitation[60]| Due to high C@ concentration

in the pore system and in the particle surrounding the partial pressure of &3umed to be

high as well and the reference pressyyg in Eq. (14) is assumed to be close to ambient

pressure. Followingschneidef[60]| the Sherwood number is taken as 2, since limestone

particles are small and rapid velocity equilibration can be assumed. Theéteapresents

the diffusion coefficient that consists of binary and Knudsen diffusion coeffii@é&fand is

calculated as:

(16)

For the binary diffusion coefficient the following correlatiommstrated by Reid et H62]

is used:
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17

while the Knudsen diffusion coefficigfit3]|is calculated as:

(18

The overall reaction ratof the calcination process, which is the compound of the physical

and the chemical reaction rabgsed ornLevenspig[63]|is calculated as:

(19

where is the chemicateaction rate in and K is the effect of pore efficiency

on the chemical reaction rate of calcination procegse the pore efficiency coefficiem is

applied globally to the @mical reaction rate assumed to take place inside the complex

topology of the porous structurehe coefficient & is givenby Froment and Bischqgf64]|as:

(20)

where Eh is the chemical reaction rate in  and the correction factdigiven byBluhm+

Drenhaus et g[13]|applied to the diffusion coefficierd is:

(21

In Eq. (2) denotes the void fraction of the limestone particle with higher values
favouring diffusion,  denotes the tortuosity, which can be regarded asasume for the

complexity of the pore structure hindering the diffusion of the reacting gases inside the porous

structure of the grains.
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Mass exchange from the calcination reaction is calculated for the limestone, lime and

carbon dioxide. The mass transfate of limestone is calcatied by the following equation:

(22)
where is the overall reaction rate of the calcination process in and from
stoichiometry the mass transferliofie and carbon dioxide are:

(23

(24)

Enthalpy exchange from the calcination reaction (convective enthalpy, enthalpy transfer
from reaction enthalpy, transfer of enthalpy with the mass lealimgarticle) is calculated
separately for the particle and for the gas temperature.

For the enthalpy conservation of a solid particle the following equation can be written:

(29

where f is afactor which represents the fraction of reaction enthalpy taken from the particle
and c, is the difference of molar specific heat capacities of limestone and lime, divided by
the molecular weight of carbon dioxide. In the calcutaiperformed within this studythe

factor f has been taken as 0.5 assuming that the reaction enthalpy is provided at equal parts

from both particles and gaseous surrounding. However, a sensitivity study showed that at least

for small particles the effect of parametdr on the calcination rate is not significant, i.e.
assuming that all enthalpy is taken immediately from the gas phase did not change the

results.

Similar to the erftalpy balance for the solid particle, the enthalpy of the gas phase is:
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(26)

From these equations the rate of change of particle and gas temperatures are calculated.
The mass and enthalpy balance equations giveneaboe applied in each cell of the
computational domain during the integration of the Lagrangian particle phase for updating the

gas and particle properties and are solved by time step subcyclingthisiDy ODE solver

[17]] This is done within every two gas phase time sté&gklitionally from these equations

the source terms for species mass and enthalpy are collected transferring the impact of the
chemical reactions from the particles to the Eulerian solver.

2.4 Coal / Biomass canbustion model

The pulverized codlbiomass combustiomodelincludes four steps: drying, devolatilisation,

char burning, and combustion of volatiles. The four step process for combustion of biomass

and coal particles has been reported in several reughée$65]{[68]| The coal particle first

undergoes the drying process (Ed), after which the devolatilisation starts (2§).
(27)
(28)

During the devolatilisation an important loss of weight occurs, due to the release of
volatile matter. The quantity and composition of volatiles depend on the coal and biomass
ingredients, its particle size and temperature. After the devolatilisatipnchar and ash are
left in the solid particle. Parallel to the devolatilisation, depending on the particle size and
temperature, char oxidizes to CO or £@nd afterwards only ash is left. Afterwards the ash

particle is considered inert, only the ragtlash heating still occurs.

2.4.1. Moisture evaporation

The model for the moisture evaporation considers two types of evaporation cases. The first

one is the evaporation of water vapour due to the difference in water vapour concentration at

the particle surfae and in the gas, and the second one is the boiling process. The boiling
SURFHVV VWDUWYV ZKHQ WKH SDUWLFOH UHDFKHV WKH ZC

19



assumed that during the boiling process particle temperature remains the same, untiethe ent

capillary bounded water evaporgfé9]

The mass flux of water vapour is determined from difference in water vapour

concentration at the particle surface and in the gas is determined from:

(29)

For the water vapour concentration at the particle sur@cé is assumed that the water

vapour partial pressure at the particle surface is equal to the water saturation pgssiire

the particle temperatey:

(30)

and the water vapour concentration in the Gass given by the following equation:

(31)

The Sherwood number correlatithy Ranz and Marsha[l70]|[71]|is used to calculate the

mass transfer coefficieky,:

(32)

The Schmidt number is calculated according the followeiggation:

(33)

The enthalpy balance of the drying particle below the water boiling temperature is calculated

from the following expression:

(34)

and afterwads, during the boiling process, while the temperature is constant, the mass

transfer is calculated according to:
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(35)

During the drying process the water vapour mass flux becomes a source of water vapour
in the water vapour species transport equation, and also the water vapour mass flux multiplied

by the latent heat becomes a source in the energy equation.

KHQ WKH SDUWLFOH UHDFKHVY WKH ZDWHU ERLOLQJ WHTF
starts, meaninghat during the whole boiling process particle temperature remains the same,

until the entire capillary bounded water is evapor@

2.4.2. Devolatilisation and char combustion

After the drying process the dry cdddiomass pdicles further heats up, and with increasing
temperature the devolatilisation process starts. The volatile matter is released from the particle
and char is produced. Instantly as char is produced, its oxidation starts, meaning that the

devolatilization anahar oxidation occur in parallel.

Numerically, the dry particle is composed of three parts: tbamass; char; ash. The

mass balance of the dry particle is expressed by the following equation:
(36)

As explained, coal/ biomass particles undergo devolatilisation, the volatile matter is
released and char is produced. Numerically the change of theldoalass particle mass can

be expressed as:

37)

where thefirst term on the right hand side is the char production and the second term on the
right hand side of the equation is the sum of production ratesl elatile species per

particle

The char mass changes, due to char production during devolatilisatidrdue to char

consumption during the char oxidation. This is calculated as:

(38)

The ash is assumed to be inert, and its mass does not change:
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(39)

The overall particle mass changes due to the mass lost during the devolatilisation, and the

char oxidation:

(40)
The change of the mass fraction of cédliomass in the overall particle mass equals the
devolatlisation reaction rate:

(41)

After the term in bracketon the left hand side of Edl 4 derived, the following expression

iS obtained:

(42)

and here the chage of coal/biomass mass is in the dependency with the devolatilisation

reaction rate and a correction according to overall mass loss of the particle.

For the devolatilisation rat;, a unified single rate expression is used, meaning that the
devolatilisaion rate is in a first order dependency to the amount of cbh&mass mass
fractionremaining in the particle (Eq3%holding for all volatiles.

(43)

Here for the kinetic ratek,, an Arrhenius type expression which includes a- pre

exponential factoky 1 and an activation enerds; is used:
(44)

The values of the devolatilisation kinetic constants, e.g. thexpenential &ctor and the

activation energy for different coals and biomass are obtained from the literature, depending

on which coal or biomass is mode‘IBdZ] [74]
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As now the change of coAbiomass massuling thedevolatilisation is known (Eq.23,
the corresponding increase of char mass, and mass of each volatile species depends on the
stoichiometry of the devolatilisation, and can be written in the following forms:

(45)

(46)

As soon as some char is produced, char is oxidized to form CO apdaki@g into

account the mechanism facfgr[75] [76]

(47)

The mechanism factdg, depends on char particle size and temperature, ranges between 1
and 2. It determines the shift from €@ CO production with increasing temperature and

decrasing particle diameter in Eq7 4ndis calculated by the following expressidii§]

(48)

(49)

+HUH WKH $i|s sty dEfibeZ:
(50)

The decrease of the char mass fraction in the overall particle mass equals the char oxidation
reaction rate:

(51)

After the term in brackets on the left hand sidé&qf 5l is derived, the following expression

iS obtained:
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(52)

Here the decrease of the char mass in the overall particle mass is in the dependency with the

char oxidation reaction rate and again a correction farativeass loss.

In this study the overall char oxidation reaction rate is modelled according to the kinetics

diffusion limited reaction model of Baum and Strgé8]| The model assumes that the
reaction rate of char oxidatohV OLPLWHG HLWKHU E\ WKH R[\JHQYV GL

mass expressed by the valuekgl', or by the kinetics of the heterogeneous reaction itself

expressed by the value lof", presented in Eqgs. 536:

(53)

(54)

(55)

(56)

Here also the values of the kinetic constants for the char oxidatoabtained from the

literaturg[73]|[74]|, depending on which coal or biomass is modelled.

From char oxidation (Eq.7} there is also the decrease in the oxygen mass, and increase
in carbon monoxie and carbon dioxide mass. These mass changes afessinke terms to
the continuous phase equations and accordirthd stoichiometry of the Eq.74hese mass

changes can be expressed as:

(57)

(58)
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(59)

Finally, based on Eq. 46 and E@®, 5he change of the overalarticle mass expressed by Eq.

40, can be written in the following form:
(60)

The local mass and enthalpy transfer processes between Lagrangian parcels and their
computational residence cell inside gas phase time steps of the -Stokes solver are
resolved in more detail with a tinmtep sukcycling method. For this purpose simplified
enthalpy and mass balances are solved for each parcels and each cell duringsteptsuk
cycling. These neglect, e.g., convective heat and mass transfer from neighbouring cells and
local thermal radiation effect:iside the cell. However, these are considered and updated
again in the next solution step of the Eulerian gas phase solver after sourcesdgranyize
phase have been adddththalpy exchange during the devolatilisation and char oxidation
(enthalpy tranfer from reaction enthalpy, convective enthalpy) is calculated separately for the
particle and for the gas temperature.

For the enthalpy conservation of a solid particle the following equation can be written:
(61)

Similar to the enthalpy balance for the particle, the enthalpy of the continuous phase is:

(62)

From these equations the rate of change of particle and gas temperatures are calculated. The
mass and enth@ay balance equations given above are applied in each cell of the
computational domain during the integration of the Lagrangian particle phase for updating the

gas and particle properties and are solved by time step subcycling using DVODE[]stIver

Furthermore from these equations the source terms for species mass and enthalpy are

25



collected transferring the impact of the therol@emical reactions from the particles to the

Eulerian solver.

2.4.3. Volatile combustion

For the homogenes gas phase reactions of volatile oxidation, a detailed chemistry approach

is used. The source terms in each species transport equations (Eq. 5) and in the continuous
phase mass, momentum and egergnservation equation (Eqs2land Eq. 4), are calcuéat

according to the Arrhenius law, meaning that the reaction rates of each homogeneous reaction
depends on species concentrations and temperdtieemodelled homogeneous reactions

include taroxidation (here GHg was chosen as tar representative), CO@KWLRQ *|UQHL

[76]), NOx formation and the combustion of methane, which is treated via the four step Jones

Lindstedt mechnism|[79]| Eqg. 63represents the tar {8s) oxidation, whereas Eq. 64 and

Egs. 6568 represent the CO oxidation and the four step Jametstedt mechanism for

methane combustion.

(63

(64)

(69
(66)
(67)
(63)

Generally, it is considered that the main NO formation mechanism ifficedkystems is
the fuetNO formaton mechanism. FudlO is formed from the nitrogen bounded in the coal.
During the devolatilisation nitrogen is released as HCN ang, MHich react with oxygen
containing species in the flame and producem FuetNO formation from HCNand NH;
is treated byhe DeSoete mechanigf@l]{represented by Egs. G2

(69)
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(70

(71

(72)

2.5 Plastic combustion model

The thermal decomposition of different polymers has been at the centre of studies for several

years|[82]| It has been reported that the plastic waste coms&énhly of four polymers:

polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyvinylchloride [[BKZI:)
In this study for the plastic combustion model a reaction scheme for dealing with polymers

structured as &1, €.9. PE, and PP has been desigiitedas been reported that thebeee

plastic polymerdieatup and combust differently thaC|{[84]| For PE, PP and P§ single

step mechanism for the decomposition can be assumed, howeserBVC is combusted, a
two-step mechanism fordecomposition has to be considered, since during PVC
decomposition also molecularly bounded chloride is rele&s@mdhe validation of the plastic

combustion model, only polypropylene is used. The reasorthferis that currently no

experimental data for the validatiof other plastic combustion models e§®&5]| Therefore,
WKH FXUUHQW SODVWLF FRPEXVWLRQ PRGHO LV EDVHG RC
future research &wities may include validation of the presented plastic combustion model

with other commercial polymers.

It has been reported that experimental data clearly indicates that polypropylene degrades

in a single stage proce$86]| This is described with the following equation for the mass

change of the PP particle:

(73)

The values of the polypropylene decomposition kinetic constants, e.g. tbepmeential

factor and the activatioenergy are obtained from the Iiterat@ Here it is assumed that

the PP particle decomposes directly to the gas phase as PP vapour, without any intermediate
liquid phase. Therefore, the source for the continuous phasgi@tgifrom a computational

parcel withn, particles is:
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(74)

The enthalpy conservation of a PP particle can be written as:

(75)

Similar to the enthalpy balaedor the patrticle, the enthalpy of the continuous phase is:

(76)

The PP vapour is combusted in the continuous phase according to the Westbrook and Dryer

[88]|global reaction mecmism:

(77)

(78)

2.6 Solid recovered fuel combustion model

A high calorific value waste material that is not suitable for composting and cannot be

landfilled has the potential of being used in energy recovery. Some of these high calorific

value waste materials include paper, cardboard, and all sorts of plastics, textile and wood.
From thes materials SRF is produc@ SRF has ifferent proportions of biodegradable

materials and materials of fossil origin. The composition dependthe origin of waste and

its pretreatment. The fact that SRF contains a considerable amount of biodegradable

materials and is also a less expensivel,fexplains itsricreasing usage in indusffg0]

Furthermore, the benefit of using SRF is also the possibility of using SRF in existing
pulverized fuel burners used in power plants and industrial furnaces. The biodegpaatble

of SRF is considered as a renewable fuel as its properties are similar to the ones of the

biomass fuels, whereas the fossil part is predominately comhjpbgastic materialf91]

In this study due to the complex andhamogeneous composition of SRF, the modelling

appoach from Agraniotis et ﬂ85] is used to describe the SRF combustion. SRF is modelled

as a mixture of two different fractions, the biodegradable and the plastic fractidm. Eac
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fraction undergoes a different combustion procedure. The biodegradable fraction uses the coal

/ biomass combustion model, whereas the plastic fraction uses the polypropylene combustion

model, both previously elaborateFollowing the same stug]$5]|it is assumed that plastic
IUDFWLRQ DFFRXQWYV IRU R1 65)YV PDVYV
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3 SELECTED RESULTS AND
DISCUSSION

3.1 Single particle tests

For the plausibility checks andhe quantitative checks of balances, the meder the
calcination proces coal / biomass and polypropylene combustion presented above were
tested on a single particle in a single mesh cube. Different types of initial conditions were set
up (e.g., temperaturearbon dioxide contenparticle diameter) to test the numericaldab

For calculations of a singlenestoneparticle, which results are shown in &igs3 and 4,
LQLWLDO SDUWLFOH GLDPHWHU ZDV VHW W& set®5\WidH SRUF

there was no carbon dioxide present in the single mesh cube.

Figure 3 Calcination process at lower reation temperatures.

Figure 3 shows the influence of lower reaction temperatures on the calcination process ,
i.e. deconposition of limestone, and Figuré shows the influence of higher reaction

temperatures on the calcination process. From these twesigus clear that the temperature
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increase results with an increase of limestone decomposition which represents a reasonable

physical trend.

Figure 4 Calcination process at higher reaction temperatures.

Figure 5 Influence of CO, content on the calcination process.
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Figure5 shows the influence of carbon dioxide content on the calcination process. As can
be seen the increase of carbon dioxide content reduces the limestone decomposition. The
initial limestoneSDUWLFOH GLDPHWHU IRU WKLV ILIJXUH ZDV P

gas temperature was set to 1200 K and the carbon dioxide was the variable parameter.

Figure 6 Influence of limestone particle size on the calcinatioprocess.

Figure6 shows the influence of particle size on the calcination process. As can be seen
bigger limestone particles need more time to decompose than the small particles. For this
figure the initial gas temperature was set to 1400 K, the portzitgr was set to 5 and

initially there was no carbon dioxide.

Results gained from the sindlmestoneparticle tests show that the right range of particle
temperatures is covered, that the conversion of limestone depends on the carbon dioxide
content ad that the reaction kinetics of the calcination process are able to obtain reasonable

trends.

For calculation of a single biomass patrticle, whresults are shown in Figure initial
SDUWLFOH GLDPHWHU ZDV VHW WR ZPVVWHKHHN LW RWL D@ S

initial particle moisture content was set to 15%, and the ambient temperature in the single
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mesh cceH ZDV VHW WR shofa& thé levolutidd of different biomass particle
components. As can be seen first the moisture evigsoead its mass fraction decreases to
zero. At the same time, the biomass fraction is increased. Afterwards the devolatilisation
starts, the dry biomass releases the volatile matter, its mass fraction decreases, and
correspondingly the mass fraction ofclincreases. Parallel to the devolatilisation, the char is
oxidized, and therefore the mass fraction of ash in the particle increases rapidly. When the
devolatilisation is complete, the char mass fraction reaches the maximum value, after which
due to thechar oxidation the char mass fraction steadily decreases and the ash mass fraction

increases.

Figure 7 Evolution of biomass particle components

In Figure 8the biomass particle with samatial conditions as in Figure Was analysed.
Figure 8shows the influence of different ambient temperatures in the single mesh cube, on
the decrease of the biomass particle diameter. It can be observed that first the biomass
diameter decreases due to moisture evaporation, then during disatiah and simultaneous
char oxidation the diameter is strongly reduced. Furthermore, it can be seen that higher

temperature causes faster shrinking of the biomass particle.
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Figure 8 Biomass particle diameter in relation to he different ambient temperatures

In Figure 9 biomasgarticlesof different size, with the initial particle temperature of 50
f& WKH LQLWLDO SDUWLFOH PRLVWXUH FRQWHQW RI
PHVK FXEH RI f & . Zhe paitidie@EB Up bh@ it completely combusts, after
which it cools down to the cell ambient temperature. As can be expected, smaller particles
tend to heat up faster than the bigger particle. It can also be seen that during the boiling
process paitle temperature remains the same.

Figure 9 Heat up of different biomass particle sizes.
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For calculations of a single polypropylene particldjoli results are shown in Figure, 10
the initial particle temperature was setto & DQG WKH DPELHQW WHPSHUD'
meshcEH ZDV VHW WR sh¢vés thelpbipwdpylene particle mass loss during
the simulated time. As can be observed, as expected smaller particles decompose quicker than
the bigger particles. Whatn also be observed is that the mass of the polypropylene does not

change until the decomposition starts.

Figure 10 Polypropylene particle | Mass loss over time.

Figure 11shows the increase of theolypropylene particle tempeature during the
VLPXODWLRQ WLPH +HUH LW FDQ EH VHHQ WKDW WKH SR
increases until the decomposition process starts. Then the temperature increase slows down
due to the mass exchange consuming the reaction entidlthe end of the decomposition
process the temperature again starts to increase more rapidly due to decreasing particle size
and mass, until the moment where all polypropylene has decomposed. These phenomena are

better visible with increasing particteze.
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Figure 11 Polypropylene particle § mperature over time.

Figure 12shows the relation between polypropylene particle mass and temperature. It can
be seen that bigger particles start to decompose qulkesmaller paitles. What can also

be seen in this figure is that within certain temperature range particles lose most of their mass.

Figure 12 Polypropyleneparticle | Mass loss in relation to the temperature increase.
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Results gained fromhe single particle tests for biomass and polypropylene particles,
show that different particle sizes and ambient temperatures have an expected effect on the
heatup and decomposition history of the particles. Furthermore, it has been shown that the

reaction kinetics of the biomass combustion yields reasonable trends.

3.2 Validation test cases

In order to reduce the influence of turbulence and other flow characteristics caidination

and combustion process, each of the presentenodels wasvalidated by simlating
experiments done in drop tube furna@3F). The available measurement dataevased for
comparison with americal predictions. In Table gthe operating conditions and the simulated
mesh sizes for the mesh dependency tests, for each drop pdrarent, are summarized.

More details about the drop tube experiments can be found in the references named in Table
2, and in appended PAPER 1.
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Table 2 Drop tube furnace experiments operating conditions, and mesh size

Limegone|[92] Coal[73] Biomas§{74] Polypropyleng85]|  Solid recovered fuglr4] I

)JXUQDFH WHPSH 1200 1100 1100 1300 1100

Chamber diameter [m] 0.08 0.038 0.05 0.2 0.05

Chamber length [m] 2.0 1.2 1.2 2.5 1.2

Solid feed rate [g/h] 600 22 25 498 25

Solid LQOHW WHPS 20 25 25 25 25
Primary air 1.950

Air flow rate 22lmn3/h] 8.2 [L/min] 22 [L/min] Secondary ail 2.957 [kg/h] 22 [L/min]
Tertiary air 1.371

$LU LQOHW WHP 1200 25 25 25 25

3D mesh dependency tests (humber of hexahedral cells)

Reference mesh 10,800 12,800 16,800 32,600 16,800

Coarser mesh 5,600 9,600 12,900 24,600 12,900

Finer mesh 26,500 15,600 23,000 40,800 23,000

*Only calcinationexperimentC3, one out of six analysed experimental-spgs from the PhD thesis of Moh){92]| is given in Table 2, for more details see

PAPER 1.
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The calcination model was validated by simulating the International Flame Research

Foundation (IFRF) pipe reactor IPFR (intensified plug flow reactor), for which measurements

of limestane conversion exif92]| Several experients with different operating conditions

have been done. This sensitivity analysis gives some more information about the influence of
various parameters (GQontent, temperature, mass flow, etc.) on the calcination reaction
rate The experimental data fmis the basis for the evaluation of the calcination model and its

simulation behaviour.

The predicted conversion of limestone to lime, for differentupst was compared with
WKH FDOFXODWLRQV IURP ORKUTV Gdekpatimentaiatdolly VH U W D W L

Figure 13 Comparison oflimestone conversion for theC3 experimental setup.

Figure 13 shows theomparison of limestone conversion for the C3 experimentalpset
between the reported parimental data and the numerical predictiohs.can beseenthe

experimental measurements and the numerical results obtained by the calcination model are in

good agreemenin Figure 13also the calculatiofrom the PhD thesis d#lohr|[92]|is shown.

Despite the model presented is simpler than the Mohr model, e.g. regarding details of
evolution of the porous structure and detailed description of sintering processes, the overall
agreement with the experimental data could be awvgut. This might be due to the additional
XQFHUWDLQWLHY LQ ORKUYYVY PRGHO LQWURGXFHG E\ XQNQI
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models and complex interactions between them, which would need an even broader
experimental data base for adjustment. In @mtto this the simpler model can be more
easily controlled and matched and thus is judged to be sufficiently accurate for CFD

simulations of the overall calcination process.

Figure 14 Influence of mesh size on the results fahe C3 experiment

Fig. 14shows the influence of mesh size on the results for the C3 experiment. Comparison
of the coarsest grid (dotted line) and the coarse grid (dash dot line) shows significant
differences in the results, while the difference betwetarmediate (continuous line) and fine
grid (dashed line) is already considerably smaller. The conversion rate of these two grids
(continuous and dashed line) is almost identical. Thus with respect to the experimental

uncertainty the grid with 10 800 celhas been regarded as sufficient.

For the coal combustion model validation, combustion of unsieved coal in air was
simulated, and the numerical predictions for oxygen concentration, temperature and particle

burnout were compared with the experimental d&@r particle burnout, the expression

reported in the literatuffy3]|was used to determireathe simulation burnout ratensieved
FRDOYV SUR[LPDWH DQG XOWLPDWH DQDO\VLV DVInZHOO DV
literaturg[73]
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Figure 15 Validation of coal combustion model: (a) temperature profile along the furnace; (b) oxygen concentration along the furnace) purnout

rate along the furnace
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In Figure 15the comparison of the coal combustion model numerical predictions with
experimental measurems is shown. Figre 15(a) shows the temperature along the furnace
axis. It can be observed that the numerical prediction fellthwe experimental trein Figure
15(b) shows the oxygen concentration along the furnace, and here the numerical prediction

shows satisfying agreementttvithe experimental data. Figut&(c) shows the burnout rate

along the furnaceFor the burnout rate, the expression fromrditere|[73]( was used.

According to this expression the burnout rate of the solid fuel is calculated by comparing the
initial and final ash mass fraction in the partides.can be seen the numerical prediction here

follows well the experimental trend.

For the biomass and SRF combustion model validation, combustion of milled pine
branches, that represents the biomass, and combustion of SRF in theD$&meas
simulated. The available experimental data for temperature and pastich®ut were
compared with numerical predictions. Pine branches and SRF proximate and ultimate
analysis, as well as its particle size distributtan be found in Iiteratu@

In Figure 16the comparison of biomass combas model nurerical predictions with
experimental data is shown. Figure(@gshows the comparison of numerical prediction and
experimental data for temperature along the furnace. As can be seen the model predicts the
temperature quite well. In Figure (b§ the burnout rate along the furnace is shown. As can be

seen, here also the numerical prediction follows well the experimental trend.

Figure 16 Validation of biomass combustion model: (a) temperature profile along the furnace;

(b) burnout rate along the furnace
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For the polypropylene combustion model validation, combustion of polypropylene in an
electically heated DTFwas simulated. The furnace burner has a central inlet, where
polypropylene together with the primary air esteand two concentric inlets for the

secondary and tertiary air. All air streams enter the furnace wtithoy swirl[[93]] The

numerical predictions for oxygen and carbon dioxide concentration profiles along the furnace

axis were compared with the experimentidta reported in literatuf84]| Proximate and

ultimate analysis of polypropylene, as well as its particle size distribadanbe found in
literaturg[85]

In Figure 17the comparison of polypropylene combustion model numerical predictions
with experimental datés shown. Figure 17(a) shows the oxygen, and Figu(b)ldarbon
dioxide concentration comparison along the furnace. It can be seen that for both species

numerical predictions are in good agreement with the experimental data.

Figure 17 Validation of polypropylene combustion model: (a) oxygen concentration along the

furnace; (b) carbon dioxide concentration along the furnace
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Figure 18shows the comparison of SRF combustion model numerical predictions with the
experimental measurements. In Figuréa)8he temperature and in Figure(liBthe burnout
rate along the furnace is shown. As can be observed the numerical predudtitie SRF

combustion model are also in quite good agreement with experimental data.

Figure 18 Validation of SRF combustion model: (a) temperature profile along the furnace; (b)

burnout rate along the furnace

In Figure 19the influence of mesh size on presented combustion models is shown. The
mesh dependency tests were done in detail for all presented combustion models, and they
show that mesh size has a very small impacthenobtained results. In Figure 1& each
solid fuel only one quantity is analysed. Thus, the influence of mesh size on the numerical
prediction of the: temperature profile along the furnace for the coabustion model is
given in Figure 1@); temperature profile for the biomass combustion modelviengin
Figure 19(b); oxygen concentration for the polypropylene combustion model is given in

Figure 19c); burnout rate for the SRF combwastimodel is given in Figure 1@).
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Figure 19 Influence of mesh size on presented comabtion models: (a) temperature profile along
the furnace for the coal combustion model; (b) temperature profile for the biomass combustion
model; (c) oxygen concentration for the PP combustion model; (d) burnout rate for the SRF

combustion model

3.3 Large sale eement calciner simulatiors

To demonstrate the application of the validatadcination and combustiomodels for
different solid fuels three complex three dimensional geometrie$ industrial cement
calcines were simulated In the following, the radts of the CFD simulatiofor two
differentreal industrial cement calciners are given. The results sbave interesting features
of the flow, which help to understand the operatingddtoms of the simulated calciners. The
calcines operatingconditions and the computational details of each CFD simulatasnwell
as the results for the third calcinare given in PAPERS-@.
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In Figure 20 the geometriesd boundaryonditions for two different industrial cement

calciners are shown.

The calcine onthe left hand side of theigure20is 75 m high in total. The lower part of
the calciner consists of two vertical tubes, of which one is used as the tertiary air inlet, and the
other is used as an inlet for the hot flue gases coming from the rotarAkilme bottom of
each of these tubes, inlets for coal andgted limestone are positioned. Both tubes have an
approximate diameter of 2 m, and they connect at the height of 25 m to form a rectangular
shaped junction, where tertiary air and hot flue gas®ming from the rotary kiln, together
with the introduced limestone and coal particles, are mixed. After the rectangular shaped
junction a single vertical tube, with diameter of 3.1 m, serves to direct the flow to the top of
the calciner. The top of thealciner is designed in a way that it, by using the swirling effect,
directs the upward stream to a downward stream. Finally after the flow is directed
downwards, a tube, with diameter of 3.1 m, is used to direct the fluid flow together with now
already ckined raw material to the outlet of the calciner. The outlet of the calciner
corresponds to the inlet of the fifth preheater cyclone, wimer@surement data are obtained.
The boundary conditions used for themericalsimulationof the calciner on the l¢fhand

side of the Figure 20 are given in Table 3.

The calciner shown on the right hand side of Figurec@fsists of two vertical cylinder
parts and a cylinder connecting them. On the top of the first vertical cylinder the swirl burner
is positioned, andh the second vertical cylinder the hot gas stream from the rotary kiln is
used to enhance the calcination process. At the bottom of the second vertical cylinder a
convergingdiverging section is used to increase the velocity of the incoming hot stream fr
the rotary kiln. The entire model is 24 m high, with the diameter of the first cylindrical part,
the burner chamber, of 5.5 m, and with the diameter of the second cylindrical part of 4.5 m.
7KH FRQQHFWLQJ F\OLQGHU LV SR \WLdem&ep. AGhdtop of tle DQJIOH
first vertical cylinder two limestone and two tertiary air inlets are positioned diametrically
RSSRVLWH HDFK RWKHU 7KH WRS RI WKH VHFRD® YHUWL
boundary conditions used for tinemercal simulationof the calciner on theight handside

of the Figure 20 are given in Table 4.

In Figures 21 to 26 the results of the 3D CFD simulations of the cement calciner shown on
the left hand side of Figure 20 are given, wheredsignres27 to 31the resultsof the 3D

CFD simulations of the cement calciner shown on the right hand side of Figure 20 are given.
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Table 3 Boundary conditions for the calcinershown on the lefthand side of Figure 20

Mass flow rate

Notation ko 7 >f& ! >NJ I dy[kg/m’] O[mass %] N,[mass %] CO,[mass %
g
_ _ Coal 5800 70 1300 50
Limestone and coal inlet 1 _
Limestone 126000 780 3100 50
_ _ Coal 1380 70 1300 50
Limestone and coal inlet 2 )
Limestone 21000 780 3100 50
Tertiary air inle 20690 780 1.292 28 71.8 0.2
Hot gas from rotary kiln inlet 48275 1060 1.292 8 72 20
Outlet Static Pressuri 10° Pa
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Table 4 Boundary conditions for the calciner shown on the righhand side of Figure 20

Coal cas Biomass case PP case SRF case
(100% Coal (Biomass 10% (PP 10% (SRF 10% thermal
Combustion) thermal share)  thermal share) share)
7 >f Mass flow ratgkg/h]
Limestone 1+2 720 147900
Tertiary air 1 950 49600
Tertiary air 2 950 49600
Primary air 80 16200
Secondary air 950 33065
Coal 60 14811 13330 13330 13330
Biomass / SRF Biodegradab 60 - 2240 - 1793
PP/ SRF PP 60 - - 878 176
Hot gas from rotary kiln 1100 110600
Outlet (Static Pressure) 10° Pa
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Figure 20 Geometries and boundary conditions for two different types of industrial cement calciners
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Figure 21shows the flow streamlines inside tlfiest calculated calciner. As can be
observed, in the lower part of the calciner, in theiaertair tube and the hot flue gases
coming from the rotary kiln tube, the flow streams are stable and uniform, and going upwards.
Both streams join together in the rectangular shaped junction, after which they form one
stream that is going upwards to tiop of the calciner. In this part of the calciner the majority
of the limestone thermal degradation, e.g. calcination process, occurs. At the top of the
calciner, where the fluid flow changes the direction, from an upward to a downward direction,
the flowbecomes highly swirled. The reason for this highly swirled flow is the big mass flow
RI WKH VWUHDP WKDW LV FRPLQJ WR WKH WRS RI WKH FDO
by using the swirling effect effectively changes the flow directionerAtthe flow is directed
downwards, the flow gradually loses its swirling effect and together with now already
calcined raw material goes to the outlet of the calciner. Understanding of the flow
characteristics inside the calciner is of crucial importanceplfant operators, since the flow
characteristics give a good estimation of the particle residence time. The particle residence
time is important, since limestone afugl particlesneed several seconts fully decompose

and burn.

Figure 21 Flow streamlines inside thdirst calculated calcinet
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Figure 22shows, from the left hand side to the right hand side, the position of limestone
particles and its degradation at 2, 4, 6 and 8 s of particle residence time. For each particle
residence time, the limestone mass fraction in particles is shown. It can be seen that limestone

particles need several seconds to fully decompose.

Figure 22 Limestone degradation at different particle residence time: 2 s (Ieft4 s (second from
left); 6 s (second from right); 8 s (right).

Figure 23shows, from the left hand side to the right hand side, the position of produced
lime particles at 2, 4, 6 and 8 s of particle residence time. For each particle residence time, the
lime mass fraction in particles ishown. When compared to Figure,2he corresponding
increase of the lime mass fraction at different particle residence time can be observed. In this

figure, like in the previous one, it can be observed that the catminptocess needs several

seconds to finish.
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Figure 23 Lime production at different particle residence time: 2 s (left); 4 s (second from left);

6 s (second from right); 8 s (right).

Figure 24shows, from the left hand side tbe right hand side, the position of char
particles in the lower calciner part at 2, 4, 6 and 8 s of particle residence time. For each
particle residence time, the char mass fraction in particles is shown. As can be observed, char
particles combust in thiewer part of the calciner, e.g. in two vertical tubes, of which one is
used as the tertiary air inlet, and the other is used as an inlet of hot flue gases coming from the
rotary kiln. Here it can be seen that unlike the calcination process, the chatioxig a

faster reaction and it does not need several seconds to fully react.
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Figure 24 Char oxidation at different particle residence time: 2 s (left); 4 s (second from left); 6

s (second from right); 8 s (right).

Due to tle complex geometry of the calculated calciner, it is difficult to represent the
concentration of species and the temperature field. For that reason, the back view of the
calciner is shown ifrigure 25andFigure 26.In Figures 25 and 26 thguasi stationar state
simulation results areshown Figure 25shows the combustion process inside the calculated
calciner. The char mass fraction in particles is presented on the left hand side, in middle the
temperature field is presented, and on the right side themasls fraction in particles is
presented. Also the distribution of char and ash particles inside the calculated calciner is
VKRZQ 7KH pHPSW\Y UHJLRQV IRU FKDU PDVV IUDFWLRQ L
char to CO, CQ@ and ash, to a large erte has already been completed. In this figure the
decrease of char mass fraction and the corresponding increase of ash mass fraction towards
the outlet can be observed. Also, it can be seen that since the calcination process is a strong
endothermic reaatn, throughout the cement calciner the temperature field is uniform and
there are no extreme temperature peaks inside the calciner. It can be seen that the char
particles are concentrated close to the inlets, and that the ash particles are found iethe who

calciner.
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Figure 25 Combustion process inside the calculated calciner.

Figure 26shows the thermal degradation of limestone inside the calculated calciner. On
the left hand side the limestone mass fraction in particlelsosrs in middle the C®mass
fraction is shown, and on the right hand side of the figure the produced lime mass fraction in
particles is shown. It can be observed that as expected the limestone particles decompose from
bottom of the calciner to its top aedit. The corresponding increase of the lime mass fraction
can be observed on the right hand side of the figure. The mass fraction of lime in the particle
increases as raw material particles move to the top of the calciner and its exit. Zima€30

fraction, shown in the middle of the figure shows that the highest concentrations are located at
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the bottom of the calciner where the combustion of coal occurs, and between the rectangular

junction and the top of the calciner where most of the calcinationggoceurs.

Figure 26 Calcination process inside the calculated calciner

Comparison of numerically obtained results with experimental data is essential for the
validation of the numerical model used. The measurement equiprintmns dully operating
industrial calciner was placed on its outlet. On the outlet of the calciner, coal burnout rate,
limestone degradation rate and the outlet temperature was measured. In Table 3, the
comparison of measurement data and numerical prexécis shown. As can be seen, the
numerical predictions are in good correlation with the measured data. Coal burnout rate is the
same, whereas for the limestone degradation rate and the outlet temperature numerical

predictions are slightly higher, but §th good agreement with the measured data.
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Table 5 Comparison of measurementlata and numerical predictions

Measurement Data Numerical Predictions

Coal Burnout Rate-] 1.0 0.999
Limestone Degradation Ratg | 0.957 0.983
Outlet Temperature [K 1,188 1,213

In Figure 27the temperature field inside tBecondcalciner shown on the right hand side
of Figure 20,for the four calculated combustion cases is shown. In this figure from left to
right the temperature fields foretreference coal case, biomasscombustion case, PP co
combustion case, and SRFoombustion case are shown. The figure shows that in all cases
throughout the calciner the temperature is nawiess uniform and around 1200 K, except in
the near burneregion. This is due to the strong endothermic calcination reaction, where
limestone particles using the available enthalpy in the gas phase thermally decompose.
Furthermore, it can be seen that there are some differences in the temperature field in the nea
burner region. In the coal case and in the SRF case the temperature in the near burner region
are approximately the same, however this is not the case for the biomass and the PP case. It
can be observed that in biomass case, where biomassasntstedvith coal, a decrease in
the middle of the temperature pick is present. This is due to the higher moisture content in the
biomass patrticle than that of coal, and consequently the drying of biomass particles. In the PP
case, where PP is @wombusted with @al, the biggest difference in the temperature field
when compared to the reference case can be seen. Due to the rapid PP decomposition and
combustion the temperature is much higher in this case, meaning that special care needs to be
taken, in order not tincrease the wall thermal load in this calciner part. In contrast to other
combustion units where only fuel is combusted, in the calciner due to the intensive mixing of
fuel and limestone particles and the mentioned calcination reaction, there is foalkfzsae
shape.
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Figure 27 Temperature fields inside the calciner for the four calculated cases: (a) coal case; (b)

biomass cecombustion case; (¢) PP coombustion case; (d) SRF cocombustion case

Figure 28 Velocity fields inside the calciner for the four calculated cases: (a) coal case; (b)

biomass cecombustion case; (¢) PP coombustion case; (d) SRF cocombustion case

Figure 28shows the velocity field inside the calciner for the four catedlacombustion

cases. In this figure from left to right the temperature fields for the reference coal case,
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biomass cecombustion case, PP -combustion case, and SRF-oombustion case are
shown. The figure shows that in all cases the highest velogittli® bottom of the calciner,
where the high velocity stream of exhaust gases coming from the rotary kiln enters. What can
also be seen from this figure is that in the PP case, a slightly higher velocity in the right
vertical cylinder part can be obsedvé his might indicate danger of enhanced erosion in the

respective region of the vessel.

Figure 29 CO, mole fraction inside the calciner for the four calculated cases: (a) coal case; (b)

biomass cecombustion case; (¢) PP coombustion case; (d) SRF caombustion case

Figure 29 shows the C® mole fraction inside the calciner for the four caéted
combustion casesn this figure from left to right th€O, mole fractionfor the reference coal
case, biomass emombustion cas&?P cecombustion case, and SRFoombustion case are
shown. The figure clearly shows the difference in the, €@ncentrations for all calcutd
cases. In the biomass and S&dse, a slight difference from the coal case can be observed,
however in PP cassignificance in the results can be observed. Since calcination reaction is
predominantly a temperature driven process, and it was shown that the PP case has higher
temperatures in the near burner region, calcination process start sooner than in ether cas
Therefore in this case limestone sooner decomposes and sooner releases the bopnded CO

having higher concentrations of GO his is valuable information for plant operators, since it
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is known that the calcination process can extinguish the combustioass, so special care

has to be taken not to hata® quick limestone decomposition.

In Figure 30the HO mole fraction inside the calciner for the four calculated combustion
cases is shown. In this figure from left to right the temperature fields doreference coal
case, biomass ecombustion case, PP -combustion case, and SRFoombustion case are
shown. It can be seen that in the biomass and SRF case, where fraction of fuel is biomass,
higher concentrations of & are present. The higher concatibn is related to evaporation

of moisture from the biomass particles.

Figure 30 H,O mole fraction inside the calciner for the four calculated cases: (a) coal case; (b)

biomass cecombustion case; (¢) PP coombustion case; ) SRF cacombustion case
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Figure 31 O, mole fraction inside the calciner for the four calculated cases: (a) coal case; (b)

biomass cecombustion case; (¢) PP coombustion case; (d) SRF cocombustion case

Figure 31 shows theO, mole fraction inside the calciner for the four calculated
combustion cases. It can be observed that in all cases the concentrationarefsinilar,

meaning that oxygen is consumed similarly in all cases.

The results presented herein show that cosrpsimulation method can serve as an
advanced tool t@nalyseand improve understanding of complex turbulent reacting flow in
real cement calciner. The proposed models and methods can assist plant operators and
practical engineers in the optimization ofREHIQW FDOFLQHUYYV RSHUDWLQJ FR

crucial to ensure better plant efficiency and reduction of pollutant emissions.
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4 CONCLUSIONS AND
FUTURE WORK

Depletion of fossil fuels, rising of their prices, global warming and GHG emissions reduction
are becoming important issues to be dealt with. Coal as the most used solid fossil fuel in
industry and power generating sector, is being partially substituted by alternative solid fuels
like biomass and solid recovered fuel worldwide. Due to different astrdn characteristics

of these alternative solid fuels coal partial substitution continues to be a challenge to the

scientific community and practicing engineers worldwide.

Investigations of various thermaemical reaction techniques, which can be used t
reduce carbon dioxide emission, have become a major area of the current research. Computer
modelling of the calcination proceasd alternative fuel combustigmovides a valuable tool
that can be used for the investigation and better understandingrt@iep&inetics and

pollutant emissionffom cement combustion systems.

The main objectives of this study were to:
T present the modelling approach tbe calcination process, and for tt@mbustion of
pulverized coal, biomass, plastic, and solid recedduel,
¥ validate the modelling approach ftire calcination process and feach combustion
model;

¥ demonstrate the large scale application of the presantéslalidateanodels.

The numerical modslfor the calcination procesand for the pulverigk solid fuel
combustion wer@anplemented into a commercial CFD codéL FIRES, taking into account
the major effects that influence these processélhe numericalmodelswere described in
detail in order to accurately explain the theraiemical processebat govern thealcination

and thecombustion process.

For validation ofthe modelling approachjmsple three dimensional geometries of drop
tube furnaces were used for the simulations. From the results shown it can be concluded that

the presented modeére in a good agreement with the reported experimental measurements.
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Validated models were used to simulatemplex three dimensional geometriesthree
differentindustrial cement calcingrThe results obtained blygse simulationsan be used for
the better understanding of thtBermochemical reaction occurrinqiside the calculated

calcines, andtheir improvementcorfirming the hypothesis of this avk.

By using the presented combustion models for the evaluation of differeanaoustion
modes, itme consuming and costly experimental studies can be avoided. Therefore it can be
concluded that numerical simulations are a useful tool that can be used for studying and
improvement of different coombustion concepts in existing pulverized fuel combastio
units. Furthermore, ishouldalsobe mentioned thahe presented models can be used for the
investigation of some practical engineering optidhigch practical engineering investigations
includefor instancehe investigation of:

T the temperaturéot spotsin near wall regions, in order to reduce the thermal load on

the wall;

T the particle mixing phenomena, in order to increase the reaction rate of limestone

thermal degradation;

T the length of different units, in order émsure complete limestoneamposition and

fuel oxidation

T the complete combustion versus complete calcination, in order to reduce fuel

consumption;

1 thedanger oferosion in high velocity regions close to the wail order to minimize

the wall erosion effects
T theinfluenceof different thermal shares of different alternative fuels, in order to have
a stable manufacturing process

1 theinfluence of various air streams of the process, in order to minimize the thermal

loses

¥ the concentration of NO, CO and other pollutanis, order to reduce the

environmental impact of the manufacturing process.

The presented modelling approach however has some bottlenecks. One of these
bottlenecks is the calculation time. Due to the very detapproach, when it comes to the
particle reations, the large scale full 3D simulation of cement calciners can take from two
weeks to a month, depending on the size of the calditege it should also be mentioned that
thereasorfor the long calculation time could partly be relatedéoy small tme scales of the

chemical reactions involved, which therefore need a high temporal resoltimmmising
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measure for speegp of calculations here would be the tabulation of chemignother
bottleneck of the modelling approach is the meshdfizkecement calcinerThis is related to

the calculation timeand because of that coarser meshes needed to be used in order to obtain
results with such long calculation timehus, thereductionof the calculation time is needed

in order to speed up thmlcultions and to use high resolution gridsis will be done in

future work.

For the presented coal and biomass combustion model, future work will involve the
investigation ofunknown amount and composition of pyrolysis gases from the vacaals
and bionasses. Aroptional solutiorwill be to couple a commerciglyrolysis software tool,
which dependsnthetemperature andn thecompositionof different coals / biomasses, with

the presented model.

Further investigation ofdetailed models for the -shemisty and also for the reaction

schemes of hydrocarbons from pyrolysis caalkbbe of interest.

Future workalsoincludes thenvestigation of different aerodynamic characteristics, e.g.
different drag forces acting on particles of different size and shagd]ifferent particle heat
up rates, e.g. temperature profiles in particles of bigger Bimtemperaturprofiles in solid
fuel particles of bigger sizend particleparticle collision model would be beneficial for
simulations of grate fired furnacesyhich is a technology extensively used in waste

incinerators.

As for the calcination model, implementation of the sintering misdehe point of future
work, in order to simulate all the therrsbemical reactions occurring in the rotary kigmd
not just the flame. The other point of future work regarding the calcination model can be
investigation of limestone particles of bigger size. This would be beneficial for the simulation

of the lime kilns that are used in paper and pulp industry.
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Calcination is a thermohemical process, widely used in the cement industry, where
limestone is converted by thermal decomposition into lime CaO and carbon dioxide CO2. The
focus of this paper is on the implementation and vabdaof the endothermic calcination
reaction mechanism of limestone in a commercial finite volume based CFD code. This code is
used to simulate the turbulent flow field, the temperature field, concentrations of the reactants
and products, as well as thetaraction of particles with the gas phase, by solving the
mathematical equations which govern these processes. For calcination, the effects of
temperature, decomposition pressure, diffusion, and pore efficiency were taken into account.
A simple three dimesional geometry of a pipe reactor was used for numerical simulations.
To verify the accuracy of the modelling approach, the numerical predictions were compared
with experimental data, yielding satisfying results and proper trends of physical parameters

influencing the process.

In this paper the simul&tRQV ZHUH SHUIRUP&h@elg,\ Plessh@ dnd ratechl
set up the framework in AVL FIREIRU VROLG SDUWLFOH UHDFWLRQV
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The cement industry is one of the leading producers of anthropogenic greenhouse gases, of
which CGQ is the most significant. Recently, researchers have invested a considerable amount
of time studying ways to improve engrgonsumption and pollutant formation in the overall
cement manufacturing process. One idea involves dividing the calcination and clinkering
processes into two separate furnaces. The calcination process is performed in a calciner while
the clinkering proces takes place in a rotary kiln. As this is new technology in the cement
manufacturing process, calciners are still in the research and development phase. The purpose
of this paper is to demonstrate the potential of CFD to support the design and omtimnozati
calciners, whose use appears to be essential in reduction .0€m@8sion during cement
production. The mathematical model of the calcination process was developed, validated and
implemented into a commercial CFD code, which was then used for thesian&rom the

results obtained by these simulations, researchers will gain-@depth understanding of all
thermachemical reactions in a calciner. This understanding can be used to optimize the
calciner's geometry, to make production more efficientpweer pollutant formation and to
subsequently reduce greenhouse gas emissions

In this paper the simuldtRQV ZHUH SHUIRUPHG E\ OLNXOpLUO )LGDUR
detailes and calciner operating conditioRsiesching and Tatschl set up the framework
AVLFIRE®S IRU VROLG SDUWL FepithinddHtBeFc@ie Rt Qrodudibrpracddse

SDSHU zZDV ZULWWHQ E\ 0LNX\ODQKDMGGUHW HHZGIRBYE

PAPER 3

OLNXOpLUO + 9XMD Q Raflucing@dthe B@eimidsions in Croatian ceant industry.
Appl Energy 2013;101:448.

Cement industry is one of the largest carbon emitting industrial sectors. It is responsible for
about 5% of anthropogenic G@ the world. Therefore, it is a relevant industrial sector for
CO, emission regulatiorstrategies. Bearing in mind the importance of cement industry in
Croatia, and because of the fact that Croatia will soon become an EU member state, the
present paper analyses the potential to reducee@@ssion in the Croatian cement industry.
There areseveral measures that can reduce, €@dissions from the cement manufacturing

process: the use of waste heat as an alternative source of enepgga@@e and storage

74



technologies; reduction of clinker to cement ratio; the use of alternative and bioelasthe

use of alternative raw materials; an energy efficient combustion process. The most energy
efficient technology for cement manufacturing today is the use of a rotary kiln together with a
multi-stage preheater and a calciner. Since the use ofnterakeiners is a relatively new
technology, further improvement of their operating conditions is still needed. This paper also
highlights the results of research in the field of computational fluid dynamic (CFD)
simulations that are used for the invediiga of process and combustion emissions. The
above mentioned measures together with numerical investigations can reduce the effect of
cement manufacturing in Croatia on the environment and can make it more competitive with

cement manufacturers from the EU

,Q WKLV SDSHU WKH VLPXODWLRQV ZHUH SHUIRUPHG E\ OLN
the cement industry in Croatia and calculated the @@issions. The paper was written by
OLNXOpLU DQG UHYLHZHG E\ 9XMDQRYLU DQG 'XLu

PAPER 4

OLNXOpLUO HUYRQ 9XMDQRYLUO 0O 3ULHVFKINQriergal aiaMs FKO 5
of cement calciner fuel efficiency and pollutant emissi@isan Techn Environ Policy
2013;15:489499.

Efficient mixing of pulverized fuel and limestone particles inside cement neaciis
important due to the reason that the calcination process directly affects the final fuel
FRQVXPSWLRQ 7KH IRFXV RI WKLV SDSHU LV RQ WKH QX
operating conditions and pollutant emissions. The paper analyzes ltrenaef of different
amounts of fuel, mass flow of the tertiary air and the adiabatic wall condition on the
decomposition rate of limestone particles, burnout rate of coal particles, and pollutant
emissions of a newly designed cement calciner. Numericaéisiod calcination process and
pulverized coal combustion were developed and implemented into a commercial
computational fluid dynamics code, which was then used for the analysis. This code was used
to simulate turbulent flow field, interaction of partigleith the gas phase, temperature field,

and concentrations of the reactants and products, by solving the set of conservation equations

for mass, momentum and enthalpy that govern these processes. A three dimensional geometry
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of a real industrial cementlciner was used for numerical simulations. The results gained by
WKHVH QXPHULFDO VLPXODWLRQV FDQ EH XVHG IRU WKH R
conditions, and for the reducing of its pollutant emissions.

In this paper the simulations were p&@UPHG E\ OLNXOpLU 9XMDQRYLU FDOF
operating conditionsand wn Bergand Priesching set up the framework in AVL FiREsed

for the analysisWKH REWDLQHG UHVXOWY 7KH SDSHU Zbdh ZULWW|
Berg Tatschl and DX L U

PAPER 5

OLNXOpLU + YRQ %HUJ ( 9XMDQRYLU O -fitiXgpilverizédXdedl UL F D O
and biomass inside a cement calciner. Waste Manag Res 2014;88%61

The use of waste wood biomass as fuel is increasingly gaining significancenentce
industry. Combustion of biomass and particularlyficag of biomass and coal in existing
pulverizedfuel burners still faces significant challenges. A possibility for tharge control

and investigation of the efiring process are Computationallul Dynamics - CFD
simulations. The purpose of this paper is to present a numerical analysisfiohgo
pulverized coal and biomass in a cement calciner. Numerical models of pulverized coal and
biomass combustion were developed and implemented intmaerial computational fluid
dynamics code FIRE, which was then used for the analysis. A three dimensional geometry of
a real industrial cement calciner was used for the analysis. Three differéringaases

were analysed. The results obtained frons gtudy can be used for assessing different co
firing cases, and for improving the understanding of th@row process inside the calculated

calciner.

,Q WKLV SDSHU WKH VLPXODWLRQV ZHUH SHUd&#®ritiigs E\ 0L N
conditiors for different fuel substitution rates 7KH SDSHU ZDV ZULWWHQ E\
UHYLHZHG E\ YRQ %HUJ DQG 'XLu
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PAPER 6

OLNXOpLUO + 9XMDQRIMpravirgy thex@ustainability of Cement Production by
Using Numerical Simulation of Limestone Thermalgieation and Pulverized Coal
Combustion in a Cement CalcindrClean Prod 2015;88:2&27 1

The cement industry sector is one of the largest carbon emitting industrial sectors, and due to
the effect of global warming sustainable cement production isasargly gaining on
importance. Controlling the combustion of coal and the thermal degradation of limestone, the
two main thermechemical processes that occur inside a cement calciner, is of significant
importance, since these processes have a direcemtifuon the cement quality, pollutant
formation and overall energy efficiency of the cement manufacturing process. One of the
possibilities for the improvement and control of these thechwmical processes are
Computational Fluid DynamicsCFD simulatiors. The results gained from these simulations

are being increasingly used to enhance the efficiency of cement production, since they
improve the understanding of the flow characteristics and transport phenomena taking place
inside the cement calciner. Tharpose of this paper is to present that a more energy efficient
and sustainable cement production can be achieved by deploying CFD simulations in the
process of cement production. The numerical models of limestone thermal degradation, also
known as the caination process, and pulverized coal combustion were developed and
implemented within the commercial computational fluid dynamics code FIRE, which was
then used for the analysis. The developed models are based on the solution eSidkeier
equations fo the gas phase, and on the Lagrangean dynamics for the discrete particles. A
three dimensional complex geometry of a real industrial cement calciner was used for the
CFD simulation. The information obtained from this numerical simulation, such as the
distribution of particles, distribution of temperatures and the concentrations can be used for
better understanding of particle kinetics and pollutant emissions from the given cement

calciner and also for its further investigation and optimization.

In this pagr he VLPXODWLRQV ZHUH SHUIRUPHG E\ OLNXOpLUO 9XMN
WKH RSHUDWLQJ FRQGLWLRQVY DQG WKH PHDVXUH®HQW GD
reviewed by9 XMDQRYLU DQG 'XLu

77



78

PAPER 1



Chemical Engineering Science 69 (2012) 607...615

Contents lists available at

SciVerse ScienceDirect

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Numerical modelling of calcination reaction mechanism for

cement production

Hrvoje Mikulc i¢ ®", Eberhard von Berg ®, Milan Vujanovic” 2, Peter Priesching °, Luka Perkovié 2,

Reinhard Tatschl ?, Neven Duié 2

2 Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Ivana Luita 5, 10000 Zagreb, Croatia

P AVL-AST, Hans List Platz 1, Graz, Austria

article info abstract

Article history:

Received 25 July 2011

Received in revised form

11 November 2011

Accepted 15 November 2011
Available online 23 November 2011

Keywords:

Calcination
Mathematical modelling
Reaction engineering
Multiphase reactions
Porous media

Particle

in"uencing the process.

Calcination is a thermo-chemical process, widely used in the cement industry, where limestone is
converted by thermal decomposition into lime CaO and carbon dioxide CO . The focus of this paper is
on the implementation and validation of the endothermic calcination reaction mechanism of limestone

in a commercial “nite volume based CFD code. This code is used to simulate the turbulent "ow “eld,

the temperature “eld, concentrations of the reactants and products, as well as the interaction of
particles with the gas phase, by solving the mathematical equations, which govern these processes.
For calcination, the effects of temperature, decomposition pressure, diffusion and pore efciency were
taken into account. A simple three-dimensional geometry of a pipe reactor was used for numerical
simulations. To verify the accuracy of the modelling approach, the numerical predictions were
compared with experimental data, yielding satisfying results and proper trends of physical parameters

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

During the cement manufacturing process, large amounts of
carbon dioxide are emitted. There are two processes from which
carbon dioxide is produced. One of the processes is the combus-
tion of the fossil fuel and the other is the calcination reaction.
Because of the effect of global warming and particularly because
carbon dioxide is one of the primary greenhouse gases, in-depth
understanding of these processes is relevant for the development
of effective cement production and reduction of carbon dioxide
emission.

Calcination is a strongly endothermic process where limestone
(calcium carbonate) CaCOj is converted by thermal decomposi-

tion into lime (calcium oxide) CaO and carbon dioxide CO ,. The

process of calcination (thermal decomposition of a limestone
particle) in a cement calciner can be divided into three stages
(Bes, 2006): (a) heat energy transported by calciner gases (i.e.
combustion products and exhaust gases from the rotary kiln)
supplied to the limestone particle by convection and radiation,
pre-heats the particle from the ambient temperature to the

" Corresponding author. Tel.: p 38516168 494; fax: p 38516156 940.
E-mail addresses:hrvoje.mikulcic@fsb.hr (H. Mikulc ic¢),

eberhard.von.berg@avl.com (E. von Berg), milan.vujanovic@fsb.hr (M. Vujanovic ),

peter.priesching@avl.com (P. Priesching), luka.perkovic@fsb.hr (L. Perkovic”),
reinhard.tatschi@avl.com (R. Tatschl), neven.duic@fsb.hr (N. Duic”).

0009-2509/$ - see front matter & 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2011.11.024

decomposition temperature. The decomposition temperature
reported in the literature ( Stanmore and Gilot, 2005 ) is in the
temperature range from 600 1C to 900 1C, depending on the type
of limestone; (b) at the decomposition temperature, when the
pressure of carbon dioxide produced by the decomposition of
limestone at the particle surface is greater than the partial
pressure of carbon dioxide in the surrounding gas, the process
of calcination begins, making a lime shell around the limestone
core; (c) by conduction the heat passes through the porous layer
increasing the internal temperature, which causes continued
calcination. The released carbon dioxide diffuses through the
porous layer to the surface and by convection is released into
the calciner. As long as the particle temperature increases and
the partial pressure of CO , is below the decomposition pressure,
the process of calcination will continue until all the limestone is
converted into lime.

The calcination process that takes place in a calciner for
cement production is of particular importance because it affects
energy consumption and pollutant emissions. A calciner is a
separate furnace used prior to the rotary cement kiln, where the
limestone, pulverised coal and rotary kiln exhaust gases are
mixed. Thus, an in-depth understanding of the physical and
chemical processes in the calciner is relevant for the development
of effective cement production.

Recently, because of the increased reductions in carbon dioxide
emissions as well as reductions of other pollutant emissions
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(Vujanovic et al., 2007), different types of calciners with different
operating conditions have been studied. Fidaros et al. (2007)
presented a numerical model and a parametric study of the
gaseous "ow and the transport phenomena that take place in a
vertical industrial low NO  calciner, showing good prediction
capabilities of velocity, temperature and distribution of particles.
lliuta et al. (2002b) developed a mathematical model for an in-line
low-NO , calciner based on reaction-diffusion approach for calcina-
tion and combustion. Also lliuta et al. (2002a) reported the effect of
different operating conditions in an in-line low-NO  , calciner in
their parametric study, showing that the in"uence of different
operating conditions has an impact on the level of calcination,
burn-out and NO emission. Hu et al. (2006) used a three-dimen-
sional Eulerian...Lagrangean model to simulate a dual combustor
and precalciner to predict the burn-out rate of coal and the
decomposition rate of limestone. Huang et al. (2006) carried out
a three-dimensional simulation of an in-line swirl-spray precalci-
ner with a new method for particle-wall boundary condition and
with a four-mixture-fraction model to describe the multi-compo-
nent mutual transportation in a precalciner.  Huanpeng et al. (2004)
used a two-dimensional model to study the impact of various
parameters on the dynamics of the two-phase "ow in a precalciner,
representing the transport properties of the solid phase with the
kinetic theory of granular "ow. All of these studies show that there

is a great potential in research and the development of calciners,
especially regarding the thermo-chemical reactions that take place

in the calciner, e.g. calcination, combustion and pollutant forma-
tion. Although there have been numerous studies about the
calcination reaction mechanism, the basis of current calcination
mathematical models was completed during the mid-1980es.
Borgwart (1985) investigated the calcination kinetics and demon-
strated that heat and mass transfer in a particle determines the
reaction rate. He also reported that the maximum calcination
reaction rate is achieved when the limestone particle size is
minimised, because the mass transport of CO , through the product
layer has a lesser in"uence on the rate of decomposition. His
results provided useful data for the rates of limestone decomposi-
tion. Dennis and Hayhurst (1987) ran a series of experiments in a
"uidized bed, and by changing the gas pressure and temperature
found the in"uence of CO , partial pressure on the rate of calcina-
tion. Campbell et al. (1970) and Hills (1968) found that the
decomposition of limestone is controlled by the mass transfer
through the product layer and by the heat transfer. Ingraham and
Marier (1963) found that the decomposition rate depends linearly
on the difference between the equilibrium pressure of the calcina-
tion process and the CO , pressure at the reaction surface. Darroudi
and Searcy (1981) found that at CO , partial pressures below
0.01 bar the rate is practically independent, whereas at higher
pressure values a linear dependency was found. Silcox et al. (1989)
used the experimental data produced by Borgwardt to develop a
mathematical model of the calcination of limestone. Hu and
Scaroni (1996) investigated the in"uence of particle size on the
rate of calcination and found that for particles bigger than 20 nm
and gas "ow temperatures above 1473 K heat transfer and pore
diffusion are the rate-controlling factors. For particles smaller than

10 mMn and gas "ow temperatures below than 1073 K they found
that chemical kinetics are the rate-controlling factors. Most of the
authors ( Garcia-Labiano et al., 2002 ; Hu and Scaroni, 1996 ; Khinast
et al.,, 1996) consider the mass transfer of CO , from the reaction
interface through the porous lime layer to the surface of the
particle and the chemical reaction as the rate-controlling factors.
Garcia-Labiano et al. (2002) , along with their experiment, demon-
strated different behaviours of different types of limestone during
the calcination process. As a result of this “nding they stated that
the appropriate mathematical model for calcination, the shrink-
ing core or the changing grain size model, must be used to

appropriately de“ne the reaction rate parameters of the particular
type of limestone. A study by Mohr (2001) describes in detail the
mathematical model of the calcination process, showing the
impact of various parameters on the rate of calcination. Following
Mohres study, Hillers (2008) investigated the in"uence of numer-
ical turbulence models on the calcination results using the same
calcination model.

The purpose of this paper is to present a numerical model of
the calcination process implemented into a commercial CFD code
that is detailed enough to contain the relevant physical and
chemical processes e.g., Arrhenius rate approach, pressure limita-
tion, diffusion resistance, porosity, tortuosity, pore size and pore
ef‘ciency. The latter features are treated with parameters under-
stood as averages over the grain topology and size. Thus this
procedure avoids uncertain additional assumptions needed for
more detailed sub-models, but is still suf‘ciently accurate and
simple enough to run on meshes of appropriate size and resolu-
tion as it is needed for detailed CFD simulations of realistic
industrial calcination devices. This balance is regarded as char-
acteristic feature of the approach presented. To verify the accu-
racy of the modelling approach, the numerical predictions were
compared with the experimental data that are given in the
literature ( Mohr, 2001 ).

2. Numerical model
2.1. Continuous phase

The fundamental equations of continuum mechanics are based
on the conservation laws for mass, momentum and energy. The
general form of the time averaged conservation equation for any
dependent variable | of the continuous phase in the differential
form is

Q.. @.. @ . @
—d] Pp—a] uyb¥%— G = -, ap
@ J b@J J ] 4@] q @j b§

where r is the density, u; Cartesian velocity, G diffusion
coef‘cientand § is the source term of the dependent variable | .

2.2. Calcination reaction mechanism

In the CFD-code used in this study, the motion and transport of
the solid particles are tracked through the "ow “eld using the
Lagrangian formulation, while the gas phase is described by
solving conservation equations using the Eulerian formulation.
Solid particles are discretized into “nite numbers of particle
groups, known as parcels, which are assumed to have same size
and also the same physical properties. The parcels are tracked
as they move through the calculated "ow “eld using a set of
equations that describe their dynamics. The coupling between the
parcels and the gaseous phase is taken into account by introdu-
cing appropriate source terms for mass, momentum and enthalpy
exchange (Vujanovic', 2010).

The mathematical model used for the calcination calculation is
treated in the Lagrangian spray module, where thermo-chemical
reactions occur inside a particle as well as between particle
components and gas phase species. The described calcination
model was integrated into the commercial CFD code FIRE, using
FIREe-s user-de“ned functions capability. User functions, written in
FORTRAN programming language, were linked with the AVLes
FIRE code @aburi¢ et al., 2004, 2005; Vujanovic et al., 2009),
providing prediction of calcination process on one hand and
retaining all the usual FIRE features on the other. In general the
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calcination process can be presented by the following equation:
CaCQd&bk CaGsbphCO,a@bpl178kJ=mol: &p

In this study the mathematical model of the calcination
process, based on the chemical reaction scheme published by
Silcox et al. (1989), is extended with the effects of diffusion
limitation of the overall rate and the pore diffusion effectiveness
factor. The calcination model involves three rate-limiting pro-
cesses: (a) heat transfer to the particle, (b) mass transfer of CO ,
from the reaction interface through the porous layer and particle
boundary layer to the surrounding and (c) the kinetics of the
chemical reaction.

The calcination process starts only if the partial pressure of
carbon dioxide in the gas surrounding the limestone surface is
less than the decomposition pressure of limestone ( Stanmore and
Gilot, 2005). The decomposition pressure Peq and the chemical
reaction rate k., of the calcination process determined by  Silcox
et al. (1989) are

20474
Peq¥+4:137 10" exp OT Pa, 8b
Koh Yakp®eq Pco P BtOIM Zs 1, Fe A=)

where pco, is the partial pressure of carbon dioxide at the reaction
surface of limestone and

4026

T 10 5ymolm 2s 'pPa‘l: &b

kp ¥a1:22exp

Based on the Egs. (2) and (4), Eq. (3) for the chemical reaction
rate of the calcination process can be written in the following
form:

24
ken ¥45:0 107 ex ET’OO 1:22
10 ®exp 4026 Pco, Apor solm 25 1 &b
T Ageom

Major effects such as temperature, CO , partial pressure and
enhanced overall surface due to porosity are taken into account in
this equation. The surface increase is modelled as Ayo/Ageom
where Ay, is the overall reaction surface (representing the surface
of internal pores and the outer surface of the sphere), and  Ageom is
the surface of the particle (sphere). The surface increase is
dependent on porosity, pore diameter and topology of the porous
structure, which are not known in detail for the limestone
considered in the experiments discussed below. Thus in this work
it is used as a matching parameter for the speci“‘c type of
limestone with typical values ranging from 1 to 5. This parameter
has some initial value depending on type of limestone, but
starting with this value it will also evolve during the reaction
by shrinking and cracking processes as well as by sintering. Since
the latter processes partly increase and partly decrease the sur-
face the assumption of a mean average or balanced value is
supported.

As illustrated in  Fig. 1 partial pressure of CO , greatly in"uences
the reaction rate. At higher temperatures and lower CO , patrtial
pressure the rate of change of the reaction rate is much faster than
for lower temperature and higher CO , partial pressure values. For
the above diagram the effect of porosity was not taken into
account, i.e., the value of Apo/Ageom Was set to 1.

The physical reaction rate kp, of the calcination process is
determined from

12DSh

F"COZ dpart T

which represents the mechanism of diffusion limitation ( Schneider,
2003). Due to high CO, concentration in the pore system and in the
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Fig. 1. Effect of CO, partial pressure on the chemical reaction rate.

particle surrounding the partial pressure of CO , is assumed to be
high as well and the reference pressure piesin Eqg. (6) is assumed to be
close to ambient pressure. Following Schneider (2003) the Sherwood
number is taken as 2, since limest one particles are small and rapid
velocity equilibration can be assumed. The term D represents the
diffusion coef“cient that consists of binary and Knudsen diffusion
coef‘cient ( Kern and Jess, 2006 and is calculated as

1 1

Dbin p Dknu

1
D% n2s b ®p
For the binary diffusion coef‘cient the following correlation
demonstrated by Reid et al. (1988) is used:

0:0266T®

——C_ 1p?g 1, ®b
PM2553:0 4

Dbin ]/4
while the Knudsen diffusion coef“cient (
2010) is calculated as

dpore 8RCQT s
3 p

The overall reaction rate of the calcination process, which is
the component of the physical and the chemical reaction rate,
based on Levenspiel (1972) is calculated as

" 4,
on Lp b

ph ZRen

Bluhm-Drenhaus et al.,

Dy Y4 m?s 1 aop

%gm 2s 1, aip
where Ky, is the chemical reaction rate in  %gm 2s ' and Zis the
effect of pore ef‘ciency on the chemical reaction rate of calcina-
tion process. Here the pore ef‘ciency coef‘cient Z is applied
globally to the chemical reaction rate assumed to take place
inside the complex topology of the porous structure. The coef*-

cient Zis given by Froment and Bischoff (1990) as
r #

az2p

ol

where th is the chemical reaction rate in[s '] and the correction
factor € given by Bluhm-Drenhaus et al. (2010) applied to the
diffusion coef‘cient D is

eYa % ;
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s

0.0016
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where &, denotes the void fraction of the limestone particle with
higher values favouring diffusion, t, denotes the tortuosity, which
can be regarded as a measure for the complexity of the pore
structure hindering the diffusion of the reacting gases inside the
porous structure of the grains.

Fig. 2 illustrates the impact of the chemical reaction rate and
the physical limitation on the overall reaction rate of the calcina-
tion process. It is clear that at higher temperatures, physical
limitation has a signi“cant in"uence on the overall calcination
rate. Since the experimental conditions of Mohres experiment are
covering the transition region shown in Fig. 2, the diffusion
limitations must be taken into account in the simulations.

Mass exchange from the calcination reaction is calculated for
the limestone, lime and carbon dioxide. The mass transfer rate of
limestone is calculated by the following equation:

Mcacg ¥2 K %gs ', a4p

where K is the overall reaction rate of the calcination process in
[kgs ] and from stoichiometry the mass transfer of lime and
carbon dioxide are

M

Mcao¥aRk —=22 1kgs 1 asp
Mcaca

Mco, %k Mco, Y%gs L aep
Mcaca

Enthalpy exchange from the calcination reaction (convective
enthalpy, enthalpy transfer from reaction enthalpy, transfer of
enthalpy with the mass leaving the particle) is calculated sepa-
rately for the particle and for the gas temperature.

For the enthalpy conservation of a solid particle the following
equation can be written:

dMcacq Cpcacq P McacCpcaop P Mcacq Cpcaca Tp P McactpcaoTp

fDH
yy \OURMCACA b ansT Ty Mo, G Tp,

a7p
Mcacaq

where f is a factor, which represents the fraction of reaction
enthalpy taken from the particle and ¢, is the difference of molar
speci‘c heat capacities of limestone and lime, divided by the
molecular weight of carbon dioxide. In the calculations shown
below the factor f has been taken as 0.5 assuming that the
reaction enthalpy is provided at equal parts from both particles
and gaseous surrounding. However, a sensitivity study showed
that at least for small particles the effect of parameter f on
the calcination rate is not signi“cant, i.e.  f%0 assuming that all
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Fig. 2. Impact of the chemical reaction rate and the physical limitations on the
overall reaction rate.

enthalpy is taken immediately from the gas phase did not change
the results.

Similar to the enthalpy balance for the solid particle, the
enthalpy of the gas phase is

X dei
mi CoiP 7T Fob Mco,Cpeo, Tg

1 fHOHgmM
y, 01 THRMCaca b gasr T0b nyb meo, 6Ty

asp
Mcaca

From these equations the rate of change of particle and gas
temperatures are calculated. The mass and enthalpy balance
equations given above are applied in each cell of the computa-
tional domain during the integration of the Lagrangian particle
phase for updating the gas and particle properties and are solved
by time step subcycling using DVODE solver. This is done within
every two gas phase time steps. Complex chemistry systems
in FIRE solver are usually treated by pre-tabulation or similar
methods (Ban and Dui¢, 2011), but in this case the calcination
process, represented by one reaction (see Eq. (2)), is calculated
directly. Additionally from these equations the source terms for
species mass and enthalpy are collected transferring the impact of
the chemical reactions from the particles to the Eulerian solver.

2.3. Radiative heat transfer

The radiative heat transfer and the effects of particle radiation
from the limestone particles is modelled with the P-1 radiation
model ( Sazhin et al., 1996; Brewster and Kunitomo, 1984 ):

!

4

r &r G YVa8p a,t6 4p a%b E aop

m3
where the term on the left hand side represents the change of the
incident radiation. The “rst term on the right hand side represents
the absorption, from the continuous phase and the particles, and
the second term on the right hand side represents the emission,
again from the continuous phase and the particles.
For the particle emission E, the following correlation is used:

1\ ST W
B Ya o &nApn —— — &0p
DVn Yal p m
while the particle absorption coef“cient is calculated as
1 1
ap 1/4W &nAon o ®21pb
n¥1
The diffusion coef‘cient G is calculated as
1
G in , ®22b

7 3&b agb Spb

and for the particle scattering factor S, the following correlation

is used:
Yy * a i) L. [e%
Sp Awnm fonP®  €nFpn o 3p

The source term that is directly introduced into the enthalpy
equation as a radiative heat source is calculated as follows:
!

4
ro % 4p a%pEp paapapte%: &4p

3. Single particle test and results

For the plausibility checks and the quantitative checks of
balances, presented model of the calcination process was tested
on a single patrticle in a single mesh cube. Different types of initial
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conditions were set-up (e.g., temperature, carbon dioxide content,
particle diameter) to test the presented numerical model.

For calculations of a single particle, the results of which are
shown in Figs. 3 and 4, initial particle diameter was setto 10 N,
the porosity factor, i.e. Ayo/Ageom, Was set to 5 and there was no
carbon dioxide present in the single mesh cube.

Fig. 3 shows the in"uence of lower reaction temperatures on the
calcination process, i.e. decomposition of limestone, and  Fig. 4 shows
the in"uence of higher reaction temperatures on the calcination
process. From these two “gures it is clear that the temperature
increase results with an increase of limestone decomposition, which
represents a reasonable physical trend.

Fig. 5 shows the in"uence of carbon dioxide content on the
calcination process. As can be seen the increase of carbon dioxide
content reduces the limestone decomposition. The initial particle
diameter for this “gure was 10 N, porosity factor was set to 5,
the gas temperature was set to 1200 K and the carbon dioxide
was the variable parameter.

Fig. 6 shows the in"uence of particle size on the calcination
process. As can be seen bigger limestone particles need more time
to decompose than the small particles. For this “gure the initial
gas temperature was set to 1400 K, the porosity factor was set to
5 and initially there was no carbon dioxide.

o
e

o
o

0.4

CaCQ,; composition [-]

o
[N

time [s]

Fig. 3. Calcination process at lower reaction temperatures.

CaCQ; composition [-]

Fig. 4. Calcination process at higher reaction temperatures.
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Fig. 5. In"uence of CO , content on the calcination process.
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Fig. 6. In"uence of particle size on the calcination process.

Results gained from the single particle tests show that the right
range of particle temperatures is covered, that the conversion of
limestone depends on the carbon dioxide content and that the
reaction kinetics of the calcination process are able to obtain
reasonable trends. Additional stu dies regarding the effects of pore
diameter and porosity still need to be done in further work.

4. Validation test —calcination process in a pipe reactor

The calcination model was validated by simulating the Interna-
tional Flame Research Foundation (IFRF) pipe reactor IPFR (intensi“ed
plug "ow reactor), for which measurements of limestone conversion
exist (Mohr, 2001). Several experiments with different operating
conditions have been done. This sensitivity analysis gives some more
information about the in"uence of various parameters (CO  , content,
temperature, mass "ow, etc.) on the calcination reaction rate.

4.1. Experimental data

The IPFR is a laboratory reactor (Fig. 7) made up of a 2m
long tube with a steady radial and axial temperature pro‘le
(electrically heated walls). Different gas velocities and gas
compositions as well as powder mass "ows can be adjusted and
a sampling device to monitor the progress of reaction along the
tube axis is available. This pipe reactor works up to a temperature
of 1400 1C.
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Fig. 7. Construction of IPFR pipe reactor ( Mohr, 2001 ).

Table 1
Experimental settings ( Mohr, 2001 ).

Parameter Unit Calcination

C1 c2 C3 c4 C5 Cc6
g mﬁ/h 35.1 31.1 22.0 21.0 22.0 28.3
0O, Vol% 5
CO, Vol% 14 19 8.5
H,O Vol% 9.5
T, ic 1000 1100 1200 1350 1200
Mcacq g/h 900 600

Reaction pipe dimensions:

Length: 12000 mm
Inner diameter: D;%80 mm
Outer diameter: D,%117 mm

The experimental data forms the basis for the evaluation of the
calcination model and its simulation behaviour. The experiments
were performed according to Table 1.

Finally following the procedure of Mohr (2001) a Rosin...Rammler
distribution is assumed for limestone particle size distribution, with
the mean particle diameter d®410.68 mMm, the smallest diameter
0.1 mn, the largest diameter 62.93 MM and the spread parameter
n%20.653.

Rosin...Rammler distribution function is

Ralb Yexp go &5p

4.2. Numerical simulation

In the simulation 10,800 cells were employed to discretize the
computational domain, extending from 0 to 2000 mm in axial
direction and from 0 to 80 mm in radial direction, representing
the reaction tube ( Fig. 7). For the validation test six different set-
ups were calculated according to Table 1. The differencing scheme
used for momentum and continuity balances was Central Differ-
encing, and for turbulence, energy balances and scalar transport
equations an Upwind scheme was applied. Turbulence was
modelled by the standard k emodel.

4.3. Results and discussion

The predicted conversion of limestone to lime, for different set-
ups, was compared with the calculations from Mohres doctoral
dissertation and the reported experimental data ( Mohr, 2001 ). Fig. 8
shows the in"uence of pore diameter on the results for the C3
experiment. It is clear that with higher values of pore diameter
conversion of limestone to lime is higher.  Fig. 9 shows the in"uence
of void fraction on the results for the C3 experiment. As can be seen
higher values of void fraction increase the conversion of limestone
to lime. Fig. 10 shows the in"uence of tortuosity on the results
for the C3 experiment. It is clear that higher values of tortuosity
give slower conversion effect. The rest of the “gures show the

1 . =

=

—

g i
0 i
g model predictions, pore diameter = 5.e-fm
8 ---- model predictions, pore diameter = 1.e-fm |
— model predictions, pore diameter = 5.e-8m |
J- —
1 \ 1 \ 1 \
5 10 15 20

pipe reactor legth [0.1m]

Fig. 8. In"uence of pore diameter on the results for the C3 experiment.
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Q
o
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8 0.4 — model predictions, void fraction = 0.2 7]
---- model predictions, void fraction = 0.07 |
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0 1 \ 1 \ 1 \
0 5 10 15 20

pipe reactor legth [0.1m]

Fig. 9. In"uence of void fraction on the results for the C3 experiment.
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Fig. 10. In"uence of tortuosity on the results for the C3 experiment.

comparison of the predicted limestone conversion, using the com-
bined reaction rate with pore diffusion, with Mohres calculation and

the experimental measurements along the pipe reactor for all set-
ups presented in Table 1. All of the calculations have been done with
the same set of model parameters using the value of 6 for tortuosity
(Wang et al.,, 2005), 0.2 for void fraction and 5e  8m for pore
diameter. In the literature ( Bluhm-Drenhaus et al., 2010 ; Stanmore
and Gilot, 2005 ) higher values for the void fraction in the range of
0.36...0.68 are given. The lower value of 0.2 assumed in this work
can be justied by sintering processes as described by Hillers
(2008), which can reduce again the porosity considerably to values
down to 0.05 depending on tempe rature and particle residence
time.

As can be noted the experimental measurements and the
numerical results obtained by the calcination model are in good
agreement. From the shown results it is clear that the presented
model follows the in"uence of temperature as can be concluded
from comparison of C1 and C2 as well as C3 and C4, which differ
by temperature only. The effect of reduced conversion with
increasing carbon dioxide content varied in C3 and C5, which is
not that clearly visible, but the calculated curves are anyway close
to the experimental mean values and always within the experi-
mental uncertainty range. Further comparing C5 and C6 the same
trend of reduced conversion with increasing gas mass "ow can be
detected in both experiments as well as in the calculations. This
occurs despite the reduction of the carbon dioxide content at the
same time, which should enhance conversion. Thus the effect can
be understood by the reduced particle residence time connected
with enhanced gas mass "ow.

Fig. 11 shows the in"uence of mesh size on the results for the
C3 experiment. Comparison of the coarsest grid (dotted line) and
the coarse grid (dash dot line) shows signi“cant differences in the
results, while the difference between intermediate (continuous
line) and “ne grid (dashed line) is already considerably smaller.
The conversion rate of these two grids (continuous and dashed
line) is almost identical. Thus with respect to the experimental
uncertainty the grid with 10,800 cells has been regarded as
suf“cient.

In Figs. 12...17also the calculations from the Ph.D. thesis of
Mohr (2001) are shown. Despite the fact that the model presented
is simpler than the Mohr model, e.g. regarding details of evolution
of the porous structure and detailed description of sintering
processes, the overall agreement with the experimental data
could be improved. This might be due to the additional uncer-
tainties in Mohres model introduced by unknown model para-
meters of the detailed sub-models and complex interactions
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s 0.6 - ‘/»’ 7
‘@ | KN |
ué /'/.4 '
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J - 2 400 cells mesh
T = 5600 cells mesh 1
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0 5 10 15 20
pipe reactor legth [0.1m]
Fig. 11. In"uence of mesh size on the results for the C3 experiment.
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Fig. 13. Comparison of C2 set-up.

between them, which would need an even broader experimental
data base for adjustment. In contrast to this the simpler model
can be more easily controlled and matched and thus is judged to
be suf‘ciently accurate for CFD simulations of the overall calcina-
tion process. Nevertheless the re“ned models from the literature
are the valuable basis for further model extensions.



614

conversion [-]

conversion [-]

conversion [-]

5.

H. Mikulcic et al. / Chemical Engineering Science 69 (2012) 607...615

1 - T - e
------- i P
0.8 | _ —
]
06 |- ‘, i
0.4 _ 4 ]
| ' ° ]
1 — model predictions
0.2 - - Mohr’s calculation| 7]

0 : 1 : 1 : 1 :

0 5 10 15 20
pipe reactor legth [0.1m]
Fig. 14. Comparison of C3 set-up.

L ! [
0.8 —
0.6 —
0.4 ]

e experimental datq
- — model predictions
0.2 == Mohr’s calculation
0 1 : 1 : 1 :
0 5 10 15 20
pipe reactor legth [0.1m]
Fig. 15. Comparison of C4 set-up.

1 T —

ST £ Py
0.8 —
0.6 —
0.4 ]
1 e experimental datd |

— model predictions

0.2 - Mohr’s calculation

0 1 : 1 : 1 :

0 5 10 15 20
pipe reactor legth [0.1m]
Fig. 16. Comparison of C5 set-up.
Conclusion

The formation of carbon dioxide in cement production systems

has created increasing environmental concerns because of the

red

uctions in carbon dioxide emissions. Thus, investigations of
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Fig. 17. Comparison of C6 set-up.

various thermo-chemical reaction techniques, which can be used
to reduce carbon dioxide emission, have become a major area of the
current research. Computer modelling of the calcination process
provides a valuable tool that can be used for the investigation and
better understanding of particle kinetics and pollutant emissions
from cement combustion systems.

The numerical model of the calcination process was imple-
mented into a commercial CFD code FIRE, taking into account the
effects of temperature, decomposition pressure, diffusion and
pore ef‘ciency. The model is detailled enough to contain the
relevant physical and chemical processes, yet simple enough to
run on the realistic industrial meshes needed for detailed CFD
simulations of calcination devices. From the results shown it can
be concluded that the presented model of the calcination process
is in a good agreement with the reported experimental measure-
ments. Thus, it can be used for the investigation and optimisation
of calcination devices for cement production. This will be done in
future work.

Nomenclature

1

a absorption coef‘cient, m

ap particle absorption coef‘cient, m 1
A sphere surface, m?

Ageom  Sphere surface, m?

Aon projected area of an n-particle, m 2
Apor overall reaction surface, m 2

Co speci“c heat capacity, Jkg 'K !

1Kl

Cocacq  SpPeci“c heat capacity of limestone, J kg

Cpcao  SPeci“c heat capacity of lime, Jkg *K *

Cpi speci“c heat capacity of gas component, Jkg 'K ?
d particle diameter, m

d° mean particle diameter, m

dpart particle diameter, m

dpore pore diameter, m

D diffusion coefcient, m 2s 1

Dpin binary diffusion coef‘cient, m 2g 1

Dinu Knudsen diffusion coef‘cient, m 2s 1!

E particle emission, Wm 3

f reaction enthalpy factor, dimensionless

fon scattering factor of n-th particle, dimensionless
G incident radiation, Wm 2

DHg reaction enthalpy, J mol 1!

k overall reaction rate, kgm ?s

® overall reaction rate, kgs 1!
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Ken chemical reaction rate, molm 2s 1!
Ken chemical reaction rate, kgm 2s !
Ken chemical reaction rate, s
ko reaction rate, molm 2s 'Ppa !
Kpn physical reaction rate, kgm 2s !
Mcacg limestone mass, kg
Mcao lime mass, kg

1

Mco, mass transfer of CO,, kg s
1

Mcacqg Mass transfer of limestone, kg s
Mcao mass transfer of lime, kgs *

m; gas component mass, kg

Mag average molecular weight, gmol *

Mco, CO, molecular weight, gmol !

1

Mcacqg limestone molecular weight, g mol

Mcao lime molecular weight, g mol 1

n particle spread parameter, dimensionless

np number of particles per parcel, dimensionless
o] total pressure, Pa

Pco, CO, partial pressure, Pa

Peq equilibrium CO , partial pressure, Pa

Pref referent pressure, Pa

ar radiation "ux, Wm 2

R Rosin...Rammler distribution function, dimensionless
Reo, CO, gas constant, Jkg *K *

S source term of the dependent variable |

Sh Sherwood number, dimensionless

T temperature, K

Ty gas temperature, K

Tp particle temperature, K

u; Cartesian velocity, ms  *

Greek letters

a convective heat transfer coef‘cient, Wm 2K *
G diffusion coef‘cient, m

G diffusion coef“cient of the dependent variable |
e correction factor, dimensionless

(=X void fraction (porosity), dimensionless

€n emissivity of n-th particle, dimensionless

j dependent variable

Z pore ef‘ciency factor, dimensionless

r density, kgm 3

s Stefan...Boltzmannes constant, Wm 2K 4

SAB characteristic length, 10 &m

Sp particle scattering factor, m 1!

to tortuosity, dimensionless

Oy diffusion collision integral, dimensionless
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The cement industry is one of the leading producers of anthropogenic greenhouse gases, of which CO ; is
the most signi  cant. Recently, researchers have invested a considerable amount of time studying ways to
improve energy consumption and pollutant formation in the overall cement manufacturing process. One
idea involves dividing the calcination and clinkering processes into two separate furnaces. The calci-
nation process is performed in a calciner while the clinkering process takes place in a rotary kiln. As this

is new technology in the cement manufacturing process, calciners are still in the research and devel-
opment phase. The purpose of this paper is to demonstrate the potential of CFD to support the design

Keywords:

Calcination process
Cement calciner
Cement industry

and optimization of calciners, whose use appears to be essential in reduction of CO , emission during
cement production. The mathematical model of the calcination process was developed, validated and
implemented into a commercial CFD code, which was then used for the analysis. From the results

CO, emission
Energy ef ciency

obtained by these simulations, researchers will gain an in-depth understanding of all thermo-chemical
reactions in a calciner. This understanding can be used to optimize the calciner ’s geometry, to make

production more ef cient, to lower pollutant formation and to subsequently reduce greenhouse gas

emissions.

2012 Elsevier Ltd. All rights reserved.

1. Introduction

The cement industry has a signi  cant effect on the environment.
It is responsible for 5% of the world ’'s anthropogenic CO, emissions,
and therefore it is an important sector for CO , mitigation strategies
[1,2]. Around 50% of CQ emissions produced during the cement
manufacturing process come from the thermal decomposition of
limestone, also known as the calcination process. Additionally,
40% comes from the combustion process [3]. CG emission mitiga-
tion options include various process and combustion ef ciency
improvements. One of these improvements comes from controlling
the calcination process during the cement production process.
Calcinationis a strong endothermic reaction, during which limestone
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(CaCQ) thermally decomposes into lime (CaO) and carbon dioxide
(CO,). Inadditiontothein  uence on cement quality, calcination also
affects fuel consumption and pollutant emissions  [4]. One possibility
for the control and investigation of the calcination process is
a Computational Fluid Dynamics (CFD) simulation. Early compre-
hensive information, parametric studies and initial conclusions that
can be gained from CFD simulations are very important in handling
modern cement technology requirements. Together with experi-
ments and theory, CFD has become an integral component of calciner
research. It has been used in the development process for under-
standing the complex phenomena occurring within the calcination
and combustion processes. For instance, results gained from CFD
simulations of the calcination process in the calciner can be used for
the optimization of a calciner design. The result is a calciner with
a higher performance. This higher performing calciner will then have
an in uence on the nal cement quality, fuel consumption and
pollutant emissions.

With the aim of understanding all chemical reactions, the heat
exchange processes and uid ow, different cement calciners have
been studied. Fidaros et al. [4] presented a numerical model and
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a parametric study of ow and transport phenomena that take
place in an industrial calciner. This work shows good prediction
capabilities for velocity, temperature and distribution of particles.
lliuta et al. [5] investigated the effect of different operating condi-
tions on the level of calcination, burn-out and NOx emissions of an
in-line low NO x calciner. This work made a sensitivity analysis of
the model with respect to aerodynamics, combustion and calcina-
tion parameters. Huanpeng et al. [6] studied the impact of various
physical parameters on the dynamics of the two-phase ow in
a precalciner. This work used the kinetic theory of granular ow to
represent the transport properties of the solid phase in a 2D model.
Hu et al. [7] used a 3D model for a dual combustor and precalciner.
An Eulerian frame was used for the continuous phase and
a Lagrangean frame for the solid phase. The burn-out and the
decomposition ratio during the simultaneous injection of two types

of coal and limestone were predicted. Bluhm-Drenhaus et al. [8]
studied the heat and mass transfer related to the chemical
conversion of limestone to lime in a shaft kiln. CFD was used to
model the transport of mass, momentum and energy in the
continuous phase, while the discrete element method (DEM) was
used to model the mechanical movement and the conversion
reactions of the solid materials. Using a cement calciner in the
cement production process is relatively new technology. Conse-
quently, all of these studies show the need for further improve-
ments of cement calciners.

In addition to studies investigating the chemical and physical
processes in cement production, several studies investigated the
potential of CO » emission reduction. In general, CO » emissions due
to fossil fuel combustion in cement production systems can be
reduced by using more energy ef cient technologies in the existing
production process [9,10]. Fidaros et al. [3] showed a parametric
analysis of a solar calciner, using CFD as a research tool. The study
also showed how CO, emissions can be decreased because the
required heat comes from solar energy. Therefore, fossil fuels are
not needed for the calcination process. Koumboulis and Kouvakas
[11] demonstrated their dynamically adjustable controller for
calciner exhaust gases, showing that, with a controlled calciner
outlet temperature, the desirable precalcination degree can be
achieved. They also showed that the corresponding energy
consumption can be lowered according to the fuel used for the
process. Kéantee et al. [12] investigated the use of alternative fuels
in the cement manufacturing process. This research provided
useful data for optimizing the manufacturing process by using
different alternative fuels with lower calori c value than those used
in classical con gurations. Gartner [13] studied clinker chemistry to
lower CO, emissions. This study showed that raw materials other
than limestone could be used in cement production in order to
reduce CO, emissions.

Due to the signi cance of the cement industry sector and
increased environmental awareness [14], several studies, in
different parts of the world, have demonstrated the energy ef -
ciency of cement plants and CO , emissions reduction. Much of this
work studied the improvement of the cement production process
and options for CO, emission reduction. Pardo et al. [15] demon-
strated the potential for improvement in energy ef ciency of EU’s
cement industry and CO , emission reduction by the year 2030. Liu
et al. [16] reported the potential for the renovation and building of
new cement plants in China. Hasanbeigi et al. [17] demonstrated
the abatement CO, cost curve for the Thai cement industry. The
possibilities and costs of CO, abatement were identi ed, while
considering the costs and CO», abatement for different technologies.
Worrell et al. [18] presented an in-depth analysis of the US cement
industry, showing the possibilities for energy saving and CO »
emissions reduction, based on a detailed national technology
database. This work emphasized that the most energy ef cient

pyroprocessing cement manufacturing systems consist of pre-
heaters, a calciner and a rotary kiln. Sheinbaum and Ozawa [19]
reported the energy use and the CO , emissions in the Mexican
cement industry, concluding that the focus of the energy and CO
emissions reduction should be on the use of alternative fuels. Szabd
et al. [20] for the 2000 e 2030 period, presented the most important
trends in world cement production, technology development and
CQO, emissions. The study showed that the most advanced dry-pre-
calciner technologies are expected to be the most widely used by
2030. In addition, their work showed that global CO , emissions
from the cement industry will increase by 50%.

The purpose of this paper is to present the potential of CFD-
based CQ emission reduction in a Croatian cement plant. The
best available technology for cement production, a dry rotary kiln
together with preheating of the raw material and a cement calciner
were used. In addition to the calculation of the CO , emission,
a mathematical model of the calcination process was developed,
validated and implemented into a commercial CFD code [21]. This
calcination model was then used for numerical simulation of
a speci c calciner geometry which is reported in the literature  [4].

11. Modern cement pyroprocessing unit

Fig. 1 illustrates the four main cement production processes
which have the most in  uence on nal cement quality and fuel
consumption. These four processes are: raw material preheating,
calcination, clinker burning, and clinker cooling  [4]. Prior to the raw
material preheating, the raw material is collected, crushed, mixed
with additives and transported to the cyclone preheating system.
Cyclone preheating systems (usually 3 e4 cyclones) have been
developed to improve the heat exchange process. Preheating occurs
prior to the calciner and the rotary kiln, and has several stages. In
every stage the principle is the same e raw material is moving

Fig. 1. General pyroprocessing unit of a cement production plant.
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counter to hot exhaust gasses from the rotary kiln and in that way is
heated. This process is repeated until the raw material goes through
all cyclones.

After preheating, raw material enters the cement calciner,
where the calcination process occurs. According to Szabé et al. [20]
a decrease of energy consumption by 8 e 11% can be achieved when
a rotary kiln is used together with a calciner. This decrease is due to
the fact that cement calciners have lower temperatures than rotary
kilns. To ensure a temperature of 850 C, needed for a stabile
calcination process, cement calciners use heat from the combustion
of solid fuels along with the exhaust gases from a rotary kiln ~ [22].
This is new technology in cement production. Therefore, cement
calciners are not standard equipment in cement plants.

Clinker burning is the highest energy demanding process in
cement production. It occurs after the calcination process. The
clinker is produced in a rotary kiln which rotates 3 e5 times per
minute, and is positioned at an angle of 3 e 4 . This angle causes the
material to slide and tumble down through the hotter zones
towards the ame. The temperature of 1450 C ensures the clinker
formation. After the clinkering process in the rotary kiln is nished,
the cement clinker is rapidly cooled down to 100 e200 C[23]. This
process is done rapidly to prevent undesirable chemical reactions.

2. Theoretical background
2.1. Analytical calculation of CG, emissions

The analytical calculation of CO , emission was performed for
a cement plant in Croatia. This particular cement plant uses a dry
rotary kiln along with the preheating of the raw material in cement
production. A calciner is not used at this plant. However, the plant
operator is planning to increase the cement production while
decreasing the CO, emissions. To ensure both criteria are satis ed,
the plant operator is planning on modernizing the pyroprocessing
unit and including a calciner. For that reason, the CO , emissions
were calculated for a plant with and without a calciner. CO , is
emitted from two different sources: the combustion of fossil fuels
and the calcination process of limestone in which the clinker
forming process also emits CO,. The former refers to combustion
CQO, emissions, and the latter refers to process CO, emissions.
Combustion CO, emissions are calculated on the basis of the fuel
consumption [24]:

Mco,acombustion b 74 Miuel Ha  €el O D)

Process CQ emissions, originating from the conversion of the
raw material, are calculated on the basis of the produced cement
clinker:

Mco,alinkerp Ya Mgjinker e f (2)

Table 1 shows the analytically calculated CO » emissions for this
particular cement plant. From these results, it is clear that most of
the CO, emissions come from the calcination process. Also, it
should be noted that the amount of CO , coming from the calcina-
tion process cannot be reduced. CO, must be released during the
calcination process (CaCQs;/CaO p CQO). Thus, the major potential

Table 1
CO, emissions from a cement plant without and with a calciner.

Type of CO, emissions Without With a calciner

a calciner
Process emissions [tCO, per annum] 241 000 241 000
Combustion emissions [tCO , per annum] 166 000 149 500 e 153 700
Total CO, emissions [tCO, per annum] 407 000 390 500 e 394 700

for the reduction of CO , emissions will be in the design of the
combustion processes (with or without a calciner).

As mentioned previously, CO, emissions can be reduced if
a calciner is used prior to the rotary kiln  [4,18,20]. In that case,
a decrease of fuel consumption by 8 e 11% can be gained[20]. This
means that with the reduction of the fuel consumption an overall
reduction of 3 e 4% in CQ emissions (see Table 1) can be achieved.

2.2. Numerical simulation of a cement calciner

2.2.1. Mathematical model

To model a calciner, the decay of limestone to lime via release of
carbon dioxide and the process providing the reaction enthalpy,
e.g., the pyrolysis of pit coal to carbon and volatiles with subse-
quent heterogeneous oxidation of the carbon must be treated. The
motion of solid particles is traced through the cement calciner by
the Lagrangian formulation. The gas phase is solved by an Eulerian
formulation [25]. The mathematical models for the calcination and
combustion are treated in the Lagrangian spray module. The
thermo-physical properties of the limestone, the lime and the
components of the pit coal particles were entered into the
commercial CFD code FIRE via user-functions [26e 28]. The func-
tions were written in the FORTRAN programming language. In
general, the thermal decomposition of limestone into lime and
carbon dioxide can be presented by the following equation:

CaCQd&B CaGsb p CO,ab p 178 ki=mol: ®3)

Calcination occurs when the partial pressure of carbon dioxide
in the ambient gas is lower than the decomposition pressure of
limestone. The decomposition pressure peq and the chemical
reaction rate k¢ de ned by Silcox et al. [29] are:

20474
T

Peq ¥4 4:137  10%%exp Ba; 4
h i

Ken % Kp Peq  Pco, molm 2s ! ; (5)

where pcg, is a partial pressure of carbon dioxide at the limestone

reacting surface and

4026 h i

kp Y2 1:22exp 105 molm 2%s 'pa?l: (6)

Based on equations (4)e (6), the chemical reaction rate of the
calcination process can be written as [21] :

24500 4026

T
h i
PCo,» Apor  oim 25 1 : a7p
Ageom

where the effects of temperature, partial pressure of CO , and
surface porosity are taken into account.

The physical reaction rate Ky, in the calcination process is
de ned as[30]:

Ken ¥45:0,107exp 1:22,10 Sexp

12Dy, Sh h .

Kop Y kgm “s *; (8)

b ————, P
Reo,dpart T ref
taking into account the diffusion limitations of limestone.
The total reaction rate of the calcination process is the combi-
nation of the physical and the chemical reaction rate, and is rep-
resented as [31] :

ph
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K Ya kgm 2s ! ; 9)

where K., is the chemical reaction rate in [kg m 2s 1] and his
dimensionless pore ef ciency factor.

The coef cient h is described in the following equation  [32]:

2 5 3

hys—2 ¢ 3 (10)

where kg, is the chemical reaction rate in [s .

The presented mathematical model of the calcination process
was thoroughly tested and validated in our previous studies. For
quantitative checks of balances, the presented mathematical model
was tested on a single particle [21]. Results gained from the single
particle tests show that the decomposition of limestone depends
on the following achieving reasonable trends: CO , content, the
right range of temperatures, and the reaction kinetics of the calci-
nation process. The mathematical model of the calcination process
was validated by simulating the International Flame Research
Foundation pipe reactor [21], for which measurements of limestone
decomposition exist. Several experimental set-ups with different
operating conditions have been calculated. This analysis gives more
information about the impact of various parameters (CO , content,
temperature, mass ow, etc.) on the calcination process.

For coal combustion, a two stage process is taken into account.
Usually, complex chemistry systems in the FIRE solver are treated
by pre-tabulation or similar methods [33]. In this case the coal
combustion is a two stage process and is calculated directly. The
coal particle, which is composed of pit coal and ash is undergoing
a rst stage pyrolitic decomposition into volatiles and pure carbon.

In a subsequent step, treated in parallel to the pyrolysis, the carbon
is oxidized to CO and CO; taking into account a mechanism factor
depending on temperature.

For the pit coal, a very simple composition represented via
chemical formula C 3H4 is assumed. The heterogeneous chemical
reactions treated for the basic model are:

C3H4/ 2Cb CHy; (11)
and
395kJ=mol
1 110kJ=mol 2 2
Ch — O, ” = Cop — 1 CO: (12)
fm fm fm

Here, f;,, denotes the so-called mechanism factor [34], which
ranges between 1 and 2. It causes predominant production of CO »
in the low temperature range below approximately 900 K and
predominant generation of CO for higher temperatures. The value
of f,, depends on the particle temperature and size.

Further, additional homogeneous reactions are treated inside
the gaseous phase for the oxidation of CO [34] and the combustion
of methane, which is treated via the four step Jones e Lindstedt
mechanism [35] :

COp %02/ CO, (13)

Fig. 2. Calciner boundary conditions and cross section views.

CH, b %02/ COp 2H,
CH, p H,O/ COp 3H,
COp H,G) CG b Hy
Hy b %02/ H,0

(14)

The homogeneous reactions inside the gaseous phase are
treated within the general gas phase reactions module of the CFD
code. The heterogeneous reactions cause mass transfer sinks and
sources to the gas phase and particles. These are described by rate
equations for pit coal consumption, for the carbon production from
pyrolysis and for consumption from oxidation. As for the calcina-
tion, the total reaction rate is composed of a chemical rate following
an Arrhenius approach and a physical rate introducing the rate
limitation due to diffusion effects. Additional details of the model
can be found in the literature [21].

2.2.2. Numerical simulation

The calciner geometry ( Fig. 2), available in literature [4], was
used to simulate the calcination process. The entire model is 32 m
high, with three different cylinders and two conical sections con-
necting them. On the side of the calciner, there are two symmetric

Table 2

Initial conditions used for calciner calculation.
Pressure 0.1 [MPa]
Temperature 300 [K]
Gas composition Air
Turbulent kinetic energy 0.001 [m %57
Turbulent length scale 0.001 [m]
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Fig. 3. Velocity distribution in vertical plane: section A-A (left); section B-B (middle); section C-C (right).

inlets for limestone. They are positioned at 60 angles and are 0.6 m centre cylinder represents the main volume where physico-
in diameter. There are also two symmetric inlets for coal which are chemical reactions take place. It is 6.6 m in diameter and 20 m
positioned at 30 angles and have a diameter of 0.2 m. The cylinder high. The cylinder at the outlet is 4.4 m in diameter and 4.7 high.
at the bottom of the calciner is 2.6 m in diameter and 3 m high. The The total volume of the calciner is 850 m 3.

Fig. 4. Temperature eld in vertical plane: section A-A (left); section B-B (middle); section C-C (right).
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Fig. 5. CO, mass fraction in vertical plane: section A-A (left); section B-B (middle); section C-C (right).

Fig. 6. CO mass fraction in vertical plane: section A-A (left); section B-B (middle); section C-C (right).
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Fig. 7. Limestone (CaCQ) particle: section A-A (left); section C-C (right).

The grid-size dependency for calcination calculation was ana-
lysed in our previous study [21].Based on these results, 95 000 cells
were employed to discretize the computational domain (  Fig. 2)
used in the simulation of the cement calciner. The calculation of the

values of variables at cell faces has a profound effect on the accu-
racy and the convergence, e.g., numerical stability, of the numerical
method. For that reason, the differencing scheme used for
momentum, continuity and enthalpy balances was MINMOD

Fig. 8. Lime (CaO) particle: section A-A (left); section C-C (right).
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Relaxed [36e 38]. MINMOD Relaxed is a differencing scheme that
combines advantages of the Upwind and the Central Differencing
scheme. For the turbulence and scalar transport equations, an
Upwind scheme was applied. The most favoured method for
modelling turbulent  ows in industrial applications is the Reynolds
Averaged Naviere Stokes equations (RANS) with an appropriate
turbulence model. Many turbulent models employ the concept of

a turbulent viscosity or a turbulent diffusivity to approximate the
turbulent Reynolds stresses and the turbulent heat uxes. Turbu-
lence was modelled by the standard k  model. This is the most
widely used turbulence model in CFD simulations of practical
engineering applications. It is numerically robust, offering
a reasonable compromise between computational effort and
accuracy, and it is generally accepted that the k  model yields
reasonably realistic predictions of major mean- ow features in
most situations [25,39]. For these reasons, thek  model is used in
this work. The tertiary air entered the domain with the velocity of

24 m/s, limestone with 1.5 m/s, coal with 11.5 m/s, and static
pressure of 10° Pa was used for the outlet boundary condition. The
boundary conditions used for the calciner simulation are given in
Fig. 2, and the initial conditions used for the calciner calculation are
summarized in Table 2.

2.2.3. Results and discussion
Fig. 2 also shows the top view of the calculated calciner with the
cross section views that are presented in the following gures.
Fig. 3shows the velocity eld in three different cross sections for
the calculated cement calciner. In the central part of the calciner,

where the calcination reaction takes place, the velocity is around
3e 5 m/s. As can be seen, a region with higher velocity occurs in the
near wall region, and continues to the upper conical part and the
outlet of the calciner. Section C eC clearly illustrates that the
velocity in the region with the higher velocity is around 19 e 25 m/s,
while in the middle of the calciner it is around 3 e 5 m/s. The main
coal and raw material inlet are in the lower conical part of the
calciner and from section C e C it can seen that the velocity in that
part of the calciner is around 20 m/s. The Reynolds number on the
inlet of the tertiary air is around 3.5 105,

Fig. 4 shows the temperature eld in three different cross
sections for the calculated cement calciner. As can be seen, the
highest temperature occurs in the region where coal combustion is
taking place. In that region, the average temperature is around
1200 C. In the central part of the calciner, i.e. especially in the
lower part and in the transition range to the combustion zone,
where the limestone decomposition is taking place, the tempera-
ture is around 950 C. This is the desirable temperature for the
calcination process, slightly higher than the decomposition
temperature of limestone, which ensures the process of calcination.

From Fig. 5it is clear that the highest concentration of CO 5 isin
the region where the decomposition of limestone is taking place,
i.e. in the lower conical part of the calciner. It can also be seen that
the concentration of CO ; is decreasing towards the calciners outlet.
This is due to the smaller limestone concentration.

Fig. 6 shows the concentration of CO in three different cross
sections for the calculated cement calciner. It can be seen that the
concentration of CO is highest in the lower part of the calciner. The

Fig. 9. Particle residence time section A-A (left); section C-C (right).
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reason for this is the incomplete combustion of coal. It is harmful to
have CO in the exhaust gases, however it can be seen that in the
middle part of the calciner, CO further oxidises and forms CO ».

Fig. 7 shows the portion of limestone in the entering raw
material particle. Red represents 100% of limestone in the particle.
The other colours represent a lower portion of limestone in the
particle, with blue representing a fully decomposed limestone
particle, i.e. a lime particle. For completeness, the overall contour of
the limestone and lime particles is given. The ‘empty ' regions inside
this contour indicate the regions where conversion, to a large
extent, has already been completed. Also, it can be seen that the
particles are carried with higher velocity, and consequently they
are on one side of the calciner.

Fig. 8 shows the portion of lime in the entering raw material
particle. Red represents 100% of lime in the particle, the rest of the
colours represent a lower portion of lime in the particle. Also, from
this gure it can be concluded that the particles are carried with the
higher velocity, and consequently, they are mostly on one side of
the calciner.

Fig. 9 shows the particle residence time. The coal particles are
also shown. They are mainly located at the outer regions on the
right side of the  gure. It can be noted that the calculated residence
time of both coal and lime/limestone particles is around 3.5 s.

There are no experimental data available for this calciner.
Therefore, we could not compare the numerical predictions.
However, validation of the calcination model, used for this calcu-
lation, was performed in our previous study [21]. The results ach-
ieved by this calculation demonstrate that the developed model for
the calcination process [21] coupled with the commercial CFD code,
is a suitable and promising tool for plant optimization. That was the
focus of this study. Although the validation or the veri cation of
a developed numerical model with experimental data is essential
for such studies, it should be noted that the placement of the
appropriate instrumentation for speci ¢ data recording and
extraction (like uid velocities components, peak spatial temper-
atures at high frequency rates) is not possible in fully operational
devices. Also, for many reasons, related to production alteration
rates and/or the altered fuel and raw material supply, the experi-
ment’s measurement repeatability is practically impossible under
such conditions. Here it is worth noting that the measurement
quantities acquired by the plant ’s measurement devices, motoring
magnitudes like temperatures, fuel consumption, volumetric ows
may, and should, be compared with the data provided by the
simulations, as those data remain many times the only evidence in
real working conditions.

The calcination process in a calciner is an energy saving process,
which was also shown by the analytic calculation of CO , emissions.
The cement calciner is supplied with appropriate quantity of fuel in
order to achieve the calcination process. If this process takes place
in the rotary cement kiln, the fuel supply should ensure that the
main core temperature will exceed the 1450 or 1500 C for length
larger than 2/3 of total device in order to achieve rstly the calci-
nation and then the clinkering process. The calcination process in
a calciner is performed under signi cantly lower temperatures,
approximately 850 C, saving fuel and reducing the extra CO , which
would be produced by extra fuel supply.

3. Conclusion

The CQ emissions created by the cement production systems
have enhanced environmental concerns in the context of the
present discussion on required CO , emission reduction efforts.
From the analytical calculation of possible CO , reductions for
a cement plant in Croatia, it is clear that a CO , emission reduction is
possible by using a calciner prior to a rotary kiln. The present paper

demonstrates that CFD can serve as an advanced tool to analyse and
improve the understanding of all thermo-chemical reactions
occurring in real industrial con  gurations. This understanding can
further on be used for the optimization of cement calciner 's
geometry and operating conditions. By optimizing its operating
conditions, a reduction of fuel consumption can be achieved,
resulting in the reduction of CO , emissions. The presented math-
ematical model is detailed enough to predict velocity, temperature,
and all relevant physical and chemical processes needed for a CFD
simulation of a cement calciner. From the results shown, it can be
concluded that the physical expectations are well described with
the presented mathematical model. Thus, the presented simulation
method can be applied for the investigation and optimization of
cement calciners in order to improve energy ef  ciency and reduce
greenhouse gas emissions.

Nomenclature

Mco,acombustion » CCO2 combustion emissions, t

Mtyel fuel consumption, t

Hqg lower calori ¢ value, TJ/t

Efuel fuel emission factor, tCO »/TJ
Oy oxidation factor, dimensionless

Mco,grocesse COe clinker production, t

Meiinker ~ Clinker production, t

e emission factor, tCO/t

f conversion factor, dimensionless
Ageom  Sphere surface, m?

Apor overall reaction surface, m 2

D diffusion coef cient, m?s *

k overall reaction rate, kgm 2s !

d particle diameter, m

T temperature, K

Ken chemical reaction rate, kgm 2s !
Keh chemical reaction rate, molm 2s?!
Ech chemical reaction rate, s !

Reo, CO, gas constant, J kg * K 1

Pco, CQ, partial pressure, Pa

Peq equilibrium CO , partial pressure, Pa
dpart particle diameter, m

Kph physical reaction rate, kgm ?s *
Ko reaction rate, molm 2s 'pPa?

Pref referent pressure, Pa

Sh Sherwood number, dimensionless
fm mechanism factor, dimensionless
Greek symbols

h pore ef ciency factor, dimensionless
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Cement industry is one of the largest carbon emitting industrial sectors. It is responsible for about 5% of
anthropogenic CO, in the world. Therefore, it is a relevant industrial sector for CO  , emission regulation
strategies. Bearing in mind the importance of cement industry in Croatia, and because of the fact that
Croatia will soon become an EU member state, the present paper analyses the potential to reduce CO
emission in the Croatian cement industry. There are several measures that can reduce CO , emissions from
the cement manufacturing process: the use of waste heat as an alternative source of energy; CO  , capture
and storage technologies; reduction of clinker to cement ratio; the use of alternative and biomass fuels;

the use of alternative raw materials; an energy ef‘cient combustion process. The most energy ef“cient
technology for cement manufacturing today is the use of a rotary kiln together with a multi-stage pre-
heater and a calciner. Since the use of cement calciners is a relatively new technology, further improve-
ment of their operating conditions is still needed. This paper also highlights the results of research in the

“eld of computational "uid dynamic (CFD) simulations that are used for the investigation of process and
combustion emissions. The above mentioned measures together with numerical investigations can
reduce the effect of cement manufacturing in Croatia on the environment and can make it more compet-
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itive with cement manufacturers from the EU.
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1. Introduction

There is indisputable evidence that the build-up of man-made
greenhouse gases in atmosphere cause changes in the global cli-
mate that will have increasingly severe human, environmental
and economic impacts over the coming years [1]. Climate change
problems are addressed by two major international agreements:
the 1992 United Nations Framework Convention on Climate
Change (UNFCCC) and the 1997 Kyoto Protocol. The ultimate objec-
tive of these agreements is to stabilise greenhouse gas concentra-
tions in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the global climate system. The
Republic of Croatia has been a party of the UNFCCC since 1996
and the Kyoto Protocol was rati“ed in 2007 with a commitment
of limitation of greenhouse gas emission in the 2008...2012 period
to the level of 95% of the 1990 base year [2]. In the post-Kyoto
period, Croatia, as a future EU member state, has set itself the
intermediate goal of reducing the overall greenhouse emissions
by at least 20% by 2020, and the long-term goal of reducing its
emission to 80% below 1990 levels by 2050. To reach this goal, in-
crease of the energy ef‘ciency comes “rst, followed by signi“cant
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increase of the use renewable energy sources for electricity gener-
ation, transportation and other sectors  [3].

Cement industry is one of the largest carbon emitting industrial
sectors in the world, being the third largest carbon emitting indus-
trial sector in the EU [4]. It contributes to about 5% of worldes
anthropogenic CO [5,6], in the EU it accounts about 4.1% of the to-
tal CO, emissions [7]. Since the EU has proved to be a frontrunner
in implementing the emission reduction targets and addressing cli-
mate change, in 2005, the EU Emissions Trading Scheme (EU ETS)
for greenhouse gases was launched [8]. Cement manufacturers
within the EU are obliged to participate in this trading scheme,
due to high CO , emissions. Cement production is not only a source
of combustion related CO , emissions, but it is also the largest
sources of industrial process related CO , emissions in Croatia,
and therefore CO reduction measures will be required to keep ce-
ment industry emissions in line with levels set in Kyoto and post-
Kyoto period. During the cement manufacturing process almost
90% of CQ is emitted from two thermo-chemical processes which
occur in the process of cement production. One is the calcination
process, which contributes with 50% of CO , emission, and the other
is the combustion of the solid fuels, which contributes with 40% of
CO, emission. Remaining 10% of CO, are emitted during the trans-
port of raw material and some other production processes. The
only way to reduce the CO , emission from the calcination process
is to use alternative raw materials, but so far there have been no
such materials from which that kind of cement, with at least as
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good performance and durability characteristics as the current
Portland-based cements, could be produced. Following this fact
Gartner [9] studied the alternative hydraulic cements to lower
CO, emissions. The study showed that with replacing the lime-
stone with different raw materials for cement production, a CO >
emission reduction can be achieved, but the product will be too
expensive to the consumer. That is why, for now, the only way to
reduce the CO, emission is to use more fuel ef“cient technologies.
The best available technology, the one with the lowest energy
consumption, for the cement manufacturing today, is the use of a
rotary kiln together with a calciner. Szabo et al.  [4] reported that
an energy consumption decrease of 8...11% can be achieved if a
cement calciner is used prior to the rotary kiln. The calciner is a
separate furnace in which the calcination process occurs, and after
that the material goes to the rotary kiln where the clinkering
process occurs. This improvement in the energy consumption, by
simply dividing the calcination and the clinkering process, can be
calculated also as a CO, emission reduction.

Because cement calciners are relatively a new technology in the
cement manufacturing process, further improvements of their
operating conditions are needed. With the aim of improving the
operating conditions, different calciners, as well as the chemical
and physical processes occurring inside the calciner [10], have
been studied. Huanpeng et al. [11] using a two-dimensional model
and the kinetic theory of granular "ow to represent the transport
properties of the solid phase, studied the in"uence of different
parameters on the dynamics of the two-phase "ow in a calciner.
lliuta et al. [12] based on the reaction...diffusion approach for com-
bustion and calcination developed a mathematical model for an
in-line low-NO  calciner. Fidaros et al. [13] demonstrated a numer-
ical model and a parametric study of the gaseous "ow and the
transport processes taking place in a vertical industrial low NO
calciner. The study showed good predictions for velocity, tempera-
ture and distribution of particles.

Aside from the studies investigating the cement production, due
to the increased environmental awareness, several studies investi-
gated environmental aspects and in particular, the potential of CO
emission reduction in this sector. Hence, in  [14] relatively high
economic and environmental effectiveness of climate change mit-
igation measures has been demonstrated for Macedonian indus-
trial sector, including cement industry. Furthermore, Mokrzycki
et al. [15] presented the economical and ecological bene‘ts of
using alternative fuels in Polish cement plants. The study, for the
presented two cement plants, shows that combustion of alterna-
tive fuels is an environmentally friendly method of waste utiliza-
tion. Mokrzycki and Uliasz-Bochen “czyk [16] demonstrated the
types of alternative fuels that can be used for the combustion in
the cement manufacturing process, showing that the use of wastes
as alternative fuels also reduces energy costs of cement production.
Fodor and Kleme+ [17] studied the use of waste as an alternative
fuel and discussed the applicability and limitations of current
and developing waste-to-energy technologies. The study focuses
on how the different technologies are being developed, to enable
energy to be produced from different types of waste, while simul-
taneously minimizing emissions. Kéantee etal. [18] studied the use
of alternative fuels in the cement manufacturing process. The
study provides useful data for the optimization of the manufactur-
ing process when alternative fuels, instead of conventional fossil
fuels, are used for the combustion. Because shredder dust is an
industrial by-product which must be disposed in an environmental
friendly way, Kakimoto etal. [19] examined the effectiveness of the
use of “ne-grained shredder dust as a cement admixture. First they
crushed the molten shredder dust and then mixed it with the
ordinary Portland cement to form a new cement mortar. The
new cement mortar was then tested, and the results of this test
showed that the long-term strength of cement was not

deteriorated. Bassioni [20] reported that the use of up to 5% lime-
stone as an admixture in the ordinary Portland cement, does not
affect its performance, and in the same time minimizes the CO ,
emissions from the cement manufacturing process. In order to
reduce the energy consumption in the cement manufacturing pro-
cess, since approximately 40% of the total input energy is being
lost, Wang et al. [21] studied the use of a cogeneration power plant
in cement industry. The cogeneration plant in a cement plant could
recover the heat lost through hot "ue gases and cooler stack, and in
that way generate electrical energy and reduce the CO , emissions
from the cement manufacturing process. Since CO , emissions from
the industrial sectors, one of them the cement industry, are major
contributors to the global warming, Wang et al. [22] studied the
capturing the CO , from the "ue gases. Worrel et al. [23] made an
in-depth analysis of the US cement industry, showing that the
use of blended cement in cement manufacturing process is the
most ef‘cient method for CO , emission reduction. Jaber [24] re-
ported that the cement industry in Jordan is the industrial sector
with highest CO , emissions. To achieve an annual reduction of
90,000 tonnes of CO, emitted from Jordanian cement industry, an
increase in the energy ef‘ciency of the grinding and the calcination
process is needed.

The purpose of this paper is to analyse the current status of
Croatian cement industry and the possibilities of reducing the
CO, emissions. The development of the Croatian cement industry
was analysed with different scenarios. These scenarios show that
there is a possibility for a more sustainable development of this
industrial sector in Croatia. In addition, a previously developed
mathematical model of the calcination process [10], which
contains the relevant physical and chemical processes as, e.g.,
Arrhenius rate approach, pressure limitation, diffusion resistance,
porosity, tortuosity, pore size and pore ef‘ciency, was used for
the numerical investigation of a cement calciner. By using this
detailed mathematical model, a progress in understanding of the
thermo-chemical processes occurring inside a calciner was made.
The results gained by this numerical simulation show that CFD
can be a useful tool for the optimization of the calcineres operating
conditions. Hence, by using CFD and optimizing calcinerss operat-
ing conditions, less fuel will be used, and therefore a decrease of
CO, emissions will be achieved.

2. Cement production in Croatia

Production of cement and clinker in Croatian cement plants is
based on the dry kiln process. There are “ve operating cement
plants in Croatia ( Table 1), which produce Ordinary Portland
Cement. Three of them have multi-stage cyclone preheater plus a
calciner in their kiln process, and rest two have a multi-stage
cyclone preheater kiln process. The general decline in economic
activity during the period 1991...1995, particularly because of the
war in Croatia, led to a reduction in cement production. However,
in 1996, cement production began to rise until 2003, while in the
period 2003...2008 the production was almost at same level. The an-
other decline in economic activity, primarily due to recession and
the related economic downturn during the period 2008...2010, led

Table 1
Cement plants currently (2011) oper-
ating in Croatia.

Group Plant
Cemex Sveti Juraj
Sveti Kajo
10. kolovoz
Holcim Koromac no
Nexe Nasice
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Fig. 1. Cement production in Croatia.

to a new reduction of cement production with approximately
2.6 million tonnes of produced cement, with an average clinker to
cement ratio 0.77. Fig. 1 shows the production of cement in Croatia
from 1995 to 2010.

In the operating cement plants ( Table 1), various fossil fuels are
used, mostly pulverized coal. Due to the increased environmental
awareness, cement plant operators are starting to use alternative
fuels. So far, used oil and tires have been mostly used as alternative
fuels, and their share in the total fuel consumption of Croatian ce-
ment industry is around 2% [25] , which is still a very modest share.

The energy ef“ciency of a cement plant is evaluated by compar-
ing the speci“c energy consumption of that particular cement
plant with the speci“c energy consumption of a benchmark. The
speci“‘c energy consumption can also be used for the evaluating
and tracking of any improvements in the energy ef‘ciency of the
production process. The average speci“c thermal energy consump-
tion of a kiln process is shown in Table 2. It can be noted that the
pre-heating of the raw material can reduce energy consumption
signi“cantly.

The values of electrical speci“c energy consumption for differ-
ent sub-processes of the cement manufacturing process are shown
in Table 3. It can be noted that grinding and transportation, to-
gether with the kiln and the cooler consume almost 85% electricity
needed for the cement manufacturing process.

The reported [25] average value of the speci“c thermal energy
consumption of Croatian cement industry is 3.4 GJ/t clinker and
the speci“c electrical energy consumption is about 113 kW h/t
cement.

Cement manufacturers contribute to approximately 4...9% of
Croatian total greenhouse gases emissions [25]. Cement industry
CO, emissions mainly come directly from the calcination process
and the combustion of fossil fuels. An indirect amount of CO ,
comes from the consumption of electricity needed for the

Table 2
Speci‘c thermal energy consumption of a kiln process  [26] .

Kiln process Thermal energy
consumption (GJ/t
clinker)

Wet rotary kiln 5.86...6.28

Dry long rotary kiln 4.60

Dry rotary kiln with 1-stage cyclone preheater 4.18

Dry rotary kiln with 2-stage cyclone preheater 3.77

Dry rotary kiln with 4-stage cyclone preheater 3.55

Dry rotary kiln with 4-stage cyclone preheater 3.14

and calciner

Dry rotary kiln with 5-stage cyclone preheater, 3.01

calciner and high ef‘ciency cooler

Dry rotary kiln with 6-stage cyclone preheater, <2.93

calciner and high ef‘ciency cooler

Table 3
Typical electrical energy consumption during the cement manufacturing process [27].

Sub-process/equipment Electrical energy consumption Share
(kW h/t cement) (%)

Mining, crushing and 1.50 2.00
stacking

Raw meal grinding and 18.00 24.00
transport

Kiln feed, kiln and cooler 22.00 29.30

Coal mill 5.00 6.70

Cement grinding and 23.00 30.70
transport

Packing 1.50 2.00

Lighting, pumps and 4.00 5.30
services

Total 75.00 100.00

manufacturing process. As mentioned, approximately half of CO ,
emissions come from the calcination process (see Eq. (2)). In this
study, the CO, emissions from the cement production systems in
Croatia have been calculated for the period 1995...2010, according
to the IPCC methodology [28]. The results (see Fig. 2) show that
CGO;, emissions from cement manufacturing in Croatia, grew almost
steadily until 2008 when the economic crisis started, and due to
the decreased cement production, the CO , emissions from the ce-
ment production decreased.

3. Mitigation scenarios

Currently, the cement industry worldwide is facing increscent
challenges in conserving raw material and energy resources, as
well as reducing the CO , emissions from the cement manufactur-
ing process [29]. There are several different effective measures
which can reduce the CO , emissions from the cement manufactur-
ing process. The most effective way is to capture CO , from the "ue
gases and store it. This can reduce carbon emissions by 65...70%,
but due to high cost of this technology, and because so far only lab-
oratory size CCS devices are available, CCS technologies have not
yet found wide application in the industry [30]. Additionally to
high cost of the CCS technologies, Roddy [31] analysed the devel-
opment of CO, networks which can accommodate CO , emissions
from industrial facilities. Another effective measure, which can re-
duce CO, emissions signi“cantly, is the reduction of clinker to ce-
ment ratio with the addition of different additives. Replacing fossil
fuels with alternative fuels may play a major role in the reduction
of CO, emissions as well. The use of alternative raw materials can
reduce CO, emissions as well. Improving the energy ef‘ciency of
the kiln process is also one of the possibilities of CO , emissions
reduction. Most of these measures are in"uenced to a large extent
by environmental policy and legal framework and integration of

2500
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1700
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900
1994 1996

Emissions (kt CO)

1998 2000 2002 2004 2006 2008 2010
Year

Fig. 2. CO, emissions from cement production.
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these measures will only be possible if the policy framework will
foster the cost-effective deployment of the best available
technology.

The projected development of Croatian cement industry is pre-
sented through three different scenarios. The “rst scenario, BAU
scenario, anticipates deployment of technological improvements
that would have occurred regardless of the need to reduce CO ,
emissions, this can be considered as a blackes scenario. The other
two scenarios, mitigation scenarios, integrate appropriate mitiga-
tion measures that will lessen the CO , emissions from cement
production.

3.1. Speci“c mitigation costs

For the mitigation scenarios three different measures that re-
duce the CO, emissions from the cement manufacturing process
were considered: (a) reduction of clinker to cement ratio; (b) the
use of alternative fuels; (c) an energy ef“cient combustion process.
The mitigation cost MC for each of the named measures was calcu-
lated according to the following equation:

Cn Geau.
Esau En’

where G, is the equivalent annual cost of the mitigation scenario,
Gsauis the equivalent annual cost of the business as usual scenario,
Egau is the annual CO, emission of the business as usual scenario,
and E,, is the annual CO, emission of the mitigation scenario. When
calculated, the speci“c cost of reduction of clinker to cement ratio is
between ( 0.4) and 0.5 /t CO, reduced. For the use of alternative
fuels the speci“c cost is between ( 7) and ( 5) /t CO, reduced,
while the speci“c cost of an energy ef‘cient combustion process

is between 8 and 17 /t CO, reduced. From this “gures it can be
concluded that in the case of Croatian cement industry, named
measures for CO, emissions reductions are economically viable.

MC Y4 ap

3.2. Scenario de“nition

In these three scenarios an assumption was made that a steady
growth of 2.5% in cement production will be achieved until 2020.
The forecast for the development of the cement industry and the
growth of cement production until 2020 was made based on the
data obtained from the cement factories development plans.

3.2.1. Business as usual scenario

The BAU scenario is based on the exploitation of the existing
resources, and includes the programs aimed at the market adjust-
ments. The BAU scenario does not include the implementation of
any measures to reduce CO, emissions. This scenario represents a
reference level of CO, emissions, in relation to which, potential
of CO, emissions reduction is calculated. The predicted CO , emis-
sions for the BAU scenario until the year 2020 are shown in
Fig. 3. From Fig. 3 it can be seen that according to the BAU scenario,
in the period 2010...2020, an increase of 582 kt CO , in CO, emis-
sions from the cement manufacturing process will be achieved.

3.2.2. First mitigation scenario

This scenario assumes the inclusion of mitigation measures to
ful“l the CO , emissions reduction obligation. The “rst assumption
of this scenario is that the speci“c energy consumption of a current
benchmark will be achieved until the year 2020. The second one is
that waste will be used as an alternative fuel for co-combustion in
calciners and rotary kilns, and the last one is that an average clin-
ker to cement ration of 0.7 will be achieved in 2020. The predicted
CGO, emissions for the “rst mitigation scenario until the year 2020,
and the comparison with the BAU scenario, are shown in  Fig. 4.
From Fig. 4 it can be concluded that in the period 2010...2020, “rst
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Fig. 3. BAU scenario CO, emissions.
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Fig. 4. Mitigation scenarios CO , emissions.

mitigation scenario in comparison with the BAU scenario decreases
CO, emissions for 331 kt CO ».

3.2.3. Second mitigation scenario

In this scenario assumption was made that even lower, to the
one assumed in the “rst mitigation scenario, average clinker to
cement ration of 0.65 will be achieved in 2020. The predicted
CO, emissions for the second mitigation scenario until the year
2020, are also shown in Fig. 4. From Fig. 4 it can be seen that in
the period 2010...2020, second mitigation scenario in comparison
with the BAU scenario decreases CO, emissions for 429 kt CO ».

4. Numerical investigation of a cement calciner

In order to reduce the atmospheric concentration of CO ,, an
important environmental target for cement producers worldwide
is the reduction of CO , emissions from their manufacturing pro-
cess. As mentioned, there are several possibilities of CO , emissions
reduction from the cement manufacturing process. Some of these
measures are: the reduction of clinker to cement ratio; carbon cap-
ture and storage; use of alternative fuels; more energy ef‘cient
production, etc. The latter two can effectively be investigated with
numerical simulations. To simulate the CO , emissions from the
combustion of alternative fuels, models for the combustion of
alternative fuels have to be developed. To have a more energy ef*-
cient combustion process, in-depth understanding of thermo-
chemical processes, occurring in cement manufacturing devices,
is needed. The understanding of the complex nature of combustion
and calcination processes in experimental investigation is limited
and can be signi“cantly improved by computer simulation tools.
Numerical models developed for cement calciners  [10], can be used
for numerical simulations of process and combustion emissions.
Numerical simulations can be used to gain detailed knowledge
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and required information about operation of devices in order to
help cement manufactures to operate in a more energy ef‘cient
way. In this paper just the operating conditions for a cement
calciner, for a more ef“cient cement production, is investigated.

4.1. Mathematical model

For an effective investigation of the operating conditions of a
cement calciner the decomposition of limestone and the process
providing the reaction enthalpy, e.g., the combustion of coal must
be treated. The Lagrangian formulation is used for the motion and
transport of solid particles through the cement calciner, and the
Eulerian formulation is used for the solving of the gas phase [32].
The developed mathematical model [10] used for the calcination
calculation is treated in the Lagrangian spray module, where ther-
mo-chemical reactions occur inside a particle as well as between
the particle and the gas phase. The developed calcination model
was integrated into the commercial CFD code FIRE [33], and
applied together with additional user functions for providing ther-
mo-physical properties of limestone and lime as well as a particle
radiation model [34...36] The model takes into account the effects
of temperature, decomposition pressure, diffusion, and pore
ef‘ciency. The model is detailed enough to contain the relevant
physical and chemical processes, yet robust enough for detailed
CFD simulations of calcination devices, i.e. cement calciners.

In general the calcination process can be presented by following
equation:

CaCQdsb ! CaOsb pCO,ayb p178 kd=mol: &b

Fig. 5 shows the validation of the developed calcination model.
Large experimental error bars are due to the uncertainty in exper-
imental measurements, however as can be seen, predicted numer-
ical results are in good agreement with the mean experimental
data. Thus, the developed calcinations model can be used for the
investigation and optimization of calcination devices for cement
production.

The coal combustion is modeled as a two stage process. Gener-
ally complex combustion systems, in FIRE solver, are treated by
pre-tabulation or similar methods  [37], but in this case the coal
combustion is calculated directly. The coal particle, which is
composed of pit-coal and ash, is “rst undergoing the pyrolitic
decomposition into volatiles and char particle. In a subsequent step
treated in parallel to the pyrolysis, the char particle is oxidized to
CO and CQ taking into account a mechanism factor depending
on temperature and particle size. A very simple composition,
represented via chemical formula C 3H,, for the pit coal is assumed.
The treated heterogeneous chemical reactions are:

1 T T T T T T
e experimental data i
— model predictions
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Fig. 5. Validation of the developed calcination model.

CHs! 2Ch CH,: ®8p
and
1 395kIFmol 2 2
ch—0 T 2 Z cop £ 1co b
fm fm fm

here f,, denotes the mechanism factor [38], which ranges be-
tween 1 and 2, causing predominant production of CO , for temper-
atures below about 900 K and predominant generation of CO for
higher temperatures.

The homogeneous reactions of CO oxidation [38] and the
combustion of methane, which is treated via the four step Jones...
Lindstedt mechanism [39], are treated within the gaseous phase.
Eq. (4) and (5) represent the CO oxidation and the four step
Jones...Lindstedt mechanism for methane combustion.

COp %Oz I CG fo5])

CH,p 10,! COp 2H,
CH,p H,0! COp 3H,
COp H,0$ COp H,

Hop 10,1 H,0

f6 5]~

Fig. 6. Preview of "ow characteristics inside a calciner.
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The heterogeneous reactions cause mass transfer sources and
sinks to the gas phase and particles, which are described by rate
equations for pit coal consumption, char production from pyrolysis
and consumption from oxidation.

4.2. Numerical simulation

Calciner geometry available in the literature  [13], was used to
investigate the thermo-chemical reactions occurring inside the cal-
ciner. The entire model is 32 m high, with three different diameters
of cylinders, which make the calciner geometry, and two conical
sections connecting them.

To discretize the computational domain 95000 cells were em-
ployed. The differencing scheme used for momentum and continu-
ity balances was central differencing, and for turbulence, energy
balances and scalar transport equations an Upwind scheme was
applied. Turbulence was modeled by the standard k e model.
For practical engineering applications this is the most widely used
turbulence model. It is numerically robust, and it is widely ac-
cepted that the k emodel yields reasonably realistic predictions
of major mean-"ow features in most situations.

5. Results and discussion

Fig. 6 shows the streamlines of the "ow inside the calculated
calciner. As can be seen, a region with recirculation occurs in the
right part of the calciner, and afterwards continues with the higher
velocity stream in the left part of the calciner to the upper outlet.
Understanding of the "ow characteristics inside a calciner is of
essential importance for a plant operator, because limestone needs
several seconds to completely decompose.

Fig. 7. Particle residence time.

Fig. 7 shows the particle residence time. For a plant operator it
is important to know the "ow characteristics, particle residence
time, and their distribution inside the calciner. It can be noted that
the calculated residence time of particles inside of a calciner is
around 3.5 s, and that the majority of the particles is in the lower
part of the calciner. Together with the gaseous hot stream, particles
go to the upper part of the calciner and exit the calciner.

Fig. 8 shows the temperature “eld for the calculated calciner. As
can be seen, the highest temperature occurs in the region in the
upper part of the calciner, where all limestone has already decom-
posed, and in that region the average temperature is around
1100 C. Inthe central and in the lower part of the calciner, where
the calcination takes place, the temperature is around 950 C. This
is the desirable temperature for the calcination process, which is
slightly higher than the decomposition temperature of limestone,
and that is why it ensures a stable calcination process.

From Fig. 9itis clear that the highest concentration of CO 5 isin
the lower part of the calciner, in the region where calcination takes
place. What can also be seen from this “gure is that the concentra-
tion of CO, decreases towards the calcineres outlet, because almost
all of the limestone has decomposed.

Although the comparison of numerical predictions with experi-
mental data is crucial for such kind of studies, experimental mea-
surements are not available for this calciner. It should be noted
that the placement of the appropriate instrumentation for speci“c
data recording is not possible in a fully operational devices. Though
there are no experimental data available for this calciner, the re-
sults obtained by this calculation show that the developed model
for the calcination process [10] coupled with the commercial CFD
code FIRE, is a suitable and promising tool for cement calciner opti-
mization. Since energy ef‘ciency is one of the mitigation measures
for CO, emissions reduction, by using CFD as a tool for optimization

Fig. 8. Temperature “eld in vertical plane.
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Fig. 9. CO, mass fraction in vertical plane.

of calcinerss operating conditions, a decrease of CO , emissions can
be achieved. Results obtained by this study are essential for better
understanding of achievable CO , emissions reductions and the
understanding of thermo-chemical processes occurring inside a
cement calciner.

6. Conclusion

Climate change is one of the most serious challenges facing
modern society and a reduction of CO , emission in cement indus-
try is one of the important measures for achieving the EU climate
targets for 2020 and beyond. The paper analyses the potential for
achieving CO, emission reduction in the Croatian cement industry.
In the Croatian cement industry, there are three economically via-
ble measures for reducing CO , emissions. The reduction of clinker
to cement ratio by adding different additives, the replacement of
fossil fuels with alternative and biomass fuels, and a further
improvement in the energy ef‘ciency of the existing kiln pro-
cesses, are the economically viable measures which can decrease
CO, emissions of the cement industry in Croatia. Three different
scenarios were calculated to predict the achievable CO , emission
reduction until the year 2020. The “rst scenario, BAU scenario,
shows that if the current practices in Croatian cement industry
are to be continued, an increase of 582 kt CO , in CO, emissions
from the cement manufacturing process will be achieved until
2020. The other two scenarios, mitigation scenarios, show that if
appropriate mitigation measures are to be used, a decrease of
CO, emissions of 331 kt CO ,, for the “rst mitigation scenario in
comparison with the BAU scenario, and a decrease of CO , emis-
sions of 429 kt CO ,, for the second mitigation scenario in compar-
ison with the BAU scenario, will be achieved until 2020. These
“gures show that the implementation of mentioned measures re-
sults in a considerable decrease of CO, emissions by 2020, thus

the mentioned measures are to be used to have a more sustainable
cement production in Croatia.

Furthermore, since one of the named measures for CO , emis-
sions reduction is energy ef‘cient combustion process during the
cement production, the paper highlights the results of research in
the “eld of computational "uid dynamic (CFD) simulations. These
results can be used for further investigation of CO , emissions com-
ing from the calcination and combustion processes. The paper
deals with the development of concepts for the numerical simula-
tion of calcination and combustion processes, which are used to
investigate and improve the understanding of the complex inter-
acting physical and chemical phenomena occurring in calciner sys-
tems. The presented paper shows that CFD is a promising tool for
the optimization of calciner geometry and operating conditions
in order to increase the combustion ef‘ciency and to reduce CO
emissions, both of which are essential in meeting future emission
restrictions. The measures concerned here together with numerical
investigations can reduce the effect of cement manufacturing in
Croatia on the environment and can make it more competitive
with cement manufacturers from the EU.
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Abstract Efbcient mixing of pulverized fuel and lime- was used for numerical simulations. The results gained by
stone particles inside cement calciners is important due to théhese numerical simulations can be used for the optimization
reason that the calcination process directly affects the Pnalf cement calcinerOs operating conditions, and for the
fuel consumption. The focus of this paper is on the numericateducing of its pollutant emissions.

analysis of cement calcinerOs operating conditions and pol-

lutant emissions. The paper analyzes the inBuence of dilKeywords Numerical modeling Cement calciner Fuel
ferent amounts of fuel, mass RBow of the tertiary air and theefbciency Pollutant emissions Calcination process
adiabatic wall condition on the decomposition rate of lime-

stone particles, burnout rate of coal particles, and pollutant

emissions of a newly designed cement calciner. Numericdhtroduction

models of calcination process and pulverized coal combus-

tion were developed and implemented into a commerciaLarge amounts of different anthropogenic greenhouse
computational Buid dynamics code, which was then used fogases, especially GQare emitted during the cement pro-
the analysis. This code was used to simulate turbulent Bowuction process. Since it is well known that €@ the most
beld, interaction of particles with the gas phase, temperaturienportant greenhouse gas, and that cement industry alone
Peld, and concentrations of the reactants and products, mpntributes to 5 % of global anthropogenic £émissions,
solving the set of conservation equations for mass, momereontinuous improvement of energy efbciency in the cement
tum, and enthalpy that govern these processes. A thre@roduction process is needed (Mikistcet al. 2013. In
dimensional geometry of a real industrial cement calcineiorder to make the cement industry more greener and lower
the CG emissions, increase of the energy efbciency comes
brst, followed by signibcant increase of the use of renew-
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able energy sources for electricity generation, transporta-
tion, and other sectors, including process industry (Vad
Mathiesen et al2011). Therefore, policy makers should
uphold the good environmental practice in process indus-
try, in order that the applied new technology avoids the use
of additional energy, chemicals, and rare catalysts
(Marougek 2012. Aside from the studies investigating the
CO, emissions coming from the cement manufacturing
process, several studies investigated the economical and
ecological benebts of waste-to-energy technologies, e.g.,
using alternative fuels in cement plants. Villar et @012
studied the waste-to-energy technologies in cement indus-
try, and other continuous process industries, showing how
GHG emissions and energy use can be reduced. Fodor and
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Kleme$(201]) investigated the potential use of pre-treatedlimestone decomposition, coal burnout and the temperature
municipal solid waste as an alternative fuel for heat, powerat the exit of the calciner agreed well with measured
and cement production. Fodor and Klegm@912, addi- results. Fidaros et al.2007 presented a mathematical
tionally to the investigation of benebts of using alternativemodel and a parametric study of Ruid ow and transport
fuels for cement production, studied the applicability andphenomena in a cement calciner. The work showed good
limitations of current and still developing waste-to-energyprediction capabilities for temperature, velocity, and dis-
technologies. The study showed the inBuence of differentribution of particles at the calciner exit, where measure-
waste-to-energy technologies on the environment. Mislements exist. All these studies show that there is still a need
et al. 012 investigated the combustion behavior and thefor further research and development of cement calciners.
environmental effect of using alternative fuels for heatHowever, here should be noted that most of these CFD
generation in cement kilns. The study showed that by usingtudies evaluated their numerical predictions with mea-
alternative fuels, no notable negative environmental effectsurement data obtained on the calcinerOs exit. Due to the
can be observed. These studies showed that there is a gréatk of measurement data for Row characteristics, and
potential, especially environmental, of using alternativephysical and chemical processes inside cement calciners,
fuels in cement production. this approach is satisfactory when looking at pollutant
In recent years, due to stringent environmental meaemissions, decomposition ratio for limestone and burnout
sures, a more energy efpcient cement production technotatio for char particles. When it comes to, the details about
ogy, the dry rotary kiln with preheater and calciner burner region, wall region, or other regions with interesting
technology, is widely replacing the less energy efbciency3ow phenomena, the mixing phenomena and the optimi-
kiln processes, e.g., wet rotary kiln process, and especiallgation of key physical and chemical processes inside
the shaft kiln process (Zhang et @D11). Cement calciners cement calciners, our approach, with separately validated
are pyroprocessing units found prior to the rotary kiln.models for calcination process and pulverized coal com-
Inside of them two strong thermo-chemical reactions occurbustion, improves the available CFD simulation method-
The brst one is the combustion of pulverized solid fuelsplogy. Due to the high reliability of separately validated
and the second one is a strong endothermic reaction knowmodels, appropriate accuracy needed for the investigation
as the calcination process (Milidcet al. 20129. Con- of named details and optimization of key physical and
trolling of the mixing of these two reactions, inside the chemical processes within cement calciners can be
cement calciner, is of particular importance since it directlyachieved with our approach. Since good mixing of both
affects the fuel consumption. With the aim of better pulverized fuel and limestone particles is essential for a
understanding of the mixing phenomena, heat exchangeore energy efpcient, and thus a cleaner cement produc-
processes and RBuid Row different types of calciners havdon, engineers need to have an in-depth understanding of
been investigated. Giddings et al2000 numerically all relevant reactions that occur inside cement calciners.
investigated the performance of a fully operating cemenfThe use of experimental methods to investigate these
calciner. The work showed the usefulness of the CFD andeactions is complex and expensive, and thus the use of
some important Buid Row characteristics of the simulatechumerical simulations is a more attractive way to obtain
calciner, which cannot be experimentally measured. Huthe necessary information. Moreover, results gained by the
anpeng et al.20049 performed a numerical study for the numerical simulations give more information about the
effect of different parameters on the dynamics of the two{3ow and transport processes inside a cement calciner,
phase Bow in a cement calciner. The study represented thwehich is very difbcult to obtain experimentally.
transport properties of the solid phase with the kinetic The purpose of this paper is to present a numerical
theory of granular Bow. Huang et aR@05 numerically —analysis of cement calcinerOs operating conditions and
analyzed the formation of NO, CO, and ¢@ a cement pollutant emissions. The paper analyzes the inBuence of
calciner. The study showed that numerical predictions fodifferent amounts of fuel, mass Row of the tertiary air, and
burnout of coal particles, limestone decomposition, are irthe adiabatic wall condition on the decomposition rate of
good agreement with the measured results. Hu eP@D§  limestone particles, burnout rate of coal particles, and
simulated a three-dimensional model of a dual combustopollutant emissions of a newly designed cement calciner. A
and calciner, by using the Eulerian frame for the gaseouthree-dimensional geometry of a cement calciner was
phase and a Lagrangian frame for the solid phase. Huamgmulated with a commercial Pnite volume-based CFD
et al. 006 performed a three-dimensional simulation of acode FIRE. This code was used to simulate turbulent Row
new type swirl-spray calciner. A new method for particlebbeld, temperature beld, concentrations of the reactants and
wall boundary condition and a new four-mixture-fraction products, as well as the interaction of particles with the gas
model were developed to describe the transport phenomenmase. Numerical models for the calcination process and
in a calciner. The work showed that predicted results fopulverized coal combustion, e.g., the process providing the
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reaction enthalpy for limestone decomposition, weredeveloped models together with thermo-physical properties
developed and implemented into the commercial compuef the limestone, the lime and the components of the pit
tational Buid dynamics code, which was then used for theoal particles, as well as a particle radiation model, were
analysis. Based on these numerical simulations, interagntegrated into the commercial CFD code via user-func-
tions between the calcination process and pulverized codions written in the FORTRAN programming language, in
combustion were studied, e.g., regarding cooling effects irorder to simulate the calcination and combustion process
the near wall regions, distribution of pollutants was ana-properly (Baburicet al. 2004).

lyzed, and particle trajectories of limestone and fuel were
discussed. The results gained by these numerical simula-
tions can be used for the optimization of cement calcinerC

operating conditions, and for the reducing of its poIIutant_I_h i f i hani based th
emissions. Hence, by using numerical techniques and b € equations of continuum mechanics are based on the

optimizing cement calcinerOs operating conditions, less fugpnservatlon laws for mass, momentum, and energy. The

. . neral form of the time aver nservation ion
is used, and therefore a more sustainable cement produ?? eral form of the time averaged conservation equatio

tion is achieved. or any dep_endent v_arlable, of the continuous phase in
the differential form is

ultiphase RBow equations

0 0 0 ou

—&qubp— quu Y%a— C,— ; alb

Otaq pox,- quu 40Xj UOX,' b S

In order to investigate the infuence of different parametergv.hergq Is the deQS|tyuj 's the _Carte3|an velocitg is the
- ) . g|ffu5|0n coefbcient, andy, is the source term of the

on the decomposition rate of limestone particles, burnou

rate of coal particles, and pollutant emissions from adependent variable.. The source tern, is used for the

cement calciner, all relevant thermo-chemical reactioné:OUpIIng of the Euler!an anq the Laglranglan phase. .
must be treated, e.g., the calcination process and the The momentum differential equation of a parcel is as

combustion of pulverized coal. In this study, and in thefollows:

most engineering applications today, the Eulerian%%% Furb Fiob Fiob Fio: b
Lagrangian method for solving the multiphase Row phe- = dt tar 2 Fig B Fip B b

nomena is used. In this approach, the_ solid particles A herem, is the particle massy is the particle velocity
represented by Pbnite numbers of particle groups, calledector, g is a force including the effects of gravity and
parcels. It is assumed that all the particles within one parcet!)uoyancy,Fip is the pressure forces,, summarizes other

are similar in size and that they have the same physicalyiernal forces, anfq, is the drag force, given by
properties. The motion and transport of the parcels, through

the cement calciner, are tracked through the Row pelidr 7 Dp Uirer: &P

using a Lagrangian formulation, while the gas phase igyere u,,, represents the particle relative velocity vector,

described by solving conservation equations using &4 D, is the drag function, debned as

Eulerian formulation. The trajectory of each parcel within

the RBow Peld is calculated using the Lagrangian schemer 1/4EqQApCDjuirelj; b

which means that representative parcels are tracked by 2

using a set of equations that describe their dynamiahereqy is the gas densityd, is the cross-sectional area of

behavior as they move through the calculated Bow Pelcthe particle, andCp is the drag coefbcient which is gen-

The coupling between the solid and the gaseous phasesésally a function of the particle Reynolds numbergRe

taken into account by introducing appropriate source terms From the various formulations in literature for the drag

for interfacial mass, momentum, and energy exchangesoefpcient of a single sphere, FIRE uses the following

Lagrangian phase is solved in between two Eulerian phas@rmulation from Schiller and Naumann (FIRE Manual

time steps, with explicite integration method, providing the2011):

source terms for the Eulerian phase. Vice versa the solution (

of the Eulerian phase provides the ambient conditions fof. % 1p 0:15Rg%"  Re)\ 10°

the Lagrangian phase. °7 oaa Rg 10°
The developed mathematical models used for the cal-

culation of the calcination process and pulverized coalCalcination process

combustion are treated in the Lagrangian spray module,

where thermo-chemical reactions occur inside a particle a§he numerical model of the calcination process presented

well as between the particle and the gas phase. They the following equation:

Numerical model

dbp
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b 178kEmol pit coal devolatilisation processes are obtained from the
CaCQdp I Ca0(s) + CQa), &P literature (Goner 1991).

used in this study takes into account the effects of Parallel to the devolitilisation, sulfur is oxidized to form
decomposition pressure, temperature, diffusion, and por€0; (Eq. 10), and the char is oxidized to form CO and €0
efbciency. The developed numerical model is detailedaking into account a mechanism factor depending on coal
enough to contain the relevant physical and chemicaparticle size and temperature (ELf).

processes, yet simple enough for detailed CFD simulationsp 0,1 SO, aLop
The model of the calcination process was thoroughly tested

and validated by simulating experiments performed in thec p 102 395 kamol, 110kmol 2
International Flame Research Foundation pipe reactor, for fm fm
which measurements of limestone decomposition exist, in p = 1 COy: 81b

our previous studies (Mikgi& et al. 2012h. The com- m

parison of numerical predictions with the experimental), Eq. 11, f, represents the mechanism factor (Ger
conversion rates showed that the developed model Prerg91), which ranges between 1 and 2, causing predominant
dicted very well the inBuence of all of the relevant processgyeneration of CO for temperatures higher of approximately
parameters (temperature, @€ontent, mass Bow, etc.). 900 K, and predominant production of G@r tempera-
tures lower than 900 K.
Pulverized coal combustion Char combustion (Egl1) is modeled according to the
kinetics/diffusion limited reaction model of Baum and
The combustion of pulverized coal can be considered as 8treet (971). The model assumes that the reaction rate of
three-step process: devolatilisation process, combustion @har combustion is limited either by the kinetics of the
char, and combustion of volatiles. The coal particle, COM+eterogeneous reactick§” or by the oxygenOs diffusion

posed of pit coal, sulfur, and ash, in Prst step at highnto the particle®s mass expressed by the valud"ods
temperatures undergoes the devolatilisation process. Thgesented in EqsL2pL5.

devolatilisation process is the most important physico-
chemical change in the coal particle. During this step a—tl/4 KoApPoxYe alzp
signibcant loss of weight occurs, because of the release oq

volatile matter, the quantity and composition of which , kS kgh

depend on the coal ingredients (see Bp.A complex 2 4W a3p
composition, represented via chemical formula N o o

CaoH1806N, for the pit coal is assumed, which has beenks ¥2Kg> exp  EF'=RT aldp
chosen to meet the elemental composition of a typical coal ohy, 24 fm Do _o7s 5

as given in the literature (Schnelb97). 2 4WT 1 aLsp
CooM1s06N: * gc:ggyzc(zﬁepm b Hz2b HCND NHs In Eqg. 8, the char reaction ratecddt in terms of rate of

change of mass fraction is given. Hew is the mass
O7P  fraction of char remaining in the particlé,, is the specibc
For devolatilisation process (see Ef, a single rate particle surfacep,y is the oxygen partial pressure, akgis
expression is used meaning that the devolatilisation ratf® overall kinetic rate of char combustion. In Eig, the
dc,ddt is in a brst-order dependency on the amount of pi{qnetlcs of the heterogeneous reacti$fi are debned as an

coal remaining in the particle (E®) Arhrhenius type expressior:] with a pre—egponential factor
de o1 and activation energfs". In Eq. 15, Dy is the oxygen
d’tm Ya KiYpe: b diffusion coefpcientd, is the particle diameter, ant, is

the reference temperature. The values of the kinetic con-

Herey,. is the mass fraction of pit coal remaining in the stants for the char combustion model are obtained from the

particle andk; is the kinetic rate debned by an Arrhenius literature (Geoner 1991).

type expression including a pre-exponential fadtgg and Named heterogeneous reactions (Efsl10, and 11)

an activation energ¥; (Eq. 9). cause mass transfer sources and sinks to the gas phase and

ke Vakpiexp Ei=RT, b particl_es, which are dgscribed by rate e_quations for sgl_fur
and pit coal consumption, char production from devolitil-

The values of the kinetic constantky( is the pre-expo- isation and consumption from oxidation. After the com-

nential factor andg; is the activation energy) for different pletion of the char combustion, the particle is considered as
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inert without any further chemical interaction with the gasof the prst vertical cylinder the swirl burner is positioned,
phase. and in the second vertical cylinder the hot gas stream from
The homogeneous reactions of volatiles released durinthe rotary kiln is used to enhance the calcination process.
the devolitilisation, are treated within the gas phase reacAt the bottom of the second vertical cylinder, a converg-
tions module of the used CFD code. A detailed chemistryingbdiverging section is used to increase the velocity of the
approach is used for each of the homogeneous reactiomcoming hot stream from the rotary kiln. The entire model
The source terms accounting for the gas phase reactions is 24 m high, with the diameter of the brst cylindrical part,
the species transport equations and in the gas phase enettfg burner chamber, of 5.5 m, and with the diameter of the
equation are calculated with reaction rates depending ogsecond cylindrical part of 4.5 m. The connecting cylinder
species concentrations and temperature, e.g., reaction ratespositioned at 60angles and is 4 m in diameter. At the
are debned by an Arrhenius law. The modeled homogeop of the brst vertical cylinder, two limestone and two
neous reactions include tar (hergHg was chosen as tar tertiary air inlets are positioned diametrically opposite each
representative), CO oxidation (@wer 1991, NOx forma-  other. The top of the second vertical cylinder is the cal-
tion, and the combustion of methane, which is treated viainerOs outlet.
the four-step JonesbLindstedt mechanism (Jones and The grid-size dependency was analyzed in our previous
Lindstedt 1988. Equationl6 represents the tar (Hs)  study (Mikuliie et al. 2012h, and based on these results,
oxidation, whereas Eq4.7 and 18aD18d represent the CO 47,000 cells were employed to discretize the computational
oxidation and the four-step JonesbLindstedt mechanism fatomain (Fig.1) used in the simulation of the cement cal-
methane combustion. ciner. The differencing scheme used for momentum, con-

tinuity, and enthalpy balances was MINMOD Relaxed
CeHsp 30,! 6COp 3H,

COp %Og I CO alL7p

CH, b %02! COp 2H, a8

CH.p H,O! COp 3H, a8kb

COp H,0$ COp He a8
1

Ho p 502 ' HO a8

Generally, it is considered that the main NO formation
mechanism in coal-Pred systems is the fuel-NO formatior
mechanism. Fuel-NO is formed from the nitrogen boundec
in the coal. During the devolatilisation nitrogen is releasec
as HCN and NH, which react with oxygen containing
species in the Rame and produce NO (Molina eRab9.
Fuel-NO formation from HCN is treated by Eqk9ab19b

(Gerner 1991):
4HCNp 50, ! 4NOp 4COp 2H,0, al9&b
4HCNp 6NO! 5N, p 4COp 2H,0, to1KS]o =

and the De Soete mechanism (De So&®&5 is used to
describe the fuel-NO formation from the NH

NHs;p O;! NOp H,Op 0:5Hy; &0eb
NH3 b NO! N, p Hzob 0:5H,: &0bb
Computational details

The modeled calciner (Fidl) consists of two vertical
cylinder parts and a cylinder connecting them. On the tofFig. 1 Calciner geometry and boundary conditions
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(FIRE Manual201)), and for the turbulence and scalar pulverized limestone and coal particles, and due to that
transport equations, an Upwind scheme was applied. Tureason majority of the limestone decomposition, e.g., cal-
bulence was modeled by the stand&rd e model. This is  cination process, occurs in this part of the calciner. What
the most widely used turbulence model in CFD simulationscan also be observed is a small region with recirculation
of practical engineering applications, and it is generallythat occurs in the right vertical cylinder part of the calciner.
accepted that the  emodel yields realistic predictions of Afterwards the recirculation region vanishes due to the
major mean-Bow features in most situations. The P-high velocity stream coming from the bottom of the right
radiation model (Sazhin et a1996 was used to model the vertical cylinder part. This high velocity stream is caused
radiative heat transfer and the effects of particle radiatiorby the big mass 3ow of hot gases entering the calciner from
from the limestone and coal particles. The boundary conthe rotary kiln. All particles are due to the high velocity
ditions used for the cement calcinerOs reference case sistream of hot gases from the rotary kiln, blown to the upper
ulation are given in Tabld, and the variation of operating calciner outlet. For a plant operator or a practical engineer,
conditions for Pve other simulation cases are summarizednderstanding of the Row characteristics inside a calciner is
in Table2. The values for the reference simulation caseof essential importance, since limestone and coal need
were the input data that were provided to the authors. Irseveral seconds to completely decompose and burnout.
Table2, the written percentage marks the difference Figure3 shows the velocity beld inside the calculated
between the calculated case and the reference simulatiaralciner for the reference case. The cross section is posi-
case, and the dash symbolsO that there is no differentiened 20 m from the bottom of the calciner. On the left
between boundary conditions of the calculated case and tHeand side of the Fig3 the velocity beld in the left vertical
reference simulation case. cylinder, near burner region together with tertiary air inlet
is shown. As can be seen, in the near burner region, the
Bow is highly swirled. The highest velocities are in the
Results and discussion outer cylinder part, due to the big mass Bow of the tertiary
air, and lower velocities can be observed in the center part
Figure 2 shows the streamlines of the Row inside the cal-of the cylinder, where the burner is positioned. Limestone
culated calciner for the reference case. As can be seen, particles are carried by the high velocity Row, and pul-
the left vertical cylinder part, the burner chamber part, andrerized coal particles are carried by the lower velocity
in the connecting cylinder, the Row is highly swirled. The Bow. On the right hand side of the Fig.the velocity peld
reason for this highly swirled Row is the big mass Bow ofin the right vertical cylinder, close to the calcirerOs outlet, is
the tertiary air that enters at the top of the left verticalshown. As can be observed, in the right vertical cylinder
cylinder. The highly swirled Bow enhances the mixing ofthe Row is concentrated on one side. The highest velocities

Table 1 Reference simulation case boundary conditions

Notation Mass Bow rate (kg/h) T ( C) q (kg/m®) d, (I m) O, (mass%) N (mass%) CQ (mass%)
Limestone 1? 2 147,900 720 3,100 12

Tertiary air 1 49,600 950 1.292 28 71.8 0.2
Tertiary air 2 49,600 950 1.292 28 71.8 0.2
Primary air 16,200 80 1.292 28 71.8 0.2
Secondary air 33,065 950 1.292 28 71.8 0.2

Coal 14,811 60 1,300 50

Hot gas from rotary kiln 110,600 1,100 1.292 8 72 20

Outlet Static pressure tra

Table 2 Variation of operating conditions for different cases

Calculation Case 1 (%) Case 2 (%) Case 3 (%) Case 4 (%) Case 5
Tertiary air 1 - 20 ?20 b b b

Tertiary air 2 - 20 ?20 b b b

Coal b b - 10 ?10 b

Adiabatic wall condition b b b b Used
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and since the calcination process is a strong endothermic
reaction, the thermal load on calciner walls is reduced.

Figure5 shows the CO mass fraction, temperature peld,
and NO mass fraction inside the calculated calciner for the
reference case. It can be seen that highest concentrations of
CO and NO occur close to the burner. The previous
statement that due to the location of limestone patrticles in
the outer part of the burner chamber, the thermal load on
calciner walls is reduced, is conbrmed when looking at the
shown temperature beld. Here, it can be seen that calci-
nation lowered the temperature in the near wall region, and
in that way protects the calciner walls.

Figure 6 shows the temperature beld inside the calciner
for the six calculated cases. In this bgure from left to right the
temperature belds for the reference case, cases 1b5 are
shown. The bgure shows that in all cases in the near wall
regains the temperature is lower due to the calcination pro-
cess. However, it can be seen that cases 2 and 4 have slightly
higher temperatures in the connecting cylinder, meaning that
the wall thermal load in those two cases is higher. Such
results are valuable for plant operators, since they give
information that can have an impact on calciners endurance.

Figure 7 shows the C@ mass fraction inside the cal-
ciner for the six calculated cases. In this bgure from left to
right the CQ mass fraction for the reference case, cases
1Db5 are shown. The bgure shows that in all cases the
highest concentration of COs in the connecting cylinder,
where most of the calcination process takes place. What

Fig. 2 Preview of Row characteristics inside the calculated calcinercan also be seen from this bgure is that in cases 1, 4, and 5
a slightly higher concentration of GOn the connecting
are in the right cylinder part, due to the big mass Row of thecylinder and in the right vertical cylinder can be observed.
hot gases coming from the rotary kiln and their mixing with This is also valuable information for plant operators, since
the Bow that is coming from calcinerOs left vertical cylin-it is known that the calcination process can extinguish the
der. Lower velocities can be observed in the left part of thecombustion process.
cylinder, where the recirculation region is positioned. Here, Although understanding of Bow characteristics and
both decomposed limestone and burned coal particles ateermo-chemical reactions inside cement calciners are
carried by the high velocity. These results give valuablemportant, plant operators and practical engineers are, due
information to plant operators, since high particle con-to increased environmental awareness, more and more
centration on one side of the cylinder can cause walinterested in what comes out from the cement calciner. For
wearing. that reason, in this study, six calculation cases with dif-
Figure4 shows from left to right, the char, ash, lime- ferent parameters were calculated, in order to see the
stone, and lime mass fraction in particles, and their distriinfBuence of these parameters on fuel efbciency and pol-
bution inside the calculated calciner for the reference casdutant emissions. Due to asymmetric distribution of parti-
The O0emptyOO regions indicate the regions where com¥es-and pollutants on the calciner outlet, in TaBland
sion of char to CO, Cg and ash, and limestone to lime, to Figs.8 and9 average values for observed parameters are
a large extent, has already been completed. In this bgurgjven.
the decrease of char and limestone mass fraction and the In Table 3, summarized results for six different cases
corresponding increase of ash and lime mass fractioare shown. As can be seen, for different cases the calciner
toward the inlet can be observed. Also, it can be seen thaiutlet temperature is almost the same, and this corresponds
the char and ash particles are located in the middle of théo the values of calciner outlet temperatures that have been
burner chamber, while limestone and lime particles areeported in the literature (Zhang et @d11). What can also
located in the outer part of the burner chamber, close thbe observed is that almost all cases give the same NO
calciner wall. Due to the location of limestone particles,concentration on the calciner outlet.
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Fig. 3 Velocity peld inside two
vertical cylinders of the
calculated calciner

Fig. 4 Char, ash, limestone, and lime mass fraction in particles

Figure 8 shows the comparison of burnout and decom-provided by the combustion of fuel, and in this case 10 %
position ratios on the calciner outlet. It can be seen that fotess fuel was used.
the reference case and cases 1, 4, and 5 almost same value$-igure 9 shows the comparison of CO concentrations in
for burnout and decomposition ratio are obtained. How-terms of mass fraction on the calciner outlet. It can be seen
ever, in cases 2 and 3 lower decomposition ratios ar¢hat the reference case has the lowest CO emissions. It
obtained. For case 2, this can be explained due to shorteeems that in terms of CO emissions the reference case
time limestone spends in the calciner. Limestone is carriedhows to be the optimal set-up of calcinerOs operating
by the tertiary air, and in this case higher mass RBow of theonditions.
tertiary air was used. For the case 3, the lower decompo- To ensure the adequate conditions for a complete cal-
sition rate can be explained by the lack of the enthalpycination reaction inside cement calciners, good mixing of
needed for the calcination reaction. The enthalpy idimestone and pulverized fuel particles are essential for a
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Fig. 5 CO mass fraction, Temperature beld, and NO mass fraction inside the calculated calciner

Fig. 6 Temperature Pelds inside the calciner for the six calculated cases

Fig. 7 CO, mass fraction inside the calciner for the six calculated cases
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Table 3 Summarized calcine

r outlet results

Reference case Case 1 Case 2 Case 3 Case 4 Case 5
(- 20 % tert. air)  (?20 % tert. air) (- 10 % fuel) (? 10 % fuel) (adiabatic)
NO concentration 3.329E 09 3.442E 09 3.453E 09 4.084E 09 2.999E 09 2.932E 09
(kg/kg)
CO concentration 0.0031115 0.0095239 0.0075068 0.0071763 0.0107001 0.0096996
(kg/kg)
CO, concentrations 0.2549952 0.2112467 0.2212173 0.2013529 0.2283265 0.2492649
(kg/kg)
O, concentration 0.0893802 0.0912999 0.1110957 0.1112074 0.0960943 0.1006402
(kg/kg)
SO, concentration 2.667E 06 1.648E 06 1.362E 06 1.152E 06 1.788E 06 1.676E 06
(kg/kg)
Outlet mean temperature (K)  1,171.8805 1,172.4826 1,174.7325 1,174.6059 1,172.9354 1,173.8705
Decomposition ratio 0.9990101 0.9978904 0.9859680 0.9262303 0.9964629 0.9990001
-)
Burnout ratio { ) 0.9990011 0.9990012 0.9990014 0.9990015 0.9990014 0.9990011
1 information about the RBow characteristics and thermo-
chemical reactions that occur inside a cement calciner.
0.88 The results gained by this study show some interesting
0.96 features of the Bow, and particle distribution which help to
understand the operating conditions of the calculated
0,94 cement calciner. The results show that the highly swirled
Bow in the left vertical cylinder and the connecting cyl-
0.92 inder prolongs the particle residence time, and enhances
09 the calcination process. The distribution of particles in the
Y Refc';fsegce Casel  Case2  Case3  Case4  Case5 left vertical cylinder and the connecting cylinder shows
Bumout Ratio [] Decomposition Ratio [] that the wall is protected by the nature of the endothermic
calcination process. By taking the heat, in the near wall
Fig. 8 Comparison of burnout and decomposition ratios region, provided by the combustion of pulverized coal,
limestone particles decompose and lower the thermal load
0,012 on the cement calciner wall. Furthermore, the gained
T om results show that the developed models for the calcination
) process (Mikujix et al. 20128 and the pulverized coal
g 0,008 combustion coupled with a commercial CFD code,jorm a
g 0,006 promising tool for optimization of cement calcinerOs fuel
z ’ consumption and pollutant emissions. That was the focus
& 0,004 of this study. Although the comparison of numerically
g obtained results with experimental data is essential,
O 0002 experimental measurements were not available for this
calciner. Nowadays, it is not usual to place measurement

0

Reference Case 1 Case 2 Case 3 Case 4 Case 5

Case

Fig. 9 Comparison of CO concentrations

equipment in a fully operating industrial calciner. How-
ever, it will be very much desirable to have such experi-
mental data in the future.

more energy efbcient cement production. The use of

experimental methods to investigate the mixing phenomConclusion

ena is complex, expensive, and not that usual nowadays,

thus the use of numerical techniques is a more attractivd numerical model for the prediction of the Row, tempera-
way to obtain the necessary information. Even moreture beld, particle trajectories, calcination process, and pul-
results gained by the numerical investigations give detailederized coal combustion is presented. For the purpose of
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numerical simulations, numerical model of calcination pro-Fodor Z, Klemgs)J (2011) Municipal solid waste as alternative fuel

cess and pulverized coal combustion was implemented into minimising emissions and ef3uents. Chem Eng Trans 25:31D38
th ial tati | Ruid d . d FIREFOdor Z, KlemgsJJ (2012) Waste as alternative fuelBminimising
e commercial computational [suid dynamics code : emissions and efBuents by advanced design. Process Saf Environ

Presented model is used to numerically study cement cal- prot 90:263D284
cinerOs operating conditions and pollutant emissions. THeiddings D, Eastwick CN, Pickering SJ, Simmons K (2000)
study shows that it is possible to numerically simulate dif- Computational Buid dynamics applied to a cement precalciner.

f t th hemical insid t calci Proc Inst Mech Eng Part A: J Power Energy 214:269D280
erent thermo-chemical processes Insiae a cement CalCiN€ggne, K (1991) Technical combustion systems: fundamentals,

By combining the information provided by the temperature  modelling, simulation. Springer/Heidelberg, Berlin/Germany
beld, the particle trajectories, and the decomposition an#iu Z, Lu J, Huang L, Wang S (2006) Numerical simulation study on

burnout rates, an interesting picture of the interdependence 9asPsolid two-phase Bow in pre-calciner. Commun Nonlinear
f their behavi . b d. The highl irled R Sci Numer Simul 11:440D451
0 er behavior 15 observed. e highly swirle ow Huang L, Lu J, Wang S, Hu Z (2005) Numerical simulation of

enhances the mixing phenomena of pulverized limestone and  pollutant formation in precalciner. Can J Chem Eng 83:675D684
coal particles, and prolongs the particle residence time. Th8uang L, Lu J, Xia F, Li W, Ren H (2006) 3-D mathematical

highly decomposed limestone that comes out of the calciner Medeling of an in-line swirl-spray precalciner. Chem Eng
Process 45:204D213

suggests that this prolonged residence time is benebci':-pm(,j‘nloeng L, Wentie L, Jianxiang Z, Ding J, Xiujian Z, Huilin L
Furthermore, the paper analyzes the inBuence of different  (2004) Numerical study of gasPsolid Bow in a precalciner using
parameters on the decomposition rate of limestone particles, kinetic theory of granular Bow. Chem Eng J 102:151D160

burnout rate of coal particles, and pollutant emissions of gones WP, Lindstedt RP (1988) Global reaction scheme for hydro-
; carbon combustion. Combust Flame 73:233D249

newly designed cement Calcmer'_ It can be Conduc_ied th%arouﬁek J (2012) Study on agriculture decision-makers behavior on
most of the pollutants that are emitted from the calciner are  sustainable energy utilization. J Agric Environ Ethics. @i6i:

related to the amount of fuel used. The results obtained by ~ 1007/s10806-012-9423-x o .
these simulations can be used for the optimization of cemerfikuli&H, VujanovieM, Fidaros DK, Priesching P, Misit; Tatschl

lciner®s fuel ti dthus it llutant . R, Duig N, StefanovicG (2012a) The application of CFD
calcinerUs fuel consumpton, an usIts pollutantemissions. modelling to support the reduction of G@missions in cement

The paper demonstrates some important characteristics of industry. Energy 45:464D473
cement calcinerOs operating conditions, which cannot Bdikulgie H, von Berg E, VujanowaM, Priesching P, Perkovit.,

practically measured. The paper also show that CFD is a  ratschl R, DuicN (2012b) Numerical modelling of calcination

. . reaction mechanism for cement production. Chem Eng Sci 69:
useful tool for plant design and process improvements, and  go75615
that by using CFD engineers could gain an insight into promikulgie H, Vujanovie M, Duie N (2013) Reducing the CO
cess details. Together with experiments, CFD will be the  emissions in Croatian cement industry. Appl Energy 101:41D48

basis for future cement calciners improvements. Mislej V, Novosel B, Vuk T, Grilc V, Mlakar E (2012) ~Combustion
behaviour and products of dried sewage sludgeNprediction by
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Abstract

The use of waste wood biomass as fuel is increasingly gaining significance in the cement industry. The combustion of biomass at
particularly co-firing of biomass and coal in existing pulverized-fuel burners still faces significant challenges. One possibility for

theex ante control and investigation of the co-firing process are computational fluid dynamics (CFD) simulations. The purpose of
this paper is to present a numerical analysis of co-firing pulverized coal and biomass in a cement calciner. Numerical models ¢
pulverized coal and biomass combustion were developed and implemented into a commercial CFD code FIRE, which was then us
for the analysis. Three-dimensional geometry of a real industrial cement calciner was used for the analysis. Three different co-firin
cases were analysed. The results obtained from this study can be used for assessing different co-firing cases, and for improving

understanding of the co-firing process inside the calculated calciner.

Keywords
Cement calciner, co-firing, coal, biomass, calcination process, CFD

Introduction

Over recent decades, the utilization of biomass for energy ganpacts, and not just being neutral (Luakt 2008; Ragossnig
eration is constantly gaining more and more on importanee al., 2009). Combustion of biomass and especially co-
(Sommer and Ragossnig, 2011). It is already an important medenbustion of biomass and coal are modes of fuel utilization that
of fuel utilization in the electric and heat power generation indusre increasingly gaining in significance in the cement industry
try and in some process industries. The annual usage of bion{8stineider and Ragossnig, 2013; Thomanetz, 2012).
currently represents approximately 8-14% of the world final The development of appropriate combustion units is often
energy consumption (osi etal., 2011; Williams etl., 2012). very demanding, and time and cost consuming. One possibility
This is a result of increased environmental awareness, the effecthe control and investigation of the biomass combustion and
of global warming and particularly because biomass is a unigee@combustion process involves computational fluid dynamics
renewable resource that directly replaces the use of fossil fU€&D) simulations (Kleme$ etl., 2010). Early comprehensive
(Vad Mathiesen eal., 2012). The cement industry is one of thinformation, parametric studies and initial conclusions that can
largest carbon-emitting industrial sectors in the EU and in the gained from CFD simulations are very important in handling
world, accounting for approximately 4.1% of EU, and around 5fhodern combustion units. Together with experiments and theory,
of world anthropogenic CQemissions (Mikul i etal., 2013a). CFD has become an integral component of combustion research.
In line with the EU commitment to combat climate change, thiehas been used in the development process for understanding
cement industryas the third largest carbon-emitting industriche complex phenomena occurring within the combustion units.
sector, needs to reduce its carbon emission significantly. DueHimwvever, CFD simulations of biomass combustion and co-
the need for lowering CQOemissions, biomass fuels are to someombustion still face significant challenges.
extent already replacing fossil fuels (Fodor and Klemes, 2012).
Unlike fossil fuels, biomass fuels are considered @#€utral, and
can be considered renewable, in the sense that thgeP@rated Faculty of Mechanical Engineering and Naval Architecture,
by biomass combustion recycles from the atmosphere to tHaiversity of Zagreb, Zagreb, Croatia
2AVL—AST, Hans List Platz 1, Graz, Austria

plants that replace the fuel, e.g. to the waste wood or energy
crops. Since biomass, including biomass residue, decays and pooresponding author:
duces methane and other decomposition products that gredfipie Mikuld¢, Faculty of Mechanical Engineering and Naval

. Architecture, University of Zagreb, Ivana Lucica 5, 10000 Zagreb,
exceed the potency of G@s greenhouse gas, the use of biomagg, ;.
as fuel actually has the potential to decrease greenhouse Eg@sl: hrvoje.mikulcic@fsb.hr
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There have been numerous studies that have investigatedettad. (2013c) numerically investigated the influence of different
biomass combustion on a single-particle level and in real industaatounts of fuel, mass flow of the tertiary air on the decomposition
furnaces. Yang etl. (2008) investigated the combustion effects oéte of limestone particles, burnout rate of coal particles and pollut-
a single biomass particle. That study showed that the isotherara emissions of a newly designed cement calciner. The study
particle assumption is no longer valid when the particle sighowed that CFD is a useful tool for plant design and process
exceeds 150-200 pm. This has profound implications on Chbprovements. All these studies show that there is still a need for
modelling of biomass particles in pulverized fuel furnaceirther research of cement calciners, especially in the research of
Momeni etal. (2013) studied the ignition and combustion of bidiomass combustion and co-firing in cement calciners.
mass particles. That study showed that higher oxygen concentralhe purpose of this paper is to present a CFD simulation of the
tion and higher oxidizer temperature can greatly accelerate tdoecombustion of biomass and coal in a cement calciner. Numerical
ignition, devolatilization process and char combustion. Mal.et models of pulverized coal and biomass combustion were devel-
(2007) using an Eulerian—Lagrangian frame of reference, numeged and implemented into a commercial CFD code FIRE, which
cally investigating the combustion of pulverized biomass inveas then used for the analysis. By solving the governing set of
1-MW industrial test furnace. The numerical predictions obtainednservation equations for mass, momentum and enthalpy, this
by that study showed good agreement with the measured dedae was used to simulate a turbulent flow field, interaction ef par
However, the use of CFD for investigating the use of biomass ag&kes with the gas phase, temperature field, and concentrations of
fuel in cement pyroprocessing units has until nhow not be#re reactants and products. For biomass combustion, as well as for
reported. The cement industry uses the biomass as a substitutechal combustion, the effects of drying, the degradation during
for coal in the rotary kiln or in the cement calciner (Friege amfvolatilization, generation of gaseous species and char burnout
Fendel, 2011; Pomberger at, 2012). Cement calciners arewere taken into account. Furthermore, three-dimensional geome-
pyroprocessing units positioned prior to the rotary kiln, just aftey of a real industrial cement calciner was used for the CFD simu-
the cyclone preheating system. Inside them, the temperature rdatyen of biomass and coal co-firing process.
from 800° to 950°C, and the calcination process occurs (Mikul i
etal., 2013b). Controlling the calcination and the combustion pro-
cess inside cement calciners is of great importance, as these
reactions have a direct effect on the clinker quality and the amoWhe motion and transport of the solid particles are tracked through
of energy consumed (Koumboulis and Kouvakas, 2003). For tthe flow field using the Lagrangian formulation, while the gas
reason, several studies numerically investigated cement calcingfigise is described by solving conservation equations using the
Giddings etal. (2000) numerically analysed a fully operatingulerian formulation. Solid particles are discretized into finite
cement calciner. The work showed the usefulness of the CFD agimbers of particle groups, known as parcels, which are supposed
research tool and some important flow characteristics of the sirihave same size and the same physical properties. The parcels are
lated calciner, which cannot be experimentally investigated. Huangcked as they move through the calculated flow field by using a
etal. (2006a) performed a three-dimensional simulation of a nget of equations derived from mass, momentum and enthalpy bal-
type swirl-spray calciner. The work showed that predicted resulisces. The coupling between the parcels and the gaseous phase is
for limestone decomposition, coal burnout and the temperatureaien into account by introducing appropriate source terms for
the exit of the calciner agreed well with measured results. Als@iss, momentum and enthalpy exchange. The heterogeneous reac-
Huang efal. (2006b) investigated the cement calciner’s operatifigns of the mathematical model used for the calcination process,
conditions to lower the NQOemissions. The study showed thagoal and biomass combustion calculation are treated in the
together air and fuel staging can lower the ,Nébnissions. Lagrangian spray module, where thermo-chemical reactions occur,
Mujumdar efal. (2007) studied the processes occurring in the pigvolving particle components and gas phase species. The homo-
heater, the calciner, kiln and cooler, and developed a model forgbaeous reactions used for the coal and biomass combustion calcu-
simulation of these processes. The study showed that with respgiein are treated in the gas phase using the Eulerian formulation.
to overall energy consumption, for the kiln process studied in thisThe developed models, together with thermo-physical proper
work, the optimum value of calcination in calciner is about 70%es of the limestone, the lime and the components of the biomass
Fidaros etl. (2007) presented a mathematical model and a pagsiae coal particles, as well as a particle radiation model, were
metric study of fluid flow and transport phenomena in a ceméntegrated into the commercial CFD code via user-functions writ-
calciner. The work showed good prediction capabilities for tenen in the FORTRAN programming language, in order to simu-
perature, velocity and distribution of limestone and coal particlege the named thermo-chemical reactions properly (Baburi
at the calciner exit, where measurements exist. Zhenig(2012), etal., 2004).
using the large eddy simulation (LES) simulation approach and the
kinetic theory of granular flow, investigated the mixing of particleéon,[inLIous phase
and the stability of production for the simulated cement calciner.
The study showed that operating parameters needed to be s&thgpequations of continuum mechanics are based on the -conser
very precisely to have an efficient and a stable production. Mikul vation laws for mass, momentum and energy. The general form

erical model
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of the time averaged conservation equation for any dependeintoal and biomass, p is the local absolute pressure, and T is the
variable of the continuous phase in the differential form is: local temperature in the gas. The mass transfer coefficient is cal-
culated from the Sherwood number correlation:
—( ) 7( Uj) 7( —X) S, (1)

t - k,d
j j i Sh\B p
where is the density, ljJCartesian velocity, diffusion coef- w

ficient and Sis the source term of the dependent variable Thehered, is the particle diameter, R& the particle Reynolds
source term Sis used for the coupling of the Eulerian and theumber and Sc is the Schmidt number. The Schmidt number is

20 06Re?SC?, (6)

Lagrangian phase. calculated according the following equation:
Calcination process se D, 0
In general, the following equation presents the calcinatigtherep is the dynamic viscosity, is the density ang B the
process: diffusion coefficient of water vapour in the gas.
The water vapour flux becomes a source of water vapour in
kdmd * . .
CaCQ(s) '™’ CaO(s) +CO,(g). (2) the gas phase species transport equation, and the mass flux of

water vapour multiplied by the latent heat becomes a source in
To describe the calcination process, a numerical model preyis energy equation.

ously developed and validated was used (Mikul i abt 2012).
The developed model takes into account the effects of decompo- m ﬂ AT, T)
sition pressure, temperature, diffusion and pore efficiency. It is PP dt 9 P
detailed enough to contain the relevant physical and chemical
processes, yet simple enough for detailed CFD simulations. P

8
d
AP(TQ4 T:) d_n:phatent

In Eq. 8,m, is the particle mass, s the particle heat capacity, T
is the particle temperature, & the surrounding gas temperature,
The combustion of biomass can be considered, by analogy to ¢Qdb the particle surface, is the convective heat transfer coeffi-
combustion, as a four-step process: drying, devolatilization, clagnt, p IS the particle emissivity, is the Stefan—Boltzmann con-
combustion and volatile combustion. For coal combustion magtant and . is the latent heat.
els, the process of drying is incorporated in the devolatilization When the particle reaches the boiling temperature, i.e.
models. However, for biomass combustion, the water content isS.0D°C, the boiling of particulate water starts. During the entire
significant importance and dominates the combustion processhoiling process, the particle temperature remains the same,
The evaporation of water vapour is related to the differenceuntil the entire capillary bounded water is vaporized (Mal et

water vapour concentration at the particle surface and in the ga07).

For devolatilization, a single rate expression is used meaning
w K(Cp Cy), 3) that the devolatilization rate gg,../dt is in a first-order depend-

ency on the amount of biomass remaining in the particle:
whereN,, is the molar flux of water vapour, Is the mass transfer

coefficient,C, is the water vapour concentration at the particle dGiomass

surface and (is the water vapour concentration in the gas. dt
The water vapour concentration at the particle surface is eval-

uated by assuming that the partial pressure of water vapour atBEEYbiomass'S the mass fraction of biomass remaining in the par

particle surface is equal to the saturated water vapour preséigte and k is the kinetic rate defined by an Arrhenius-type
Psar at the particle temperaturg: T expression, including a pre-exponential factgr)land an acti-

vation energy (B:

Pulverized coal and biomass combustion

N

K; Ybiomass 9

c Psa
P RT’ (4)
P ki ka®® E/RT, (10)
where R is the universal gas constant.

The concentration of vapour in the gas is known from solutidie values of the kinetic constantg (khe pre-exponential fac-

of the following equation: tor; E,, the activation energy) for different biomass devolatiliza-
tion are obtained from the literature (Maaét 2007).
Cy Xuzo==» (5 Parallel to the devolatilization, char is oxidized to form CO
RT

and CQ taking into account a mechanism factor depending on
whereX,,,, is the total local water mole fraction, which includeshar particle size and temperature:
the air moisture, evaporated moisture, and combustion products
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Table 1. Boundary conditions.

T (°C) Reference Case 1 Case 2 Case 3
case (biomass (biomass (biomass
(100% coal 10% energy 20% energy 30% energy
combustion) substitution) substitution) substitution)

Mass flow rate (kg h1)

f

Limestone 1+2 720 147 900
Tertiary air 1 950 49 600
Tertiary air 2 950 49 600
Primary air 80 16 200
Secondary air 950 33 065
Coal 60 14 811 13330 11 848 10 368
Biomass 60 - 3944 7888 11 833
Hot gas from rotary kiln 1100 110 600
Outlet (Static Pressure) 10° Pa 10° Pa 10° Pa 10° Pa
1 395Ky md ! > 2 the gas phase reactions in the species transport.equatior]s and in
cC —0, 2 f_m Co f_m 1CG, (11) the gas phase energy equation are calculated with reaction rates

m

depending on species concentrations and temperature, e.g. reac-
tion rates are defined by an Arrhenius law. The modelled homo-
In Eq. 1, f, represents the mechanism factor, which ranggeneous reactions include tar and CO oxidation, fé@nation
between 1 and 2, causing predominant generation of CO for higined the combustion of methane (Mikul i at., 2013c).
temperatures of approximately 900 K, and predominant produc-
tion of CG, for temperatures lower than 900 K (Gorner, 1991). Computational details of the simulated

Char combustion (Eg. 11) is modelled according to the kinetigshment calciner
diffusion limited reaction model of Baum and Street (1971). The
model assumes that the reaction rate of char combustion is limited Bydeémonstrate the biomass combustion application, a three-
either the kinetics of the heterogeneous reactirokthe oxygen's dimensional geometry of an industrial cement calciner was used

diffusion into the particle’s mass expressed by the valug'of k for a numerical simulation of biomass and coal co-firing. A
detailed description of the geometry and the boundary conditions

Z_% Ky A Poc Ve (12) of the modelled calciner can be found in our previous study
(Mikul'i et al., 2013c).
kS k" The grid-size dependency for calcination calculation was ana-
ky kzch—kzph (13) lysed in our previous study (Mikul i eal., 2012), and based on
2

these results, in the simulation of a cement calciner, 47 000 cells

@ - @ were employed to discretize the computational domain. The dif-
k™" koo e BN /RT (14) ferencing scheme used for momentum, continuity and enthalpy
balances was MINMOD Relaxed (FIRE Manuals, 2011) and for
turbulence and scalar transport equations an Upwind scheme was
applied. Turbulence was modelled by the standard model.
The P-1 radiation model was used to model the radiative heat
transfer and the effects of the particle.

Since it is well known that the use of alternative fuels in exist-

ph 24 fm DO TO'75

R d, TI® 10° (15)

2
In Eqg. 12 the char reaction rade/dt in terms of rate of change
of mass fraction is given. Here is the mass fraction of char

remaining in the particle, /s the specific particle surfac, s i, ,verized burners alters the flame shape and the temperature
the oxygen partial pressure angiskthe overall kinetic rate of profile inside the furnace (Beckmanragt 2012), three different
char .combhu_stlon._ln Eq. 14, the kln.etICS of the hete_’roger'e%l&firing cases were simulated. The boundary conditions used for
Cl -

reactionk; |5_ defined ahs an Arrhen_lus type expression with these three co-firing cases are given in Table 1. Furthermore, for
pre.-exponentlal fac_:torohc and af:t!vatlo.n energysz. In E_q‘ 15, consistency and better understanding of the amount of fuel that
Do is the oxygen diffusion coefficient, & the particle diameter ¢ g pstituted, in Table 1 the boundary conditions used for the
andT, is the reference temperature. The values of the kinetic CPLference coal combustion case are summarized. The values for
stants for the char combustion model are obtained from the Iit% reference coal combustion case were the input data that were
ture (Gorner, 1991). provided to the authors (Mikul i etl., 2013c). The proximate

| For_the combustion of Fhe voIatlI_es released du.rlng the devgly |itimate analyses of the used coal and biomass are tabulated
atilization process, a detailed chemistry approach is used for eﬁ‘F’Fable 2

of the homogeneous reaction. The source terms accounting for
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Result and discussion and Case 2 moved from the connecting cylinder top wall to its

centre.
Figure 1 shows the streamlines of the flow inside the calciner,, Figure 2, the temperature field inside the calciner for the

for the three calculated co-firing cases. It can be observed fjate calculated co-firing cases is shown. It can be seen that in all
in each case, in the left calciner part, the flow is highly swirlegree cases in the left calciner part, temperatures in the near wall
The reason for this highly swirled flow is the large mass flopgion are lower than in the centre. This is due to the calcination
of the tertiary air that enters at the top of the calciner. The,cess, which is a strong endothermic reaction. Furthermore,
highly swirled flow enhances the mixing of particles, and thgnen comparing the co-firing cases with the case where only the
majority of reactions occur in this part of the calciner. Whaty5| was combusted (Mikul i eal., 2013c), it can be observed
can also be observed is a small difference in the flow of they in the co-firing cases in the near burner region the tempera-
three co-firing cases. From left to right it can be observed thatas are roughly 100 K lower.

the streamlines are due to the larger fuel mass load in Case #igure 3 shows the CGnole fraction inside the calciner for

the three calculated co-firing cases. It is known that the majority
of CO, emissions from cement manufacturing come from the cal-
Table 2. Proximate and ultimate analysis of the used coal and ~ Cination process. Since in modern cement plants calcination
biomass. occurs in cement calciners, very high concentrations gfca®
be found in these units. In all three calculated cases, the highest

Coal Biomass . o . ]
. concentration of CQis in the connecting cylinder, where most of

Proximate (%owt raw) the calcination process takes place.

M0|st.ure 0.5 33.00 Figure 4 shows the limestone mass fraction in particles and
Volatile matter 29.68 3197 their distribution inside the calciner for the three calculated co

Fixed carbon 54.82 20.03 heir distribution nsi n cu )
Ash 15.0 15.0 firing cases. As can be observed, limestone mass fraction decreases
Ultimate (%owt daf) from the calciner’s inlet towards the outlet, and in all three cases
c 82.94 48.40 the position of limestone particles is similar. The ‘empty’ calciner

H 2.62 7.65 regions in this figure indicate the regions where conversion of
o 9.33 39.16 limestone to lime has largely already been completed.

N 2.31 2.79 Figure 5 shows the lime mass fraction in particles and their
S . 1.00 1.00 distribution inside the calciner for the three calculated co-
Lower heating value (MJ kg?') 25.34 9.51 - )

firing cases. As can be observed due to the available heat pro-

daf, dry ash free. vided by the fuel combustion, the limestone decomposes and

Figure 1. Flow characteristics inside the calciner: Case 1 (left); Case 2 (middle); Case 3 (right).
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Figure 2. Temperature field inside the calciner: Case 1 (left); Case 2 (middle); Case 3 (right).

Figure 3. CQO, mole fraction inside the calciner: Case 1 (left); Case 2 (middle); Case 3 (right).

the lime mass fraction increases from the calciner’s inleten just coal was combusted (Mikul i el., 2013c). The rea-
towards the outlet. son for this is the prolonged combustion time of the biomass par

Figure 6 shows the char mass fraction in particles and thigles. The biomass particles, which contain significantly more
distribution inside the calciner for the three calculated co-firifgumidity than coal patrticle, first have to dry, then undergo devolit-
cases. It can be seen that in all three cases the char particlegizagon and after that the formed char particle needs to oxidize.
located in the middle of the left calciner part, where most offbr a plant operator, this information is essential, since it is not
oxidizes, and afterwards the high-velocity upward stream in tllesirable to have some burnout char particles in the preheating
right part of the calciner blows them towards the outlet. Heresitstem. The reason is that char particles can still oxidize in cement
should be noted that in all three co-firing cases a small amountyélones, causing destabilization of the preheating process and
unburned char particles exit the calciner, which was not obserfednation of undesirable pollutants.
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Figure 4. Limestone (CaCQ) mass fraction in particles: Case 1 (left); Case 2 (middle); Case 3 (right).

Figure 5. Lime (CaO) mas fraction in particles: Case 1 (left); Case 2 (middle); Case 3 (right).

Figure 7 shows a comparison of the char burnout and limibe biomass and coal co-firing process is needed. Precisely the
stone decomposition ratios on the calciner outlet for the thmesults gained by this study show that the developed models,
calculated co-firing cases. It can be seen that all three cases lcaupled with a commercial CFD code, form a promising tool
similar burnout and decomposition ratios; however, when coffor improvement of the understanding of the co-firing
paring these results with burnout and decomposition ratios ofracess.
calciner operating fully on coal, the difference can be seen. The
co-firing cases have lower burnout and decomposition ratios. ]

This can be explained by the prolonged combustion time of lgé)ndus'on

biomass particles. A numerical analysis of the co-firing of pulverized biomass and

To ensure adequate conditions for a complete calcinatighy| inside a cement calciner is presented. Numerical models of
reaction inside cement calciners, extensive understandlngpgfverized coal and biomass combustion were developed and
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Figure 6. Char mass fraction in particles: Case 1 (left); Case 2 (middle); Case 3 (right).

0,98 -
0,96 -
0,94 -
m LR PR R
0,9

Reference case Casel (Biomass Case2 (Biomass Case3 (Biomass

(100% Coal 10% enegy 20% enegy 30% enegy
combustion) substitution) substitution substitution
= Burnout Ratid-] Decomposition Ratio -

Figure 7. Comparison of burnout and decomposition ratios.

implemented into a commercial CFD code FIRE, which was theperating conditions and finally in reducing pollutant formation
used for the analysis. The Eulerian—Lagrangian approach wasombustion units.

used for coupling of the gaseous and particle phase. For the pul-

verized coal and biomass combustion, the effects of dryifgcknowledgements

devolatilization, char oxidation and volatile combustion are takgfe authors wish to thank Dr P Priesching and Dr R Tatschl, from the
into account. For the calcination process, the effects of decom@&D Development group at AVL-AST, Graz, Austria, for their con-
sition pressure, temperature, diffusion and pore efficiency dieuous support and useful discussions during the development of
taken into account. Three-dimensional geometry of a real indidmerical models used in this study.

trial cement calciner was used for the analysis. Three different

co-firing cases were analysed. The results show that when CQﬁ_cIaration of conflicting interests

busting biomass in existing pu|verized_fue| burners, Specialle authors declare that there is no conflict of interest.

attention needs to be given to the complete oxidation of the char

particles, in order to avoid undesirable instabilities in the preheGtnding

ing system. Furthermore, from the results shown it can be cdihe research was conducted with the financial support from AVL
cluded that numerical modelling of the co-firing of biomass adst GMbH, Graz, Austria.

coal can assist in improving the understanding of the co-

firing process, in the investigation and better understanding of

particle kinetics, in the optimization of cement calciner’s

Downloaded from wmr.sagepub.com by guest on July 10, 2014



Mikuldc et al. 669

References Mikul i H, von Berg E, Vujanovi M, Priesching P, Perkovi L, Tatschl R
. . . . and Dui N (2012) Numerical modelling of calcination reaction mecha-
Baburi M, Raulot A and Dui N (2004) Implementation of discrete trans-  higm for cement productiofhemical Engineering Science 69: 607—615.
fer radiation method into SWIFT computational fluid dynamics cod§giuli H Vujanovi M and Dui N (2013a) Reducing the CQemissions
Thermal Science 8: 203-301. _ _ in Croatian cement industry. Applied Energy 101: 41-48.
Baum MM and Street PJ (1971) Predicting the combustion behaviour of Cmuli H, Vujanovi M, Markovska N, Filkoski RV, Ban M and Dui

particles. Combustion Science and Technology 3: 231-243. o N (2013b) CQ emission reduction in the cement industry. Chemical
Beckmann M, Pohl M, Bernhardt D and Gebauer K (2012) Criteria for Engineering Transactions 35: 703-708

solid recovered fuels as a substitute for fossil fuels — a review. Waﬁ&u” H, von Berg E, Vujanovi M, Priesching P, Tatschl R and Dui

_Mgng?err]pe;t SrL]CIi?eDsga’r\lchz?:OOl:fSé—SG?. hic distributi ¢ . N (2013c) Numerical analysis of cement calciner fuel efficiency and
osl B, Stani £ a ui N ( ) Geographic distribution of economic pollutant emissionsClean Technologies and Environmental Policy 15:

potential of agricultural and forest biomass residual for energy use: case

study Croatia. Energy 36: 2017—-2028 489-499.
Fidaros DK, Baxevanou CA, Dritselis CD and Vlachos NS (2007) Numeric'\éllomen! M, Yin C, Keer .SK anq Hvid SL (2013) Qomprehenswe study Of_
ignition and combustion of single wooden particles. Energy & Fuels 27:

modelling of flow and transport processes in a calciner for cement pro- 1061-1072.

duction. Powder Technol 171: 81-95. . .
uction. Frowder Technology Mujumdar KS, Ganesh KV, Kulkarni SB and Ranade VV (2007) Rotary

FIRE v2011 Manuals (2011) Graz, Austria. c t Kiln Simulator (RoCKS): i d deli f h
Fodor Z and Klemes JJ (2012) Waste as alternative fuel — minimising emis- emen |.n imu a.or (Ro ): |ntegr§te mo' € m_g 0 pr.e- eater,
calciner, kiln and clinker cooler. Chemical Engineering Science 62:

sions and effluents by advanced desiRjocess Safety and Environmental

Protection 90: 263-284. 2590-2607. _
Friege H and Fendel A (2011) Competition of different methods for recov&MPerger R, Klampfi-Pernold H and Abl C (2012) Current issues on the

ing energy from waste. Waste Management & Research 29: 30-38. production and utilization of medium-calorific solid recovered fuel: a
Giddings D, Eastwick CN, Pickering SJ and Simmons K (2000) Computational €2S€ study on SRF for the HOTDISC technology. Waste Management &

fluid dynamics applied to a cement precalciner. Proceedings of the Research 30: 413-420.

Institution of Mechanical Engineers, Part A: Journal of Power anff@g0ssnig AM, Wartha C and Pomberger A (2009) Climate impact analy-

Energy 214: 269-280. sis of waste treatment scenarios — thermal treatment of commercial and
Gorner K (1991) Technische Verbrennungssysteme: Grund|agen’pretreated waste versus landfilling in Austria. Waste Management &

Modellbilung, Simulation (Technical combustion systems: fundamentals, Research 27: 914-921.

modelling, simulation), pp. 180-194. Berlin: Springer. Schneider DR and Ragossnig AM (2013) Biofuels from waste. Waste
Huang L, Lu J, Xia F, Li W and Ren H (2006a) 3-D mathematical mod- Management & Research 31: 339-340.

eling of an in-line swirl-spray precalcingEhemical Engineering and Sommer M and Ragossnig A (2011) Energy from waste in Europe: an analy-

Processing: Process Intensification 45: 204—213. sis and comparison of the EU 27. Waste Management & Research 29:
Huang L, Lu J, Hu Z and Wang S (2006b) Numerical simulation and optimi- 69-77.

zation of NO emissions in a precalciner. Energy & Fuels 20: 164—171.Thomanetz E (2012) Solid recovered fuels in the cement industry with special
Lu H, Robert W, Peirce G, Ripa B and Baxter LL (2008) Comprehensive respect to hazardous waste. Waste Management & Research 30: 404-412.

study of biomass particle combustion. Energy & Fuels 22: 2826-2839Vad Mathiesen B, Lund H and Connolly D (2012) Limiting biomass con-
Koumboulis FN and Kouvakas ND (2003) Model predictive temperature sumption for heating in 100% renewable energy systems. Energy 48:

control towards improving cement precalcination. Proceedings of the 160-168.

Institution of Mechanical Engineers, Part I: Journal of Systems andilliams A, Jones JM, Ma L and Pourkashanian M (2012) Pollutants from the

Control Engineering 217: 147-153. combustion of solid biomass fuels. Progress in Energy and Combustion
Kleme$ JJ, Varbanov PS, Pierucci S and Huisingh D (2010) Minimising Science 38: 113-137.

emissions and energy wastage by improved industrial processes ¥adg YB, Sharifi VN, Swithenbank J, Ma L, Darvell LI, Jones JM,

integration of renewable energy. Journal of Cleaner Production 18: Pourkashanian M and Williams A (2008) Combustion of a single particle

843-847. of biomass. Energy & Fuels 22: 306-316.
Ma L, Jones JM, Pourkashanian M and Williams A (2007) Modelling thgheng Jianxiang, Yan Tingzhi and Yang Jing (2012) Numerical simulation of

combustion of pulverized biomass in an industrial combustion test fur- gas and solid flow behaviour in the pre-calciner with large eddy simula-

nace. Fuel 86: 1959-1965. tion approach. Energy Procedia 17: 1535-1541.

Downloaded from wmr.sagepub.com by guest on July 10, 2014



PAPER 6

131



Journal of Cleaner Production 88 (2015) 262 e 271

Contents lists available at

ScienceDirect

Journal of Cleaner Production

journal homepage: www.elsevi

er.com/locate/jclepro

Improving the sustainability of cement production by using numerical

CrossMark

simulation of limestone thermal degradation and pulverized coal

combustion in a cement calciner

Hrvoje Mikul cic*, Milan Vujanovi c, Neven Duic

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, Croatia

article info abstract

Article history:

Received 24 November 2013
Received in revised form

31 March 2014

Accepted 4 April 2014
Available online 15 May 2014

The cement industry sector is one of the largest carbon emitting industrial sectors, and due to the effect
of global warming sustainable cement production is increasingly gaining on importance. Controlling the

combustion of coal and the thermal degradation of limestone, the two main thermo-chemical processes
that occur inside a cement calciner, is of signi
in uence on the cement quality, pollutant formation and overall energy ef

cant importance, since these processes have a direct
ciency of the cement

manufacturing process. One of the possibilities for the improvement and control of these thermo-

Keywords:

Sustainable cement production
Coal combustion

Calcination process

Cement calciner

Numerical modelling

chemical processes are Computational Fluid Dynamics e CFD simulations. The results gained from
these simulations are being increasingly used to enhance the ef
improve the understanding of the
cement calciner. The purpose of this paper is to present that a more energy ef
cement production can be achieved by deploying CFD simulations in the process of cement production.
The numerical models of limestone thermal degradation, also known as the calcination process, and

ciency of cement production, since they
ow characteristics and transport phenomena taking place inside the
cient and sustainable

pulverized coal combustion were developed and implemented within the commercial computational

uid dynamics code FIRE, which was then used for the analysis. The developed models are based on the
solution of Navier e Stokes equations for the gas phase, and on the Lagrangian dynamics for the discrete
particles. A three dimensional complex geometry of a real industrial cement calciner was used for the
CFD simulation. The information obtained from this numerical simulation, such as the distribution of
particles, distribution of temperatures and the concentrations can be used for better understanding of
particle kinetics and pollutant emissions from the given cement calciner and also for its further inves-

tigation and optimization.

2014 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past ve decades rapid increases in the concentrations
of greenhouse gasese GHG in the atmosphere, mainly coming from
the industrial sector, have resulted in global climate changes ( IPCC,
2007). Due to this reason, cleaner and more sustainable production
is becoming more and more important within all industrial sectors
(Klemes et al., 2012). The cement industry sector as an energy
intensive industrial sector, where energy costs represent approxi-
mately 40% of the total production costs per ton of cement ( Zhang
etal., 2013), and one of the highest GHG emitting industrial sectors,

* Corresponding author. Tel.: p 385 1 6168 494; fax: p 385 1 6156 940.
E-mail addresses:hrvoje.mikulcic@fsb.hr (H. Mikul cic), milan.vujanovic@fsb.hr
(M. Vujanovi c), neven.duic@fsb.hr (N. Duic).

http://dx.doi.org/10.1016/j.jclepro.2014.04.011
0959-6526/ 2014 Elsevier Ltd. All rights reserved.

accounts for around 5% of global anthropogenic GHG emissions
(Wang et al., 2013). Therefore, improvement in energy ef  ciency is
becoming increasingly important for ful lling the CO, emissions
limitations coming from this industrial sector ( Dovi et al., 2009).
Currently, the most energy ef cient technology for cement
production is a dry rotary kiln process with a multi-stage preheater
and a cement calciner ( Benhelal et al., 2013). The latter, cement
calciner, is a pyroprocessing unit found in front of the rotary kiln,
and inside of which the raw material, mainly composed of lime-
stone, undergoes the calcination process. The calcination process is
a strong endothermic reaction that requires combustion heat
released by the fuel, indicating that endothermic limestone calci-
nation and exothermic fuel combustion proceed simultaneously
(Mikul cic et al., 2013a). Controlling of these two thermo-chemical
processes is of signi cant importance, since they have a direct in-
uence on the cement quality, pollutant formation and overall
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energy ef ciency of the cement manufacturing process. There are
various approaches for controlling and improving of the energy

ef ciency within industrial furnaces. However, using CFD simula-
tions (Klemes et al., 2010) to investigate and improve thermo-
chemical processes is becoming increasingly important. Together
with experiments and theory, CFD simulations have become an
integral component of pyroprocessing unit 's research. The results
gained from CFD simulations can be used for the optimization of
turbulent reacting uid ow, the design of the pyroprocessing unit,
and nally for the enhancement of the fuel ef  ciency, e.g. energy
ef ciency, making the cement production more sustainable.

Several studies have examined some of the numerical aspects of
complex multiphase ow inside cement calciners. Oh et al. (2004)
analyzed the turbulent gas-particle ~ ow, coal combustion and heat
transfer within a cement calciner. Their work showed that the
numerically predicted results agreed well with the measured re-
sults. Hillers et al. (2005) numerically investigated processes that
occur in cement calciners, e.g. they modelled the turbulence, ra-
diation, calcination process, coal combustion, and NOx formation.
Their study showed that CFD shows a great potential regarding
emission control and fuel savings. Zheng et al. (2005) studied the
effects of primary jet velocity and throat diameter on the two-
phase gassolid ow inside a cement calciner. Their study
showed that for the simulated cement calciner, these two effects
have a strong in uence on ow structure and particle concentra-
tion. Dou et al. (2009) investigated the coal combustion and the
decomposition of raw material inside a cement calciner. Their work
showed that in order to increase the raw material decomposition
and optimise the temperature inside the calculated cement
calciner, the direction of the tertiary inlet needs to be tangentially
adjusted, and that the raw material inlet needs to be opposite the
coal inlet. Ha et al. (2010) studied the separation of coal particles
and its corresponding in  uence on the decomposition of limestone
inside a cement calciner. Their study showed that by combusting

ner coal particles a negligible in uence can be observed on the
decomposition of limestone. Nance et al. (2011) using the mineral
interactive computational uid dynamics investigated the “Hot-
Reburn” conditions inside a cement calciner. Their work showed
that the proposed method greatly assists in the optimization of a
cement calciner s operating conditions and design. Mikul cic et al.
(2013a) numerically studied the impact of different inlet mass

ows and fuel amounts, on the coal burnout rate, limestone
decomposition rate, and pollutant emissions. Their study showed
that CFD is a useful tool for a cement calciner ’s process optimiza-
tion. All of these studies show that despite ongoing efforts in the
development of both physical and chemical modelling, CFD simu-
lation of the complex multiphase  ow inside the cement calciners
cannot as yet be considered fully predictive on a quantitative level
and further research is required.

The processes occurring inside a cement calciner have a direct
in uence on cement quality, pollutant formation and the overall
energy ef ciency of the cement manufacturing process. Appro-
priate numerical models need to be used to numerically study the
role and interaction of pulverized coal combustion and limestone
calcination within a cement calciner. In this study a numerical
model of pulverized coal combustion was developed and imple-
mented within the commercial
This code was used to simulate turbulent  uid ow, temperature

eld, species concentrations and the interaction of particles with
the gas phase inside the complex three dimensional geometry of a
real cement calciner, by solving the set of mathematical equations
that govern these processes. The numerical model is based on the
solution of Navier e Stokes equations for the gas phase, and on the
Lagrangian dynamics for the discrete particles. Actual plant data
were used to verify the accuracy of the modelling approach. The

nite volume based CFD code FIRE.

test of the numerical model 's accuracy yielded satisfactory results
and proper trends for the coal burnout rate as well as limestone
degradation rate. The results gained by this real-plant example
show that for better understanding of uid ow, transport phe-
nomena, and the thermo-chemical reactions taking place inside the
cement calciner, the proposed model is a useful tool for investiga-
tion. Furthermore, the proposed model can assist in the improve-
ment of the speci ¢ local conditions for the calcination process, the
overall optimization of cement calciner 's operating conditions,
reduction of pollutant emissions, and the improvement of the
cement calciner 's design.

2. Numerical model

The continuous phase is described by solving conservation
equations using the Eulerian formulation. These equations are
based on the conservation laws for mass, momentum and energy.
They are obtained by using the nite volume approach, where the

uid ow is divided into a number of control volumes and a
mathematical description is developed for the nite control vol-
ume. The general form of conservation equation is fundamentally
derived in integral form, taking into consideration the total amount
of some property within the control volume:
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where tis the time, I is the density, Visthe volume, Sis the surface,
u;j velocity, n; normal vector, x; Cartesian coordinates, G, diffusion
coef cient, and & is the source term of the dependent variable 4. In
Eq. (1) the rstterm is an unsteady term, the second term is con-
vection, the third term is diffusion and the last term is source or
sink. The rst term on the left hand side represents the rate of
change of the scalar property 4 in the control volume. The second
term on the left hand side is the net convective ux of this property
across the control volume boundaries. The  rst term on the right
hand side is the net diffusive ux across the control volume
boundaries. The nal term on the right hand side is the source or
sink of the property 4. Two transport mechanisms can be distin-
guished across the control volume boundaries: convection e
transport due to the motion of the uid, and diffusion e transport
due to the differences in concentration.

The motion and transport of the solid particles are tracked
through the ow eld using the Lagrangian formulation. Solid par-
ticles are discretized into  nite numbers of particle groups, known as
particle parcels, which are supposed to have same size and also the
same physical properties. The trajectory of each particle parcel
within the  ow eld is calculated using the Lagrangian scheme,
which means that representative parcels are tracked by using a set of
equations that describe their dynamic behaviour as they move
through the calculated ow eld. Furthermore, the equations of
motion for each particle parcel based on the Lagrangian approach are
coupled with the Eulerian representation of the continuous phase.
This allows the decomposition of complicated and highly nonlinear
systems of transport equations and describes the interactions be-
tween the control volumes and the system of equations that govern
processes in individual control volumes, including the exchange
between the solid particles and the gas phase. The systems of these
equations are mainly integrated using a much shorter time step than
the global time steps that are used for calculation of the gas phase.
The coupling between the parcels and the gaseous phase is taken
into account by introducing appropriate source terms for mass,
momentum and enthalpy exchange.
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The heterogeneous reactions of the mathematical model used
for the calcination process, coal combustion calculation are treated
in the Lagrangian spray module, where thermo-chemical reactions
occur inside a particle involving particle components and gas phase
species. The homogeneous reactions used for the coal combustion
calculation are treated in the gas phase using the Eulerian formu-
lation. In order to simulate the named thermo-chemical reactions
properly, the developed models were integrated into the com-
mercial CFD code via user-functions written in the FORTRAN pro-
gramming language ( FIRE, 2011).

2.1. Calcination process

Calcination is an industrial process that uses high temperature to
change the chemical and physical properties of limestone, a sedi-
mentary rock composed of the mineral calcite e calcium carbonate
and other mineral dolomites. The calcination process is used in many
different industries today, such as cement, chemical, pharmaceutical
and sugar industry, where limestone CaCO 3 is converted by thermal
decomposition into lime CaO and carbon dioxide CO . Thisreaction is
highly endothermic and requires combustion heat released by the
fuel where the temperature is between 780 C and 1350 C, indi-
cating that endothermic limestone calcination and exothermic fuel
combustion proceed simultaneously. The following equation is used
to present the calcination process:

178 kJ=mol
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The previously developed and validated numerical model was
used to describe the calcination process ( Mikul cic et al., 2012). In the
developed model, limestone calcination reaction is calculated using
the Arrhenius rate equation for the liberation of CO  , from the patrticle.
The model takes into account the effects of temperature, decompo-
sition pressure, diffusion, and particle porosity since dissociation of
the limestone begins at the outer surface of the limestone particle and
shifts inward, leaving a porous layer of lime at the surface.

2.2. Pulverized coal combustion

Pulverized coal combustion is a very signi cant mode of fuel
utilization the cement industry. Due to the increase of environ-
mental awareness, and the need for more sustainable coal utiliza-
tion, plant operators are trying to lower greenhouse gas emissions.
Moreover, due to the current energy crisis the need for the design of
more powerful, fuel ef cient, and environmentally friendly com-
bustion systems is more and more highlighted. In addition to the
in uence on cement quality, pulverized coal combustion also af-
fects the overall energy ef ciency of the cement manufacturing
process and the pollutant formation.

The combustion of coal can be considered, as a four step process:
drying, devolatilisation process, combustion of char, and combus-
tion of volatiles. In some extreme cases, different combustion

stages may co-exist within a single particle ( Backreedy et al., 2006).

2.2.1. Drying process
The evaporation of water vapour is related to the difference in
water vapour concentration at the particle surface and in the gas:

N Yake G Gy 3)

where N, is the molar ux of water vapour, Kk, is the mass transfer
coef cient, G, is the water vapour concentration at the droplet
surface, and Cy is the water vapour concentration in the gas.

The water vapour concentration at the droplet surface is eval-
uated by assuming that the partial pressure of water vapour at the

particle surface is equal to the water saturation pressure  psga, at the
particle temperature Tp:
G ¥ Psat . @)

RT’

where Ris the universal gas constant.
The concentration of vapour in the gas is known from solution of
the following equation:
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where Xy, is the local water mole fraction, p is the local absolute
pressure, and T is the local temperature in the gas. The mass
transfer coef cient is calculated from the Sherwood number cor-
relation ( Ranz and Marshall, 1952a,b):

kwd
Shag ¥ gwp Y2 2:0 p 0:6Re;SC; (6)

where dp is the particle diameter, Re, is the particle Reynolds
number, and Scis the Schmidt number. The Schmidt humber is
calculated according the following equation:
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where mis the dynamic viscosity, I is the density, and D, is the
diffusion coef cient of water vapour in the gas.

The water vapour ux becomes a source of water vapour in the
gas phase species transport equation, and the mass ux of water
vapour multiplied by the latent heat becomes a source in the en-
ergy equation.

mpcpdditp Vialy Ty To b epSAy T2 T2 b do%h,atem: ®)
In Eq. (8), my is the particle mass, ¢ is the particle heat capacity, T,
is the particle temperature, Tg is the surrounding gas temperature,

A, is the particle surface area, a is the convective heat transfer

coef cient, g, is the particle emissivity, S is the Stefane Boltzmann
constant, and hjatent is the latent heat.

When the particle reaches the boiling temperature, i.e. 100 C,
the boiling process starts. During the whole boiling process particle
temperature remains the same, until the entire capillary bounded
water is vaporized ( Agraniotis et al., 2010 ).

2.2.2. Devolatilisation process

For devolatilisation a single rate expression is used meaning that
the devolatilisation rate d ccoa/dt is in a rst order dependency on
the amount of coal remaining in the particle (Eq. (9)).
dc

coal 1,
da "

klycoal : (9)

Here ycoal is the mass fraction of coal remaining in the particle and
ki is the kinetic rate de ned by an Arrhenius type expression
including a pre-exponential factor ( ko1) and an activation energy
(B (Eq. (10)).

kl Ya kO;l exp E]_ R‘l;) : (10)
The values of the kinetic constants ( ko1 e the pre-exponential
factor and E; e the activation energy) for devolatilisation of
different coals are obtained from the literature (  Gorner, 1991).
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2.2.3. Volatile combustion

For the combustion of the volatiles released during the devo-
latilisation process, a detailed chemistry approach is used for each
homogeneous reaction. The source terms in the species transport
equations and in the gas phase energy equation, accounting for the
gas phase reactions, are calculated with reaction rates depending
on species concentrations and temperature, i.e. as de ned by the
Arrhenius law. The modelled homogeneous reactions include tar
and CO oxidation, NOy formation and the combustion of methane
(Mikul cic et al., 2013b).

2.2.4. Char combustion

Parallel to the devolatilisation, coal char is oxidized to form CO
and CO, taking into account a mechanism factor depending on char
particle size and temperature.

395 kJ=mol
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In Eq. (11), fy, represents the mechanism factor, which ranges be-
tween 1 and 2, and is calculated by the following expressions:

2fcob 2
1, £lcoP 4, .
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fm/4f b ;50 Mm < dp < 1000 Mm:

(13)

Here dp, is the particle diameter, and the temperature dependence
fcois de ned as (Arthur, 1951 )

foo Y4 2500%expd 6240=TR (14)

where Tis the temperature.

Char combustion (Eqg. (11)) is modelled according to the kinetics/
diffusion limited reaction model of Baum and Street (1971). The
model assumes that the reaction rate of char combustion is limited
either by the kinetics of the heterogeneous reaction kgh or by the
oxygen'’s diffusion into the particle ’s mass expressed by the value of
kB" as presented in Egs. (15)e (18).
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In Eq. (15) the char reaction rate d c¢/dt in terms of rate of change of
mass fraction is given. Here y. is the mass fraction of char remaining
in the particle, A, is the speci c particle surface area, poy is the
oxygen partial pressure, and k; is the overall kinetic rate of char
combustion. In Eqg. (16) the kinetics of the heterogeneous reaction
kgh is de ned as an Arrhenius type expression with a pre-
exponential factor kg'?l and activation energy Egh. In Eq. (18) Dy is

the oxygen diffusion coef cient, d, is the particle diameter, and Tpis
the reference temperature. The values of the kinetic constants for
the char combustion model are obtained from the literature
(Gorner, 1991).

3. Computational details

A complex geometry cement calciner used in the cement plant
Lukavac, Bosnia and Herzegovina, was simulated and analyzed.
Fig. 1 shows the calculated calciner ’'s three dimensional geometry
and the boundary conditions used in the CFD simulation. The
calciner is 75 m high in total. The lower part of the calciner consists
of two vertical tubes, of which one is used as the tertiary air inlet,
and the other is used as an inlet for the hot  ue gases coming from
the rotary kiln. At the bottom of each of these tubes, inlets for coal
and pre-dried limestone are positioned. Both tubes have an
approximate diameter of 2 m, and they connect at the height of
25 m to form a rectangular shaped junction, where tertiary air and
hot ue gases coming from the rotary kiln, together with the
introduced limestone and coal particles, are mixed. After the rect-
angular shaped junction a single vertical tube, with diameter of
3.1 m, serves to directthe ow to the top of the calciner. The top of
the calciner is designed in a way that it, by using the swirling effect,
directs the upward stream to a downward stream. Finally after the

ow is directed downwards, a tube, with diameter of 3.1 m, is used
to direct the uid ow together with now already calcined raw

Fig. 1. Cement calciner’s geometry and boundary conditions.
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Table 1
Boundary conditions.

Notation Mass ow rate [kg/h] T[ C] r [kg/m 3 d, [Mm] O, [mass %] N, [mass %] CQ [mass %)]
Limestone and coal inlet 1 Coal 5800 1300 50
Limestone 126,000 3100 50
Limestone and coal inlet 2 Coal 1380 1300 50
Limestone 21,000 3100 50
Tertiary air inlet 20,690 1.292 28 71.8 0.2
Hot gas from rotary kiln inlet 48,275 1060 1.292 8 72 20
Outlet Static pressure 10° Pa

material to the outlet of the calciner. The outlet of the calciner
corresponds to the inlet of the fth preheater cyclone, where
measurement data are obtained. The total calciner volume is
603 m>.

The computational domain consists of 160,000 cells, which
were employed to discretize the computational domain. The dif-
ferencing scheme used for momentum, continuity and enthalpy
balances was MINMOD Relaxed (FIRE, 2011 and for turbulence and
scalar transport equations an Upwind scheme was applied. Tur-
bulence was modelled by the standard ke ¢ model. The P-1 radia-
tion model was employed to model the radiative heat transfer. The
P-1 radiation model takes into account the radiative heat exchanges
between gas and particles, and is accurate in numerical simulations
of pulverized coal combustion with radiation scattering ( Sazhin
et al., 1996). It has some disadvantage but it is advantageous in a
way that it is easily applicable to the complicated geometries, like
the one used in this study. The boundary conditions used for the
cement calciner 's simulation are given in Table 1. The values given
in Table 1 were the input data that were provided to the authors.

The coal used in the cement plant Lukavac, comes from the coal
quarry located close to the cement plant. Its composition was the
input data that was provided to the authors. The proximate and
ultimate analysis of used coal is tabulated in  Table 2.

4. Result and discussion

CFD is an effective tool for the investigation of the multiphase
ow inside the cement calciner. The results showed some inter-
esting features of the  ow, which help to understand the operating
conditions of the simulated calciner.
Fig. 2shows the ow streamlines inside the calculated calciner.
As can be observed, in the lower part of the calciner, in the tertiary
airtube and the hot  ue gases coming from the rotary kiln tube, the
ow streams are stable and uniform, and going upwards. Both
streams join together in the rectangular shaped junction, after
which they form one stream that is going upwards to the top of the
calciner. In this part of the calciner the majority of the limestone
thermal degradation, e.g. calcination process, occurs. At the top of
the calciner, where the uid ow changes the direction, from an
upward to a downward direction, the ow becomes highly swirled.
The reason for this highly swirled  ow is the big mass ow of the
stream that is coming to the top of the calciner and the design of the

Table 2
Proximate and ultimate analysis of the used coal.

Proximate (Yowt raw) Ultimate (%wt daf)

Moisture 7.64 C 77.94
Volatile matter 15.38 H 5.07

Fixed carbon 32.16 (@] 1.69
Ash 44.82 N 13.87
Lower heating value (MJ/kg) 23.34 S 1.43

calciner’s top, that by using the swirling effect effectively changes
the ow direction. After the  ow is directed downwards, the  ow
gradually loses its swirling effect and together with now already
calcined raw material goes to the outlet of the calciner. Under-
standing of the ow characteristics inside the calciner is of crucial

Fig. 2. Flow streamlines inside the calculated calciner.
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Fig. 3. Limestone degradation at different particle residence time: 2 s (left); 4 s (second from left); 6 s (second from right); 8 s (right).

importance for plant operators, since the  ow characteristics give a
good estimation of the particle residence time. The particle resi-
dence time is important, since limestone and coal need several
seconds to fully decompose and burn.

Fig. 3 shows, from the left hand side to the right hand side, the
position of limestone particles and its degradation at 2, 4, 6 and 8 s

of particle residence time. For each particle residence time, the
limestone mass fraction in particles is shown. It can be seen that
limestone particles need several seconds to fully decompose.

Fig. 4 shows, from the left hand side to the right hand side, the
position of produced lime particles at 2, 4, 6 and 8 s of particle
residence time. For each particle residence time, the lime mass

Fig. 4. Lime production at different particle residence time: 2 s (left); 4 s (second from left); 6 s (second from right); 8 s (right).
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Fig. 5. Char oxidation at different particle residence time: 2 s (left); 4 s (second from left); 6 s (second from right); 8 s (right).

fraction in particles is shown. When compared to  Fig. 3, the cor-
responding increase of the lime mass fraction at different particle
residence time can be observed. In this  gure, like in the previous
one, it can be observed that the calcination process needs several
seconds to nish.

Fig. 5 shows, from the left hand side to the right hand side, the
position of char particles in the lower calciner partat 2, 4,6 and 8 s
of particle residence time. For each particle residence time, the char
mass fraction in particles is shown. As can be observed, char par-
ticles combust in the lower part of the calciner, e.g. in two vertical
tubes, of which one is used as the tertiary air inlet, and the other is
used as aninletofhot ue gases coming from the rotary kiln. Here it
can be seen that unlike the calcination process, the char oxidation is
a faster reaction and it does not need several seconds to fully react.

In Fig. 6 the particle residence time is shown. Due to increased
environmental awareness, but also by increased environmental
restrictions, plant operators and practical engineers are increas-
ingly being interested in ef cient cement production. Particle
residence time is an important parameter for stabile and ef  cient
operating cement calciner. As it was seen in previous  gures raw
material needs several seconds to fully decompose, by knowing the
particle residence time inside the cement calciner plant operators
can adjust the operating conditions for a more ef  cient operating
calciner.

Due to the complex geometry of the calculated calciner, it is
dif cult to represent the concentration of species and the tem-
perature eld. For that reason, the back view of the calciner is
shown in Figs. 7 and 8. Fig. 7 shows the combustion process inside
the calculated calciner. The char mass fraction in particles is pre-
sented on the left hand side, in middle the temperature eld is
presented, and on the right side the ash mass fraction in particles is
presented. Also the distribution of char and ash particles inside the
calculated calciner is shown. The ‘empty’ regions for char mass
fraction indicate the regions where conversion of char to CO, CO »,
and ash, to a large extent, has already been completed. In this  gure
the decrease of char mass fraction and the corresponding increase
of ash mass fraction towards the outlet can be observed. Also, it can
be seen that since the calcination process is a strong endothermic
reaction, throughout the cement calciner the temperature eld is
uniform and there are no extreme temperature peaks inside the
calciner. When looking at the shown temperature eld, it can be

Fig. 6. Particle residence time.
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observed that calcination process lowers the temperature, and in
that way lowers the thermal load on the calciner ’s walls. Further-
more, from Fig. 7 the distribution of char and ash particle can be
observed. It can be seen that the char particles are concentrated
close to the inlets, and that the ash particles are found in the whole
calciner.

Fig. 8 shows the thermal degradation of limestone inside the
calculated calciner. On the left hand side the limestone mass frac-
tion in particles is shown, in middle the CO , mass fraction is shown,
and on the right hand side of the  gure the produced lime mass
fraction in particles is shown. It can be observed that as expected
the limestone particles decompose from bottom of the calciner to
its top and exit. The corresponding increase of the lime mass
fraction can be observed on the right hand side of the gure. The
mass fraction of lime in the particle increases as raw material
particles move to the top of the calciner and its exit. The CO , mass
fraction shown in the middle of the gure shows that the highest
concentrations are located at the bottom of the calciner where the
combustion of coal occurs, and between the rectangular junction
and the top of the calciner where most of the calcination process
occurs.

Comparison of numerically obtained results with experimental
data is essential for the validation of the numerical model used. The
measurement equipment of this fully operating industrial calciner
was placed on its outlet. On the outlet of the calciner, coal burnout

rate, limestone degradation rate and the outlet temperature was
measured. In Table 3, the comparison of measurement data and
numerical predictions is shown. As can be seen, the numerical
predictions are in good correlation with the measured data. Coal
burnout rate is the same, whereas for the limestone degradation
rate and the outlet temperature numerical predictions are slightly
higher, but still in good agreement with the measured data.

The results presented herein show that computer simulation
method can serve as an advanced tool to analyze and improve
understanding of complex turbulent reacting ow in real cement
calciner. The proposed models and methods can assist plant oper-
ators and practical engineers in the optimization of cement
calciner’s operating conditions, which are crucial to ensure better
plant ef ciency and reduction of pollutant emissions.

5. Conclusion

Computer modelling of the combustion and calcination pro-
cesses provides a valuable tool that can be used for the investiga-
tion and better understanding of particle kinetics and pollutant
emissions from cement combustion systems. A numerical model
for the prediction of the  ow, temperature eld, calcination pro-
cess, and pulverized coal combustion was presented. The numerical
model of the pulverized coal combustion, as well as the numerical
model of the calcination process, was implemented into a

Fig. 7. Combustion process inside the calculated calciner.
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Fig. 8. Calcination process inside the calculated calciner.

commercial CFD code FIRE. The model takes into account the effects
that dominate the named thermo-chemical reactions. For the pul-
verized coal combustion the effects of drying, the degradation
during devolatilisation, generation of gaseous species and char
oxidation are taken into account. For the calcination process the
effects of decomposition pressure, temperature, diffusion, and
particle porosity were taken into account. The model is detailed
enough to contain the relevant physical and chemical processes, yet
simple enough to run on the real industrial meshes needed for
detailed CFD simulations of pyroprocessing units. The numerically
obtained results were compared with available measurement data,
and they are in good agreement. From the results shown it can be
concluded that the presented model can be used for the investi-
gation of reactive multiphase  ows, and that numerical modelling
can assist in the improvement of speci ¢ local conditions needed
for the ef cient calcination process. This paves the way for facili-
tating the reduction of pollutant emissions thus contributing to a
more sustainable cement production.

Table 3
Comparison of measurement data and numerical predictions.
Measurement Numerical
data predictions
Coal burnout rate [ e] 1.0 0.999
Limestone degradation rate [ e] 0.957 0.983
Outlet temperature [K] 1188 1213
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