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Abstract

Project Code : PDF43/2541
Project Title': _Mathematical Model of Sulfur Oxides Formation in Pulverized Coal Combustion
Invesﬂgatbrs: 1. Asst.Dr.Jarruwat Charoensuk

2. Mr.Wipoo Sriseubsai

3. Mr.Panya Daungviluilux

E-mail Address : kejarruw@kmitl.ac.th
Project Period : 2 years
Objective

1. To develop a program for simulating the formation of sulfur dioxide and incorporate a
- mathematical model of CaO adsorption with the existing program for simulating flow,
combustion and species distributions in industrial pu!verized.cdmbusﬁon |
2. To use the program as a tool in an assessment of dry-adsorption technique for

desulfurization of pulverized coal combustion

Methodology

1. .Carry out a study on chemical kinetic of sulfur dioxide formation and reaction mechanism
with dxygen. Propose a concept of calculating the formation rate in pulvelrized coal
combustion condition. . Implement thé idea in the computer program.

2. Perform calculation triéls to test the degree of accuracy of the new program against mass
balanceé and validate the combustion results with pub[iéhed data.

3. Write the computer program to calculate the calcination and sulfation_ rates using the
mathematical models from existing literatures

4. Perform calculation trials to test the degree of accuracy of the ner program with the
existing behch-top experimental data _ '

5. Incorporate the module into the main program. Calculate mass, heat and moementum
balances for the particle. Add a special routine for calcufating the particle tracks in o
turbulent flow. |

6. Pérforrn calculation trials to test mass, momentum and heat balances. Check th'e data
transfer between routines

7. Apply the developed model for various case studies as appeared in the appendix
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Result

{t is found that the combustion condition of the selected furnace is not favorable for
adsorption process. This is mainly due to-insufficiency in temperature level and residence time.
The mathematical solution help us informed with the likely course and location of CaO particle in
the combustion chamber. It also provides the calcination period and the accumulative amount of
sulfation load versus tirﬁe from the starting point where the particle is introduced into the
chamber and throughout the calculation domain, which is not possible to monitor from an
experiment. Analyzing and adjusting the operating condition that yield sufficient time and
temperature leve! could maximize the adsorption efficiency. This help reduce number of

experimental trials thus the cost involved.
Conclusion discussion and the relation with previous work

The mathematical model for sulfur dioxide formation CaCQj calcinatoin and CaO sulfation
has been developed and validated against some essential basic theories. Comparison againsi
the published combustion results were 'carried out and found satisfactory. The degree of
accuracy of the calcination and sulfation models is, however, _Iimited within the range of validity
useéd in establishing the mathematical models. This research work has been performed in
conjunction with the research skills and knowledge gained from the previous work in the area

of computational fluid dynamics, specifically applied for industrial coal combustion.
Suggestion/Further implication/implementation

A new combustior. chamber or reactor design will benefit from findings and the tool
developed from this research. As the particle undergoes sufficient time and temperature level,

édsorption efficiency wili be improved. A low-cost dry adsorption technique may then be

considered as an alternalive mean of desulfurization for coal combustion system.

Key words .

Finite volume method, dry-adsorption, desulfurization, coal combustion



r= | [-F) »
suazIdgaRIuRIlasIng

Me. A3, 917907 LR .
mMadT SeansaeSaana

“ane SAnTIumaas
aondunalulafidrquniissanssas
Tel. 3269987 Ext. 112 Fax 3268053

E-mail kcjamuw@kmitl.ac.th



MATHEMATICAL MODEL OF SULFUR OXIDE FORMATION
IN PULVERIZED COAL COMBUSTION

PANYA DAUNGVILUILUX

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN MECHANICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT'S INSTITUTE OF TECHNOLOGY LADKRABANG
2600

ISBN 974-622-681-9



SR

COPYRIGHT 2000
SCHOOL OF GRADUTE STUDIES

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRAEANG



VA IngIaL

gauHmAlkladnIzesundudIgaMHISAIAN YT

TSusesineiinusg

w 3 oa - & [ Y I'd a o« o ar

Wt Inuiinus HuUSaemntiamaai veamsiiaeen ledvesmedunnms
w Tudueanuiium
MATHEMATICAL MODEL OF SULFUR OXIDE FORMATION IN
PULVERIZED COAL COMBUSTION

P o) % o w U4

Founfnyl uwilyay  unadladnud

swlszdmd 40062006

Igyan ArnTsUAARTUNITUSA

- - 4

CELRRL g IINTTVIATBANG

o1 sdgaunuinaiinusg A5.917305 19TV
- - d L) A

ANIENTINMITADUIN 1INUS Meio¥D

o rd cy o 1 ° — 3
WALATOQUTEANT  INTTAR HADNSIM | 5. o3 U D NN

wet Az A g5hwn DI Mj
HALAS. WIHINA WINUWHA &Y Pra—
sA.5ATIA%Y Fugsin p’}m/ ety

- < M M
#3.9133A3 193ty %

Sundouitl faey 10 uRTIAN 2543 1381 12.00- 13.00 U.

') » o
aoufigoy W, HearouInginug ausdanssuaans an 12 $u Fu 4 Hoa (E12-403)

0 e A b ar v
Umjlﬂ?ﬂtl'!aﬂiﬂjﬁﬂllﬁ')

CGaasaiy Fasfal)

. ! =t e ,-q - ar
o nmunnmmmnmau

o
Fufl.. AR Re R R WAL 2R

~-



LY o~ [3 Iy = o [ LY
TWIUeINe NS nuvdiasmsatiamanivosninifiacen leavosiuedu

PINASIHY IHDUDI0 TUTUHS

as <t o 'Y o
HNFANHT v Py uaei tadnual
sHntszd1dn 40062006
UIiggan JAnTsurmansumiuda
I3 AAINTIUASDINA
1.9, 2543
4 = -9 o @ =
BID1IBH AN INDVENUS As. 137As Iy
o [ ]
unAnee

= oy o o dw 4 P o
Inotivusatull wuesnsfinyuisamsnedluaznisnIzoedlveeen ladues
° v &L a w e < » ° - v L.
Anzdu FufesinmawtTudomium nazafauufasmnadieemnans 1801453 Finite
Y o =] ar o LY
volume TagAvrsanvesvaldifhuilfunasin q ueznaunsuiunuusiasimsfuanlves
fuTuNIN e R AU a3 (FAFNIR) 09 Imperial College of Science, Technology and Medicine
‘& e t ar o - 1 L)
(ICSTM) FanusanaumsnIstwmieuyiall wa Tuuusy sazmsmn Indysaniuriumg
o ¥ ] : = [y 1 a 9 [] s
dnyagvesiesn Inidhumsanssusnunsdanasnladliaasdiuaie - Diduduguinans
Mol 0.6 AT LAZAINBNISIY 3.0 AT IFURTUTUEND YDA (d) 0.056 AT TAq
dszasdvoamsanufeiiot v lunsdaunisarlinafmadamesaoon ladgny
- o o' oy at . LY o 1 ¥ o
Tuoasn vyl wnusiasanuedemans auyRguiidweduilasveonnnouiu
fu¥79  Devolatilization $IFAIAWIE  Organic sulfur 18sudvusondion Aoliifades
s C’: oo ar v ) o n’: [ N -
Fame7 lnvon leananun ﬂgﬂsmmﬂamﬂuuuu Fast kinetic reaction @UUNITEUANDS
VI ' [V o o ia
gnadugu Taunmswanmuuiluthu wanisinymudmunduduvesiasdamedlasenlads
USuruazanfgelueii 0.03 - 0.15 was 9inmesonuedd i WansiSouiioussnineg
] » '
manguiurafisuisnras umanusvesiwedunsluuuiaedisinnuRanaiam,
s =y " o - d' - J T ad
iU 5.35% uasAnIsIRNuLAnARvesatuziuiiadu uudaznihdave st sasn vl
Tagamdwaa lillanudswatagegailszna 5%  vinwamsdoeaiinsuiie
af ) or J - ﬂ'ﬂ = 1 ¥l
Faed lason lodtnnududugehuinalndiun  sulluunafifiquuglgasuiy
= [ 1 ) A [ o L -
uShadinamgaatudsnszuaeniriilasuoensmirniaududuvsivendiougs
o e ar 1 o i w . o
wasgamplidn  Jeyadananozdiudsz Temitunisinuuieanfadamoslace ledlu

Houn Indvoag wiunaae 11



Thesis Title Mathematical Model of Sulfur Cxide Formation in Pulverized

Coa} Combustion

Student Mr. Panya Daungviluilux

Student ID. 40062006

Degrce Master of Engineering

Programme Mechanical Engineering

Year 2000

Thesis Advisor ~ Dr. Jarruwat Charoensuk
ABSTRACT

This thesis presents a study on the formation and distribution of sulfur oxide in a
pulverized coal combustor. Mathematical model is formulated and the numerical finite volume
method is employed. The model is incorporated with the existing model involving enthalpy,
mass and momentum transfer equations and the combustion of pulverized coal developed
previously at Imperial College of Science, Technology and Medicine (ICSTM). The combustion
chamber is vertically down-fire type cylindrical shape with 0.6 m. in inside diameter, 3.0 m. in
lengih and cquipped with the bumer diameter of 0.036 m. This simulation assumes that the
organic sulfur rcleased from coal during the devolatilization process is completely oxidized to
sulfur dioxide. Fast kinetic is assumed for the reaction rate of sulfur, thus the oxidation is
controlled by turbulent mixing. The results show that high concentration of sulfur dioxide is
within 0.03 — 0.15 m. from the burmer exit. An overall error of total mass of sulfuil dioxide from
the simulation is 5.35% normalized with the total sulfur throughput of the furnace. From the
simulation results it is shown that high sulfur concentration is found in the high temperature
region near the burmner. This region was surrounded with low temperature oxygen-rich gas from
the secondary jet. This study is an informative data for further study about the reduction of sulfur

dioxide emission from the pulverized coal combustor.
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Property Value
mol wi. 64.06
mp, °C -72.70
bp, °C -10.02
A4H fusion, kJ/mol® 7.40
A4H vaporisation at—10.0°C,kJ/ mol“ 24.92
| vapor density at 0°C,101.3kPa(= latm),air =1 2.263
liguid densityat-20"C,g/cm’ | 1.50
critical temperature, C 157.6
critical pressure,kPa® 7911
critical volume,cm’ [ g 122.0
AG" formation,gasat 25 ’ C.kJ/mol® -300.19
AH° Sformation,gasal 25° C kJ/mol® -296.2
48" formation,gasat 25 *C.JH/(mol - K)° 248.1
C,(gasat25°C),J {(mol - K)* 39.9
dielectric constant at —16.5" C 17.27
dipole moment at 25 C,C —m* 3.87x 107
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A193197 2.1 (AD)

Property Value

vapor pressure, kPa® at

10°C 230
20°C 330
30°C 462
40°C 630
solubility in water(at 101.3 kPa, g/100g H ,0)
o C ' 22.971
10°¢C 16.413
20°C 11.577
30 C 8.-247
40°C 5.881

" To convert J to cal, divide by 4.184
® To convert kPa to psi, multiply by 0.145

‘ To convert C-m to D, divide by 3.3366 x 107"
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dt r,

VAN AU ¢ el - (wp - wg)+ (3.60)
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ud’r’sp. = cld‘ (u : y (3.61)

Vaisp. = Caa (V"2 }yz {3.62)
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damr C, uaz C,, femmniildvinmisnansadagnauydlag [9] ooy 1 Uszyndtude

»
o

= . < :l 1 =1 L
FUUATIMYBA Boussinesq AT Wunds mmunsadou1dd:

u = —Cazﬁ'-[a—uj-i-gK (3.63)
P\ 0z 3

V7= —cbzi‘i[g‘z}?—!{ (3.64)
p\ or 3
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p\oz
A
vdf:p. = cz(_ cbzgz-('gﬁ_)'i'%l{] : (3.66)
Lo\ or
ALY
diy =0 (EP Tug, — ﬁg) (3.67)
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av - - Wl
—dli=-—CX.(VP ivm_ —Vg )+';;— (3-68)
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dtP -a( e
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P . o 5 =
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o

¥ 1 e
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h=Nu—= (3.72)
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dmiunmsmiavesguuglinsuada i 1Al uuudassmsnsznodrvoamsuniad

L E=-3 A 1 a -3 4; =1 ¥ .
auulde@es Tee (351 Tunisfnu S5y imatA5en27 Truncated moment expansion

L 4
=

(30, 36] wuufiaesannsodoyida

1 — r - (2
V. (31{ VTR‘} — (K, + 5K )T - K, T} ~ 8, KT, - (3.75)
4 1
T, =— |[{do (3.76)
%9 T =2 1{
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Masaresiasenlsamalurioun l ndvoan 1uiumg

Ay, o R
4.1 ﬂ’l‘Sﬂi:Qﬂﬁﬂ%]ﬁ Finite volume [10]
P Vo o = = = '
aumsa it idgailuund 3 dumsinssnaumsnmndasnanivosszuunmsen
1 -9 H -~ J oy C; - 1

TdvpanmfussfitiniuluySunsniungu (Contol volume) eumisfniwn 1oz eglugllues

= @ P - H o .. & a2
auMnFeyRUioos laoRorsansudlynidwdd Finite volume FadluFsniialunis
AR5 1IF ey (Numerical method) v 9 TdvesaunisiFeeywusissuseszunnis
i Infiiumseusoouaums ieglugilvesniswt msfanszern uas Source term I

BYIWAUAIL
[ _=1 & 8D

[~3
Sg", 719 Source term Y0IA 1Y

- cf
S 54 710 Source term YB4BYNINUBIU

J+2
scalar coll|d{ 1, J)
J+1 f
é - r‘b( L
B oy
(=3
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B
J-1 -
cellvi 1, J)
J-2
}

|2 I-1 1 1 1+2
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U7 4.1 imadvesandriuaznmAss TUTEUY Staggered grid (38]
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gﬂ‘ﬁ 4.2 TUIBANNAURIAS Checker—board [38]

ANUAUA e 11az w w1 1A1aY Linear interpolation IMBUVBUATAUUAUDIAILAY
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o
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Apfp =a P +a, g,

- F,

* exp(F,/D,)-1
. :F,,, exp{F,/D,)
Y exp(F, [D,)~1

aP':aE'f"aw'*'(Fe”Fw)

(4.9)

4.2 Iassadrevesivsunsulaovialy [38)
wuinsamadiamaasildhmisounuEa anud gungll  Auaula
a1 g vesmamng aaa  awludoanlnd Tavldauns anwdeiies Tuwudy a1s
dumndaauvesnniiutlu sast P, .9, w,Ke aun1amsiw nll 984 uannudulull
aunsinsveadersaiunmui lurums TuuuduTanitds PISO algorithm (Pressure
Impticit $plit Operator) HeTnsaeri1euee PISO fwsopbuwlnegy 4.5 waznismiawais
yp3eun1s 1aslH3% Hybrid scheme udaums Tumudn ifend 5, 7,7, % ud2145% Quick
scheme ufaumsmsiafouthafiemi K,c quousaan 9 vesmswaingd Taeez1453

3 4 Y ¥ o
TDMA Tunsufiaunmisine v e IaouusIssuuaums

»
4.2.1 The Hybrid scheme fivtnaumsdvuegiuialieglugtesisivuesdiasy
L] 4 < =y . of l:: , L] r -
spuutuase  Faldumnmsdufiinirauns 4.4 anududuiiiBounosendnig
) i = a o - A W yYaa
Exponential scheme 1@i¢ Hybrid scheme @iuisanwsoududsziind a, viodwnls136a

1 4
a, /D, miloufudafduae Peclet number P, 910 aums 4.7 18asil

a;, ___F, (4.10)
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D

fmsu -2< P <2
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sy P, > 2,

¥
annsodouldedluyUauns 1ddai

1 g -
-2—[(14—1:; ‘)(D,+(1_Ph ‘)(I)P] Jor  -2<P <2
(p?A) =P for B, >2 (4.11)
t D, Jor P <=2

1 >
Waums 4.9 munuluaums 4.3 ez 1daunisdetl

(a,~S; )@, =% a,®,+8,+S,, (4.12)
4 o A
%3 Source term ¥0IAUNS 4.3 9z TiN1AI] _[S,a.r-dV =8,5+S5,4
4
1Az Source term YBIAIBBAUNITL Sep =S, +S,@,
(" < W e :l"

VU EANBUBITNNIT 4.10 Avun ldaan
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i
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i

a; =(pudf), =[[£2E"§)A}

4.2.2 The Quick scheme 1HU3371% 3 gallszmasmuuaunsMdares Hfamdh
g Tasnrunuinvisivesiunls sz lduriafandd Quadratic iW-1ya 2 yafisgunas

b Y 4 v ar “ 1 o q"
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gﬂ'ﬁ 4.4 511919 Quadratic function 1%1u Quick scheme [38]
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1 Jagra 6 3 1
gaslumailaiame © = gCD,._, +§cb, _-§(D“2
§1 F > 010z F>0 §1 F>0uaz F,> 0
6 3 1 6 3 i
D, =Py + 2D, =Dy G, = g D5 + 2D, — 2O
6 3 1 6 3 1
(D‘ =-8~(DP+'§(DE—'§G)W (Dn='§(pp +‘8"CDN"“'§(DS
1 F <0uazF<0 &1 F<0uaz F <0
6 3 1 6 3 1
¢w=§¢p+§¢w—-—8-®£ (DJ =§¢P+§®S—§¢H
6 3 ] 6 3 1

desaaumsnanuanazinniagy i 14
a,Pp=a, 0, +a, P, +a,, D +a,, P, +
ay @, +a;®; +a,, Oy +as @y +ap®p + 8,
Tau# O=uvT,P
Qp=Qp +0y +8yp +Qyy +Qy +Ag + 0y +ass +ap +AF =S,
AF=F —F, +F, —F

6 1 3
a, =D, +§awa +§a¢F, +-8-(1—aw)Fw
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1

(2 r-—é-awa
ap =D, —ga,F, —g(l—a,)F, —%(1—.::,,)1?,,

£

1
A ==\1—-a, |F
EE 8( e)

a,=1 dmiuF >0 uae ¢ ,=1 dWMIVF,>0
@, =0 dMSVF, <0 uax @, =0 dMSUF <0

D, +SaF, +3 F+2(1-a)F

a, = —a - =il-

. 5 5 g 's San n 8 as s

1
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a, =1 dMIVF >0 uaz @, =1 dMSUEF >0
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CIP =
At
S, = S,AY
S, = §,AY

43 asufiun3nglng3s TDMA (Tri-Diagonal Matrix Algorithm)
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4.4 Tnssanaldsunsudlrlumanim

1 ' o ﬁy
dszaouaasTUsunsundn (Main program) uaz TUsHATULBY (Subroutine) A4 = A3l

v
El e o

TUsUNTUNTN (Main program) YA ARIAUATINIIUYL Subroutine @19 ¢ 119

»
AIUUUROU

TUsunsudey (Subroutine) MM s IaMUDIMITRoTa1e q Naesldlsenaudie

SEED
INIT-

PROPS
PARTIC
CALOX
CALVOL
CALSULF
CALCPR
CAICH
CALCRA
CALCU
CALCY
CALCP
CALCW
CALCTE
CALCED
PROMOD

LISOLV

PRINT

a g 4 o - . Y i o
Ty Input file FUdUAIMITITINBTA 9 Wludulsismuaiy
o oo ‘ o < . 1 ' a
Amihfdmuadvesdushidlumsduna i duguddousums
ATHIN

Yl naninunuriausdvesva

Yviasuaeendinunolufe st luyd

mwumgirssivontwiudeam'lvd

=
har
=
-
-
=5
Do

wmhadaeuvatneludeasn luld
" o o Yor a v o
A fs1onnTussed moludeasn nd
- Y Ao d < W o, R .
RIMIIA U IMANWT I TURAAIUANULIIVOINBUM IHT] (£ Direction)
° d a o o » |- . .
Aaan s e Telveaoan Iml (F Direction)
P 1 ar » o - — -
Auumuen el uazid lusweannusluviama 3 wax 7
o o d o [Y) [V~ . .
Yutnanun i lufisniaaussuunuunaioun1 Int (8 Direction)
AWimmd i as mdasusavasaudutlag (X) nisluieasnlul
o Y =0 1 & Lf v U 8 ¥
AU ILIumSaINSTaaueIn el (&) mu‘lum)mm‘lwu
Usznevudis MODU, MODV, MODW, MODU1, MODP, MODH uazyivii
c; 1 v P . -] [v Y | rs
Aud e A1eeduUTzans lunsaAuIn AU 82158 1IDUWDT sendioy
Famed laoenled 4a4
H H - Y] o ﬂ( &
fmvnudaunisilaoinnisadedulssaniuas Source term lnuedy
TDMA (v1aunH 4) lumsudaunisvisivssnisiiinesla

L3 d' A o
Vi Output file H1A9INNITAILIN



Initialise u, v, p and ¢

Set time step At
| u, v, pandé
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, .
Lett=t+ At
' =y =v,pt =p,¢® =4

Set
pQ-p u.-u

vi=v $T=¢

T
A |

STEP 1 . Solve distretised momentum equations
» * * L]
a,;u, = En»u‘, + (pH_, - p”)Au + q,oJuEI +by,

L] L) [ ] 0 o
LPAAEDILIE AN +(P:-3.: - F;s)Au +apgviytby;

|
STEP 2 : Solve préssura correction equation

3yPrr = 8a5Piar + f1arPray T yaPra Yo paPia T By

5
T
STEP 3 : Corcect pressura and velocities
Pu=Pu +Py
ug=ug "’du(Pl-u 'PU)
V=Vt dLj(PlJ-l. - Pu) . . .
— Pu'vy'p

STEP 4 : Solve second pressure comection equation

QP =8Py ¥ APy T 2yaPra * 4yePrrg + Py

STEP & : Correct pressure and velocities
Pur %Py + Py + Py
. . , a fu” —u’ . ;
ugy =ug +d;; (P:-u "PU)*’ Ei(a:_3)+ du(P:-u —Ps.:)
)+ Eaa(": -Va

) + diI(P-I-I,l' —P;r)

] » * .
Vi =V +d (Px-u —Pus

7
L
Set
p=p"
u=u"™"
vuy'™” .
Puv ¢

STEP 6 : Solve ail ather discretised transport équéﬁo‘ns
apbu = tbin oot Feuatna Y apabua ¢ ol ¢l +hbg,,

No

31171 4.5 oFu10Tnsa$ e PISO algorithm [38]



C Main Program )

SEED if > REA;‘ input file
N et

INITIALISATIONS

Ficld [nitalisation

Set Vayiable o Zero INIT
] .

RRNIN
) | R —— —> Read previeus cesules (if IREAD)
Field.iemperature re-initialisation {if INITT)
Inlet Inilialiastion
’———~—5 Calculate initial properties 4 i props
FAFOUT 4 Initial Outpuy 4—————— | PRINT

r——ﬁ—-l ITERATION LOOP

PARTIC

CALCPR

‘ p CALVOL
|
|
|
f
1

CALCRA

CALOX

onemon |
4—-' LISOLV |

» PROPS :

[

i }qﬁ—.. CALCU

CALCP
CALCW

4—»‘ PROMOD |

v

i
|
! CALCED
i

Intermediate Output

Intermediate Backup

r FINAL OPERATIONS AND OUTPUT -‘

!

| RRNOUT e Output of Binary file for future runs
i

\! FAFQUT 14 Final output

L Heat Balance Calculations

. }

i FAFOUT | a———— —— OQutput of Heat Balances
T T i

PRINT i

1 o w M 1 S
117 4.6 eTuwTassadieves Tsunsundnildimauninm nlvestmiuma [3)
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CAISULF

COEF(SCHMDT)

L

GENERATE
COEFFICIENT FOR
CALCULATION
AS, AN, AW, AE

MODPH!

LISOLY

-
|

]
GET
FSULF

| (suLFuR)

1 = e t a 54 W
3Uf 4.7 aFursTasaadavss Subroutine fisnoumdinfinafadames lnsenlod

¢ o

&
HIAWRUNTTY

T »
U Flowchart Noduwduasunisisuvesidsunsundn

CORRECT
COEFFICIENT

48
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- L = o Vv v ’ o (4‘:!” o A
HWITWWADTAN 9 n1%’1um‘imu’lmwwmm (AIWITNUABTUIZIVUINNIN Input file NED

SEED) ezvintsuundayadivivilsunsudosuaasgrinenin1sdiuiumidias i,

5 1 Qe ' o ar or Y
A0aM3 (FAFOUT) daezlaminarautifisng 9 w0 a1 anudu wowiall songiou Ay

ar o« a e [ ’ o
Wuduvesiadames lasenlad 1a4 Adumudin q moludeustlml U 4.7 1

Flowchart LERIAIHUNITINNUTINTY Subroutine CALSULF AvAs v nSuiaay
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o v qY1 a
m5ﬂ1ﬂﬂﬁﬂ1§w~n\lﬂﬁ‘lli’)ﬁ!ﬂ’l!ﬂ’lmﬁfﬂ'luﬁuﬂq

5.1 uni
‘: s oo = I3 a s 3 1
uniltoueramsiapanisnesumzUTaeon ladvosdmzdu  moludounnd
& a ' - Qe -~ Y o
Fufavnmswn Inddmiune #9633 Finite volume TnowsisardiefitutoantInilszney
dolSumsdn q Amsazidoaina 1 luunh 4 mrunsuiunuudiassmsduailves
1 Ay H L A o 3 ar
pmrunh IaNauuE) (FAFNIR) Tay (ICSTM) $aR915e0aumsmIs eI Tuyuay

WRITULUREAITIHT THIUBI0 ILUHURA

5.2 anuazRoun 1y [37]

013U 5.1 nanalassadduuuve R éqﬁﬁmmﬁﬂﬁ{m;‘i ez U 5.2 uema
Tassadmeuenvoum i ICSTM Sdnuamfiunsanszuonnaduazar IManadng
a1 Biduruguinatanielu 0.6 AT HAaZANIITIN 3.0 AT IdurmugUIna1 Yt IM
@ 0056 w3 nmardnsunianuifuinalndiaudeistunsgadeauiou
Yoyawosqunsaimsnanowaas il (37)  piwvesTanedeiuniildiden Singe

Annular Crifice (SAO)‘u’rTﬁslf);ﬂu'_i‘ﬂﬁ 5.3

bumcr gun
G35 mm O.D)

secondary air
distributor

N

tntcrchangeable | IFRF moveable block swirl

L
I
!
I
duct ! | 7 gencrator
b . l . Dalural gas
1 I bt
T . LK
* ._ + PEDE R -

I

interchangeable quarl  frmoce
o

water coaf
jacket -q ; /
ceramic fibre —_ o top
" segment

refractory
[k
sight /

window

) flame photo-detector

4600 mm

7l 5.1 Tnssadedmuurouniw [37]
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soconaey it o] | '
stributor ;o :
= vanaole swirl
quar. Eenerator
oo iy, LI I, Sputvinigtyin T .
R S e water jacket
ces ic fibre — .-""'L-u;‘:'l:':;‘r;'-;'.j:-_‘.-: A [y 'f?f:&?i‘::‘i':'
E T i

refractory - A E—

[ v ey — — = |
|l
iy &, - - '."- iy
o L OO, - L "‘—4J
|- F 7 o L‘
5 | e
ey '.'.J | L-::j ,::.-j.l ':
o o 0 O we P.
3 ot B B N b r I
= B ey <Lt
m LE x v h -
= oy =
S —a— -
o |’ -] F‘: ~~
Qo ]

water oul -~

scrubber

[
L] '

11

heater

i

secondary air

furnace window

explosion
vent

—— cooling water

exhaust gases
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U4 53 Tnssadeveadaniudeannng 37)

= s iy [ -, i = o
M3 uATIEHANMAUAYesn W HLHasnatneymamien ¥l umsiuudiasy
& g ; . 4 ;
nsn Indifinans I3 lumsed 5.1 Gouludn qiildnsnenssweuaumagd 1 lumised
P a - « ar J - 1 -
5.2 AR A13197 5.3 Lunisiiassveandsnuadf ¥ lasuuudnssmsn Tndtriv

WAl [37)

M3aN 5.1 nananaerutAvesuiy [37]

s AesIEulsenin (% ﬁv'lﬂﬂ.ﬂ)
MITTUNY 35.8
ATSUBUAWT o 53.7
AT 6.3

MR ETLU LN TR . % 1imin)
ASUBY 83.1
1slasiou 4.35
TuTnsiou 1.29
Aoy 1.55
aan%ﬁwu ' 9.71

Partical size distribution: | (% iwmin)

0-1Q Llm 15.0
10-25 Lim . 25.0
25-40 [lm 200
40-75 pm 200
275 im 20.0
YSinaanuiou (MIkg) : 29.29




: A °
19199 5.2 nanatoulumsdinuveum [37)

YOINTINATINUN:
Sa31ms Tnaveasn e, ke/s 2.777x10™
Swirl number 0.0
gauHRl, K 353
sasnstoun iy, kegs | 0.39x10>
o uNuLIA:
9931013 IMavuIa NI, ke/s 2.833x10”
Swirl number 0.0

| qangil, K | 353
Youunilaes:
BATINTT IMAVBIDINA, kg/s 3.344x10”
Swirl number 1.03
geungil, K 573
pmaaunu tuns v, (%) 15

A13°197 5.3 urnansme S g 19 Tasuvuiassmsim Tuddaiuna [37)

Kinetic purameters E (J/kg-mol) ky Ko
Devolatlization- 7.4% 10" 8.36x10"s”
. ~.
Char rcaction 1.02x 10" 0.86 kg.s.Nm™

o = d
5.3 HANTSAHIULATNIS AT IZHEA
1 ot [=2J a o« oy
nsneatvesiadanied lasenledidurauininanudeu uasiFuuanunnu
| - -y 1 F - ﬂ = 1 3 a C J ﬂ [] J
Wuduvessendny  luvazdvinudionanas Indiwesudalluauviliesaisszme
- [ 2 = * 4 J o s 4 -y -
sudafusenFIudIHasenIsaoslvastrdades lavenlyd FeozdaTiwieuduldnnu
- ar \’.: w o o P . - 1 o
fousonu1 dulunnauduiuivesgli 54 81 512 emnsosfuiwmsfedvesfie

FamoTlaoonlad lddlueded
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¥ Vv ¥ ¥ o L7 4 3 4 o
Wuduveamaszme  amududuvsamadamedlasenlad arnnduduvessendionuay
mInsznggamgl ningUf 54 sEwsetty My Traduuinanisesnveniumn

‘r ° = 1 o - et o
s Irafismuamaduveaoyninguiduse  uinuveans naruniinis imadeunduves
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Abstract

A simplified mathematical model of Sulfur oxides formation has been proposed in this paper. The
model is used in the simulation of pulverized coal combustion. A finite volume method is used,
considering the problem within a small volume that interacts with others under the laws of momentum
mass and heat conservation. The model is incorporated into FAFNIR which has already been developed at
[CSTM. Reaction rate of Sulfur is assummed to be related to a decay rate of turbulent eddies in proportion
to the reaction rate of volatile. The predicted oxygen mass fraction and temperature in the near burner

zone are in good agreement with experimental data.
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ABSTRACT

This thesis presents a study on mathematical modeling for sulfur
dioxide adsorption by calcium carbonate, which consists of calcination and sulfation
processes. Those processes are assumed insimultaneous reaction. The model is
incorporated with the existing model involving enthalpy, mass, momentum transfer
equations, the mathematical model of sulfur oxide formation and distribution in
pulverized coal combustion that is developed by Daungvilmilux P. The vertically
down-fire combustion chamber has a cylindrical shape with 0.6 m. inside diameter,
0.3 m. in length and equipped with the 0.056 m. diameter burner. The results show the
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carbonate particles are found to be the primary parameters for sulfur dioxide
adsorption, whereas, the inlet locations and particle sizes of calcium carbonate have
less effect. This study is an informative data for further study about the reduction of
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CHAPTER 1
INTRODUCTION

Contained in with this chapter is the background of coal utilization in Thailand

and its consequence on air pollution. The objective of the research and the scope of

the thesis will be discussed. The outlines of the remaining chapters, which summarize

the information of the succeeding chapters, are given.

1.1 Background of coal utilization in Thailand

Fossil fuel has been long used as energy sources. Although today, the leading part

of the energy sources used all over the world consists of fossil fuel such as coal and

heavy oil. When any kind of the fossil fuel is converted into energy, it always

generates nitrogen oxide (NO,), dust and sulfur oxide (SO,), all of which cause air

poliution. Eiichi YUGETA [1] reports that the results of the three-year investigation

technology in Thailand found that the activities of coal are:

Coal utilization in the power industry, such as Mae Moh power station at
Lampang prc;vince where sulfur dioxide (SO;) pollution is caused by lignite
combustion.

Coal utilization in the cement industry the pulverized coal is applied to the
cement-burning kiln in order to reduce the fuel cost. The environmental
problem will not to be caused, if pulverized coal burning technology is used.
Coal utilization in the non-power industries such as coal used as fuel for
boilers in the paper and pulp industry, the chemical industry and the food
industry. However, it appears that coal wil! be replaced with kerosene or LPG
due to easy combustion control in the future.

Coal utilization in residential and commercial sectors, the majority of this
consists of fitewood and charcoal. There are many investigations of wood fuel
but they have stopped because of unresolved problem on cost, smoke, odor

and other elements of quality.

The SO; pollution has been becoming big social issues. Thus, the establishment of

mathematical model for SO, adsorption is developed in this.



1.2 Purpose and scope of the thesis

Sulfur dioxide adsorption consists of the calcination and sulfation processes. The
purpose of this thesis is to develop the mathematical model for each process,
calcination and sulfation model. The equations and experimental results, which are
validated against these models, are based on the publications of Silcox [2] and
Borgwardt [3]. This mathematical model includes with the mathematical model of
sulfur oxide formation in pulverized coal combustion (FAFNIR) developed by
Charoensuk J. [4] and Daungvilailux P. [5]. The effects of inlet locations of calcium

oxide (CaO) particles and particle sizes are also discussed.

1.3 Outlines of the remaining chapters

This thesis consists of six chapters including this introduction. As mentioned
earlier, the objective of this thesis concerns about the derivation of the mathematical
model for SO, adsorption, the details of the derivation procedures are summarized in
the remaining chapters as follows:

Chapter 2 describes in general the flue gas desuifurization technologies and
extensive literatures for establishing of the mathematical model.

Chapter 3 describes the mathematical equations for coal combustion and sulfur
oxide formation involving the governing equation for gas phase, the boundary
equations, the devolatilezation, the conservation of momentum, including the suifur
oxide formation model which are developed by Charoensuk J. [4] and Daungvilailux
P. [5]

Chapter 4 presents the adsorption model which consists of calcination model
and sulfation model. The equations and experimental results for establishment of the
mathematical model including the validation study are shown in this chapter.

Chapter 5 displays the calculations of SO; adsorption with 7 case studies of
different inlet locations of calcined CaO particles and their particle sizes.

Chapter 6 summarizes the consequence of the preceding chapters together
with the discussions of the further study.

Subsequently, the flowchart for the calculation procedures and figure of
ICSTM furnace are shown in the appendices.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The development of computer hardware leads to an establishment of
numerical methods for the solutions of complex mathematical equations, such as
those governing flow, combustion and heat transfer. One of its applications is the
simulation of such processes in industrial combustors. The solution is obtained in
conjunction with an experimental assessment to help engineers and researchers
distinguishing the differences between theoretical assumptions and what actually
happen during combustion, which helps them gaining a better understanding on such
process. There have been extensive works on the model development in order to
improve many aspects of its predictive quality. Nevertheless, calculation of a
validated mathematical model is able to provide the likely results which would be
expected from the experiment. So this chapter will present the general descriptions of
flue gas desulferization technologies and the important informations from the

literatures which are significant for establishing the adsorption model.

2.2 General descriptions of flue gas desulfurization technologies

The first flue gas desulfurization system in the world was put into operation in
1930 in the Great Britain [6]. It was reported that this first equipment had failed to
continue a long-term operation due to scale trouble (solid deposit) on the equipment.

After that, the flue gas desulfurization system was improved in Japan and the
United States during 1970s to be manufactured as commercial system since then.

Today, various types of desulfurization systems are proposed so as to be
suitable for individual plant conditions. In general, there are three classifications of
desulfurization systems-wet type flue gas desulfurization, dry type flue gas
desulfurization and semi-dry type flue gas desulfurization. Furthermore, each type of
the system can be di.vided to different desulfurization methods by types of adsorbent
used.

Fig.2.1 shows the desulfurization system classifications and their own

methods and characteristics descriptions.



Flue gas desulfurization

technology

(Type of system)

Wet type flue gas

desulfurization

(Process)

Limestone gypsum
process

Magnesium
hydroxide process

Soduim hydroxide
process

Ammonia process

Dry type flue gas

desulfurizatuion

Activated carbon
process

Furnace lime blowin
process

Electronic beam
process

Semi-dry type flue

gas desulfurization

descriptions [6]

Spray dryer process

(Characteristics)

: Limestone used as absorbent is relatively
inexpensive. Gypsum generated as by-
product may be used as material of cement
or gypsum boards.

; Magnesium hydroxide used as absorbent is
more expensive than limestone. Magnesium
sulfate as reactant may be released to the
sea. The process is just simple.

; Sodium hydroxide used as absorbent is
more expensive than magnesium hydroxide.
Sodium sulfate as reactant may be released
to the sea. The process is just simple.

; Ammonia used as absorbent is most
expensive. However, this method generates
ammoniium sulfate of high purity as by-
product. This ammonium sulfate is high-
value added product that can be used as
fertilizer.

+ No water is discharged. [t is necessary to
add activated carbon, which is expensive.
Only a few track records can be found.

: Efficiency of desulfurization is as low as
about 50%. Limestone is used as absorbent,

High excess absorbent rate against

desulfurization level.

. Ammonia is used as absorbent,
Ammonium sulfate and ammonium nitride
generated as by-products include collected
dust. Could be used as compound fertilizer.

; Slaked lime, which is expensive, is used as
absorbent. Calcium sulfite content is left
behind. The spraying mechanism is likely to
wear out, needed careful maintenance and
management.

Fig.2.1 Various flue gas desuifurization systems and processes, with characteristic



Most of the flue gas desulfurization systems currently used in Japan as well as
overseas countries are wet type systems. Of those several wet type systems,
particularly the one using limestone as adsorbent for recovering gypsum is the most
popular type. In this study, however, the dry type is investigated for achieving the
objective that is presented in chapter 1. Despite of low adsorption efficiency, the
operating costs involved in dry type flue gas desulferization is the lowest. It is
therefore interesting to fine out what can be done to improve its efficiency. Thus, the

mathematical model of dry type flue gas desulferization must be developed.

2.3 Important researches for establishing adsorption model

Coal is the cheapest and most abundant fossil fuel compared to gas and oil. It
is regarded as the major energy resource of the future, at least for the first half of the
new century. However, due to environmental impacts of coal combustion, it is
necessary to find a clean and efficient way of extracting the energy from it. In recent
years, mathematical simulation has played active roles in the development of coal
combustion [7 — 13] Recent work by Romo-Millares [11] has incorporated global
mechanisms for NO formation and reduction [14] into the model for simulation of
combustion heat transfer and NO emission of ICSTM furnace. However, both SO,
formation and reduction mechanisms have not been incorpofated into the combustion
model. This study is, therefore, aimed at developing a simplified and reasonably
accurate model, which simulates both the formation and reduction of sulfur oxides.

Kinetic studies of sulfur oxides formation reveal that the reaction rate is of the
same order of that of combustion. In a non-premixed flame, which typically occurs in
coal combustion, where the flame temperature is above 1000°C, kinetic rate is much
higher than mixing rate of reactants. Thus, turbulent mixing dominates the overall
reaction. Reduction of sulfur oxides, however, mostly takes place at relatively lower
temperature and longer residence time. A number of desulfurization techniques have
been established. One of them concerns treating of low-grade coal prior to feed into a
combustion chamber by blending it with those of higher grade, or separation of pyrite
by washing or gravitational method, etc. These techniques have proofed successful in
removing pyritic sulfur (FeS;) but unable to remove those chemically bound with
organic matters. Other alternative approaches are treatments during and after

combustion. An intermediate treatment involves dry injection of sorbent particles into



a furnace where sulfur oxides are adsorbed under optimum reacting environment.
Two types of sorbents are used, which are calcium carbonate, generally known as
limestone (CaCOs), and calcium hydroxide. Post-flame treatments, for example, semi-
dry and wet scrubbing are achieved by spraying sulfur-oxide adsorbing solution into
exhaust gases. This requires an appropriate device to collect the product of the
reaction for disposal or for further use, leading to an increase in initial and operating
costs. A semi-dry process also needs careful maintenance due to wearing of the
spraying mechanism. Moreover, the cost of adsorbing agents is relatively high [6]. Of
these desulfurization techniques, the dry injection of sorbent is the cheapest, but
suffers from low adsorption efficiency. SO, reduction is reported to be as low as 50%
[6] due to short available residence time in a pulverized combustion furnace. Thus,
increasing the adsorption efficiency of calcined stone is one of the interesting topics
in desulfurization.

Limestone rapidly undergoes the calcination process and produces porous

caicined CaQ particles and carbon dioxide as shown in the following equation [15}.

CaCO, (s} — CaO(s)+ CO,(g) (endothermic) (2.1

The high heating rate due to immediate particle suspension in a hot, well-
dispersed furnace causes a rapid decomposition of CaCOs, leading to formation of
CaO whose specific area is reportedly as high as 90 m?/g [16]. The CaO further reacts

with SO and oxygen molecules producing CaSQO4 according to the following equation

[15].
CaO0(s)+S0,(g)+10,(g) < CaSO,(s) (exothermic)  (2.2)

Although the CaCQs-derived calcine is less effective in capturing SO; than the
Ca(OH),-derived stones [17], the former is more widely used because of its ease of
supply. One of the experimental studies, carried out in 1989 by Zarkanitis and
Sotirchos [18], revealed that the particle sorptive capacity for SO, removal was
closely linked to the pore size distribution and the intraparticle mass-transport
resistance. They . further concluded that the size distribution and the

interconnectedness of the pores were important factors rather than the particle



porosity for adsorption capability of calcined particles. The conversion-versus-time
curve was lowered with increasing particle sizes, decreasing calcination temperature
and increasing sulfation temperature. This is explained in terms of an increase in
diffusion limit due to external plugging. The studies were, however, carried out at the
temperature between 750-850°C which was lower than that in a near-flame zone of
typical pulverized coal combustors (above 1000°C).

The pore structure also changes while the sulfation reaction is taking place.
Newton [19] reported that there were temperature dependent losses in the porosity of
calcium based sorbents, due to CO; - activated sintering, during high temperature
(900 - 1300 °C), short time SO, capture (< 1 s). In this process, occurring at
temperature around 970°C, many small crystals grew into fewer larger ones, leading
to a reduction in internal specific surface area and consequently a decrease in
sulfation rate. This result was in good agreement with a study carried out earlier by
Borgwardt and Bruce in 1986 [17], which reported a relationship between specific
surface area and rate of CaSQO, formation. Borgwardt [3] also reported an exponential
decrease in sulfation rate with an increase in sulfation loading. Several semi-empirical
models described this plugging process in terms of diffusion of SO, through the
porous structure, which led to thicken in product layer in porous structure. [20 — 29]
Simoens [30] and Simons and Garman [31] found that extermal or mouth plugging
occurred in large pores where reaction was controlled by diffusion. Uniform
deposition, however, took place in small pores due to kinetically controlled reaction.
Moreover, the SO, gas was adsorbed between the temperature range of 900°C and
1300°C, because thé diffusion and kinetic rates limit the lower bound of reaction,
where the upper one was limited by the reaction stability [19]. Maximum conversion
was found to be between 1100°C and 1200°C. Among those investigators, Sotirchos
and Yu [32] developed random pore structural models incorporated with an
intraparticle and reaction model for simulation of gas-solid reaction. The simulation
on sulfation of limestone with SO, had been carried out at a reaction temperature of
850 °C with a SO, concentration of 0.3% v/v. It is interesting to note here that the
reaction temperature was lower than that recommended in an earlier literature that
reaction would occur at the temperature between 900 to 1300°C. Nevertheless, the
simulation result was in good agreement with an experimental investigation by

Hartman and Coughlin [22 — 23]. Latest study of Mahuli et al. [33] combined



existing calcination, sintering and sulfation models based on a grain-subgrain concept
with first-order calcination kinetics. Validation study carried out by the same
researchers against the previous experimental results, i.e., calcination conversion and

surface area loss, had been quite satisfactory.



CHAPTER 3
MATHEMATICAL MODEL

3.1 Introduction

This chapter présents a review of the mathematical equations governing
combustion in the furnace. A computational code, FAFNIR, is used to numerically
solve a number of mathematical equations in polar, two-dimensional co-ordinate
domain using structured algorithms [4].

It also briefly describes the governing equations for gas phase model,
numerical handling at boundaries, mathematical model of gas phase combustion,

particle phase, thermal radiation and sulfur dioxide formation {5].

3.2 The governing equations in polar co — ordinate forms for gas

phase model [4]

The FAFNIR code is utilized for calculation in an axi — symmetrical domain. A

set of governing equations, polar co — ordinate, are presented as follows:

3.2.1 Continuity

18, _~n 0/ =
S ()= =S, (3.1)
P (r7) az(Pu)
S, is the source term created from the transport from particulate phase during
combustion.
3.2.2 Momentum Conservation
Radial direction:
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and §m,v is the momentum source term due to particulate phase in radial direction.

Axial direction:

1o e a ouy 0 o) 5 3
;5(?‘ u +—(pu )——— ;ar(r‘ueﬁr 'a—rJ‘i"é"Z"{#eﬂ' E;‘J"‘Su +Sm)u (3.4)
g 190 & d N :
h S — =
where el ar[ .Ueﬁ' J . [,ueﬁ: azJ (3.5)

and S,,, is the momentum source term due to the particulate phase in the axial

direction.

Tangential direction:

% _1 a ow ad WY = =
+— — — [+ = — |+ S5, + 3.6
(r“ww) Tror [r’” o Brj az[” 4 az] oo o
_ — a
where 5, = —i| 2% Ko 1 Oley (3.7)
r r2 r or

and .§m,w ts the momentum source term due to the particulate phase in the angular

direction.

3.2.3 Turbulent transport

Turbulent kinetic energy:

1 a, O (e 1 O Moy Ok 8| Hey Ok
L2 Y+ —(puk)==-— — |+ +G+ pe 3.8
r@r(rpv ) az(pu ) r r[r Lo g% ar] az[o'K Oz i G8

where
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N2 2 N2 e N2 2
o &V v Oou v oW o(w
G = 2l —| +[=—1 +|— —+— - —| —
ol Z (-2 & 2] oo
Dissipation rate:

10¢ oy 8oy 18 Hep 0k B[ Hey Ok £ _&*
r&_(rpvg)-i—az(pug]— [r——]+—{—— +C81—G+C£2p—k—

ror| o, or) Oz\ o, 82 k
(3.10)
3.2.4 Scalar transport
18 ( =)y d{_x\ 18 0B @ ) =
—— D+ —\piD)=~—|rD, e — |+ —| D, — [+ S 3.1
rar(rpv ) Oz ) rar[r ¢ 5?'] az{ . 32J+ “ G40
Dy = Doy + 2L (3.12)

3.3 Numerical handling at boundaries [4]

There are two assumptions to be made in the calculation of the momentum
conservation, turbulent kinetic energy and heat in the region closed to the wall
boundary, i.e.,

1} The shear stress in the fluid is equal rto the shear stress at the wall.

2) Convection and diffusion fluxes are considered to be small so that the

production rate of turbulence energy may be equated to its dissipation rate.

The transport of energy is calculated using the effective Prandtl number.

A non-dimensional parameter y" is used to characterize the flow near the boundary

and is defined by

yt = LY (3.13)

where y is a distance from the stationary wall and u, is a friction velocity defined as
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Tw (3.14)

ur: —_—
ol

where T, is the wall shear stress. The flow region is categorized into two zones:

1) 0<y®" <11.63: laminar sub-layer where the molecular diffusion

dominates {4 >> g, ), and Newtonian flow is assumed.

2y 11.63<y" <300: turbulent sub — layer where turbulent diffusion

dominates {x, >> ).

3.3.1 Momentum conservation near the wall
The calculation of the contribution of the shear stress to the
conservation of momentum closed to a stationary wall recognizes two regions:

1) Laminar sub — layer: The shear stress is the product of viscosity and the

gradient of the velocity component parallel to the wall [r = Ly ? = rw],
Ly

2) Turbulent sub — layer: the shear stress is given by 7= 1, % =7,,, where

the eddy viscosity is: g, = pxyu, and « is Von Karman constant. The

derived form of shear stress is given by
— XU

3.3.2 Turbulent kinetic energy and its dissipation near the wall
Neglecting the convection and diffusion fluxes in the equation of kinetic
energy, the generation rate of turbulent kinetic energy is equal to its dissipation rate,

so that:

- P (3.16)

ol
I
&

Applying Boussinesqg’s hypothesis to the flow at the boundary, we have:
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Ty =—PUYV (3'17)

:;‘.I.
Q¥

By considering the balance of shear stress at the wall and the fluid layer, the kinetic

energy and its dissipation rate at locations near the boundary are given by

_1
K=CHAT—W (3.18)
o,
g
P B (3.19)
Ky

3.3.3 The transport of energy

The assumption that the heat flux, ¢, in the boundary layer is constant

and equal to that across the wall gives

: dh .
b =Feg5=qw,rgg =T +T, (3.20)

where Iy is the effective thermal conductivity.

dh .
1) In the laminar sub — layer (0 <y* <11.63) s Gy = £ 9 Shere Oy is
‘ . oy dy
the molecular Prandtl number.
+ . Hy dh
2) In the turbulent sub — layer (1 1.63<y” <300, g, = - —5)- where
h,t

., is the turbulent Prandtl number. The heat flux may be written as:

ﬁur(;;*hw) , (3.21)

q.w = o
O'¢)t U+ + P ¢
0'45,,

where
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3
oL’ %A
P =920 £ 11 (3.22)
Gt Gpt

3.4 Mathematical model of gas — phase combustion [4]

The model is a function of the concentration of oxygen, fuel and combustion

products. The reaction rate can be specified as:

~ %)
R, = ACOM p%min[@ fw,,%,BCOM pr } ...... (3.23)
. +

5t 5t

where R, ; is the volumetric reaction rate of volatilizes, ACOM and BCOM are
model constants, @4, , ¢, and @, are, tespectively, the time averaged mass

fractions of volatilizes, oxygen and combustion products and S, is the stoichiometric

value of volatile gas.

3.5 Particulate phase model [4]

The Lagrangian approach was adopted to describe the particulate phase of the
flow. It is assumed that the particles were spherical and of constant initial density.
Their distribution was defined by finite number of particle size ranges, each
represented by its average size. There is a finite number of locations where the
particles enter the computational domain. Particles are released at each location with
the same velocity and temperature as that of the surrounding gas. The conservation of
mass, momentum and energy between two phases are solved for each inlet location
and each particle size group in a Lagrangian framework for discrete time steps. The

following sub — section contains more details of the approach.
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Figure 3.1 Dissipation of particle passing a cell

3.5.1 Conservation of mass
Mass transfer from the particulate phase to the gas phase may be
expressed by

P =—R

—- (3.24)

"

where R, is the volumetric rate of mass efflux from the particulate phase to the

gaseous phase by devolatilization or char combustion. The negative value indicates

the mass loss in respect to the particulate phase.

3.5.1.1 The devolatilization model
The single reaction model devolatilization as a simplified
Arrhenius function coupled with a group of empirical parameters. The model may be

expressed by

R, = =kA(V'—V) (3.25)

m

a
dt
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V is the cumulative amount of volatilizes release, and V" is the original or total
amount of wvolatilizes in the coal. The rate constant k&, may be expressed in

Arrhenius form below: .

E
ky=ko exp[— —Rd”;f ] (3.26)

R, is the universal gas constant and T is the absolute temperature. &k, and E,,, are

the pre — exponential factor and the activation energy for devolatilization,

respectively.

3.5.1.2 The char combustion model
The model assumes that the primary reaction takes place near
the surface of the particle to produce carbon monoxide. This product is assumed to
oxidize completely to carbon dioxide within the boundary layer surrounding the coal
particles. The overall rate of char combustion is controlled by two competitive rate
limiting processes, namely the kinetic reaction of coal char and diffusion rate of the
oxygen to the particle surface.

Char reaction due to chemical kinetics

The kinetic reaction rate between coal char and oxygen may be written as:

Rr_‘c = Kﬁ' {(POZ )o }n (327)
where
E n
= - 3.28
Kc KO exp[ RHTJ ( )

Po2 is the partial pressure of oxygen at the particle surface and X_ is the chemical

reaction rate coefficient of order n. X is the frequency factor for char reaction and

E is the effective activation energy of char reaction.
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Char reaction due to the diffusion of oxygen

Rco.r = Kd {('POZ )c;o —(P02 )0 (3.29)
where
Ky DeMcp (3.30)
R_d Tp + Tg
2 2
and
175
BT
D, =Dy 2| £ 31
c 0[ p J[ TU ] (3 )

(P )OO is the partial pressure of oxygen in the surrounding' gas and at the particle

surface, M, is the atémic mass of carbon, ¢ is the mechanism factor of char
reaction, defined as 1.0 for carbon monoxide formation, R, is the mean particle
diameter, 7, and T, are, respectively, the absolute temperature of the particle and the

gas. Dy, Fy and Ty are the values of the binary diffusion, pressure and temperature

taken as 3.13x10* m%s, 1.013x10° Paand 1500 K, respectively.

The overall rate coefficient for char combustion
The overall reaction rate is controlled by the diffusion rate of oxygen and it

may be given as:

T

The burning rate for a particle of diameter d may be expressed is:

2 - Kad,'PX,, (3.33)
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where P is the gas pressure. X o, 1S the molar fraction of oxygen in the surrounding

gas,

3.5.2 Conservation of momentum
3.5.2.1 Mean motion of particle

‘The momentum balance of particle motion may be expressed as

p i —3 .
==Y F, (3.34)

The right hand side of the equation is the result of external forces
acting on the particle (the pressure gradient, Coriolis effect, Magnus effect, gravity
and the drag force created by the velocity difference between the particle and the
turbulent flow). In pulverized coal combustion, it is assumed, however, that the forces
due to the pressure gradient, gravity and the Magnus effect are negligible. Therefore,

the drag force may be gi'ven by the following expression:

dp (5 s\ .
Fy=Cpp (0, -0,)0, -0 (3.35)
where
Cp ={1+0.15R 2 )oc2 (3.36)
? A

U g and U p are, respectively, the time — averaged velocities of gas and coal particle,
A, is the projected area of the particle, o is the local gas density, Cp is the drag

coefficient and Re, is the Reynolds number referred to the particie, defined as:

_ p|ﬁg —{7P|dp
- Jr

Re

, (3.37)
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where u is the absolute viscosity of the gas and & p1s the diameter of particle. The

equation for momentum balance may be written in three components of polar co —

ordinate system as follows:

Axial direction: Wy __ @, -%,) 3.38
1al direction: D o\, —i, (3.38)
Radial directi id: G,-7,) i 3.39
adial direction: —2 = -V, |+ :
: at @V Ve rp ( )
dw Vpw
Tangential direction: N a—— (1"47 — W )+ F7p (3.40)
dar p g r,
18uC, Re, _ . _
where & = ——————— and r,, is the distance from the axis symmetry.
24p,d,

3.5.2.2 Particle dispersion due to turbulence

The dispersion velocity of the particle is assumed to be related

to the fluctuations of the gas velocity by the expression:

b ip, = cu[u”]% (3.41)

Vdisp. = €2d [V"z J}é (3.42)

where the fluctuation in velocity can be written as:

u"? = -cazﬂ[@}ﬁk (3.43)
p\ oz 3

F=_cb2&[§_}£k (3.44)
p\or, 3
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where C, and C} are constants also specified as unity. The dispersion velocity can

be expressed in term of the mean velocity gradient and kinetic energy as:

~ A
Ugisp. = €1 —'cazyr (Z)"’%}C] (3.45)
P
« N 2 Vb
vy 2 2
va'isp. =0y _cb2%[5]+§.kJ (346)
Thus we have:
au » _
——dp =-cz(upiud,-3p_—ug) (3.47
t
av s
P R L
—lf=a ) +vaep. g )+ - (3.48)
dw VoW
P ~ " p
——=—alw, —w, }+ 3.49
AU (3.49)

3.5.3 Conservation of energy
The change of thermal energy within the particle is the sum of the heat
transfer to the particle and the heat generation by char combustion, the heat removed
with the mass loss during char combustion and the heat of evaporation during the

devolatilization process. The thermodynamic balance equation becomes:

d(m ¢, T ) ) dm dm
plptnl _ P P
T_mpg,—cpr{— ~ J—Lv = (3.50)
Where

Q!ot = Qc‘onvec. + Qrad. + Qcomb. (3-51)

L, - latent heat of devolatilization

¢, - specific heat of gas at constant pressure
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T,, - absolute temperature of particle

The individual components of heat are evaluated as given by the following

expressions.
wd*h, AT, T
O:omvee. = —— Ty =T,) (3.52)
m
P
: dz
Orad = 705, m—P[T; -72) (3.53)
P
, H dm
Oromp, = € [— — £ J (3.54)
m, dt
Where, d, - the diameter of particle
m, - mass of particle
Auan - the heat transfer coefficient
Nu - the Nusselt number
He - char calorific value
n - the ratio of heat absorbed by the particle to heat released
o - Stefan — Boltzman constant
£, - particle emissivity i
7, - temperature of i = g(gas), p(particle) and R (radiation)

3.6 Thermal radiation model

For the evaluation of the radiation temperature, “Non — equilibrium diffusional
Radiation model” is used along with “Truncated moment expansion simplification

technique” [34]. The model is given by,

€
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with the boundary condition (assuming that the enclosing wall is a Grey Lambert
surface and is opaque to radiation (transitivity = 0), hence ¢, +r,, =1)

4 = 4 = 54
1 aTR ___1_ {(1 erR SWTW} (3.56)

3K, an 2 (+7,)

where, K, - gas absorption coefficient
K, - particle absorption coefficient
£, = particle emissivity, assuming the particles as opaque spheres
K, - equivalent absorption coefficient
£, - wall emissivity
F, - radiation reflectivity at the wall
7, - particle mean emission temperature

3.7 Sulfur oxides formation model

This model is investigated by Panya [5] who summarized that typical coals
comprise a substantial amount of carbon and hydrogen and small amounts of oxygen,
nitrogen, sulfur and solid matters constitute ash. Pulverized coal, when it enters the
hot environment of combustion zone, releases the volatile comprising carbon dixide,
water, combustible hydrocarbons, nitrogen and sulfur species. The oxidation of
volatile sulfur is assumed that only the SO; is occurred. The relationship between the

rate of 8O, formation and volatile combustion can be written as:

Rso, =%, Ry (3.57)

where Rgp, is the rate of SO; formation, x, is the mass fraction of SOz and R, is

the volumetric reaction rate of volatilizes.



CHAPTER 4
ADSORPTION MODEL

4.1 Introduction

Adsorption is the process by which material accumulates at the interface
between two phases. Th;zse phases can be any of the following combinations: liguid —
liquid, gas — liquid and gas — solid. The adsorbing phase is called the adsorbent, and
any substance being adsorbed is termed as an adsorbate.

Adsorption onto solid adsorbents has great environmental significance, since it
can effectively remove pollutants from both aqueous and gaseous streams due to the
high degree of purification that can be achieved.

This chapter presents the reaction between SOy(g) and limestone or dolomitic
limestone (CaCOs(s)) that is assumed to occur in two steps. The first step is the
calcination, i.e. carbon dioxide is emitted from the carbonate. The second step is the
sulfation (pore model) that is a heterogeneous reaction between SO, and CaO. The

overall concept shows it Fig.4.1.

: Heat S0, @
@ Calcination Cal Sulfation
Q 0,
CO;

Fig.4.1 Overall concepts for adsorption

4.2 Calcination meodel [2]

The following steps are included in the model: decomposition of CaCO; at the
CaQ - CaCQ; interface, diffusion of CO, through the CaO to the particle surface,
diffusion of CO; from the particle surface to the bulk gas and loss of continuous
surface area for all calcined material. The overall concept for the model is shown in
Fig.4.2. The particle is assumed to be isothermal. As suggested by Fig.4.2, a CO,

concentration gradient exists across the CaO layers. The calcination process is
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allowed to occur in steps leading to a layered CaO zone. Each layer is homogeneous,
and the physical properties within a given layer are constant. Physical properties are
allowed to vary from layer to layer with the most recently formed layer of CaO
possessing the highest surface area. The rate of surface area loss is a function of

temperature, surface area and CO; concentration.

002
cO
Patous 2
c0
co,
f
CICOB co
2
T
[+]
N...2 1
Fig.4.2 Schematic diagram of the calcination model [2]
The equations governing the movement of the calcination front are:
ar =~ M Rp (4.1)
dt yo
and at + =0, r=ry
where
Rp =kp(P, - Py) 4.2)
kp =0.00122exp(—4026/T) (4.3)

P, = exp(17.74 — 0.001087 +0.3321n 7 — 22020/ T) (4.4)



25

and r is the radius (m) of the shrinking core of CaCOs , ¢ is time (s) , M is the
molecular weight of CaCO; (kg), o is the density (kg m™), Ry is the rate of
decomposition (kmol m? s™), ro is the initial particle radius, which is assumed
constant, kp, is a rate constant for decomposition of CaCO3 (kmol m?s’! atm'l), P, is

the equilibrium dissociation pressure of CO; (atm), P is the CO, partial pressure at the
CaQ — CaCO; interface, and T is the absolute temperature (K). The diffusion

coefficient, which controls transport mechanism for CO; in porous lime, is estimated

as.

D= (D,;‘ + D;}J' (m’s™ (4.5)
where

Dy =0.008817Y%551, (m*s™ (4.6)
and

D5 =0.000139(7/273)" 7 B} m?sy @7

Finally, the effective diffusivity for the porous material is estimated by

D = Dg? (4.8)

e

where ¢ =0.5, that is the porosity of the calcined particles. D is the diffusion
coefficient for the pore, Dy is Knudsen diffusion coefficient, D 4pis the molecular
diffusion coefficient for CO, in the air, T is absolute temperature (i), Sger is the BET
surface area (m” kg"), and P, is the total pressure (atm).

The BET surface area, Sggr, ¢an be described by the equation

DL (S iy =S’ “9)
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where ¢ is time (s), S,,, 5 m%/g, is the asymptotic surface area and k (km?s™) is the

rate constant may be written as:

(4.10)

_ _ —0.111
k=286exp[ 14500 ;28019 ]

The differential equation governing the diffusion of CO, through the porous lime is

a’p (2 1 ap
R e o _1oF 4.11)
or r De or ) or De ot

Two boundary conditions are:

at r=1ury
—Dei—szf(P—Pb) (4.12)
/s
at r=r
D, 8P
R T oy 4.13
a1 o roleF) (4.13)

where » (m) 1s the radial position within the calcined layer, & r(m s} is the mass —

transfer coefficient for sphere may be written as :

k= % (2.0+4.9012)x1072 (4.14)
P

where D, {(cm) is the diameter of calcined particle and D is 2.16x107° 72 (cm2

s, P, is the CO, partial pressure in the bulk gas, and R, is the gas constant.

Applying the pseudo — steady — state approximation for gas — solid reactions and each

shell of calcined particle is assumed to be homogeneous, D, constant. Equation 4.11

can be simplified to
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aip
dr?

L2984 (4.15)
r dr

This equation applies to each shell of calcined particles. The shells or nodes are
numbered as illustrated in Fig.4.2. There is a CO; generation term at the CaCO; —
CaO interface (Equation 4.13) and a convective boundary condition at the outer
surface (Equation 4.12) ihe solutions to Equation 4.12, 4.13 and 4.15 are:

for node 1

2
kpR,T
P =P, + N2 (p _py) (4.16)
I‘] kf
for node 2 through N-1
o w Etar (@.17)
4F(De )i—] K Y1
where
F =a4mik,(P, - Py) (4.18)
for node N
P, + BP,
p, =25 4.19
N 1+ B ( )
where
B= Alg' (4.20)
4meD
2
4, =27 (4.21)
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1 LN (g 1] 1
—=r"2 ——— |+ (4.22)
U =l (De)j ["jﬂ ri | kg

The number of nodes increases by one with each step in time. The layers of CaQ are -
allowed to sinter at each time step, which lead to change in their transport properties.
The rate of sintering is also a function of CO; partial pressure.

From the above equations, the Gauss — Seidel method and the improvement of
convergence using relaxation are used to predict the pressure for each shell. This type

of modifacation known as underrelaxaton, 0 < @ <1, and shown as follows [35]:
P,—new _ Pio!d PP AP,—MW (4.23)

As the first step of calculation, the pressures for each shell are initialized as
total pressure of gas phase. Eventually, the calcination rate is predicted by replacing

the Py in Equation 4.2 with a convergent pressure at node N . This rate is a

parameter for calculation the sulfation process.

4.3 Sulfation model

The chemical reaction between calcined limestone and sulfur dioxide is

Ca0 + SO, + 10, <> CaS0, (4.24)

80, + 10,

Pore of CaO

Fig.4.3 Model of sulfation process on porous CaO particle
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Due to Borgwardt [3], the reaction rate is defined as

pe LA Ty em (4.25)
w, dt p

The rate is in mole per unit gram of calcined particle per second. w, is the weight of
solid particles, #' is the amount of sulfate in solid particle in mole. ¢ and m are

concentration of SO; and order of reaction respectively. %, is a rate constant which is
a function of temperature in the Arrhenius
k, = e HRT (4.26)

Experimental values of k, are summarized in Table 4.1, along with those of E and

A. p is the density and 7 is an effectiveness factor indicating a decrease in

adsorption rate due to sulfate loading. This parameter is related to sulfate loading,

’

by the following equation:

Wp

de’ £ __ 37 ian (4.27)
W

Inz

£ is an empirical parameter obtained by fitting the experimental data. rp is the

reaction rate at zero sulfation, defined as

ro = 770 20 g=EIRT (4.28)
o
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Table 4.1. Summary of activation energy, reaction rates and frequency factors of

dolomites, Borgwardt, 1970 [3]

) Activation energy, Reaction rate Frequency
Dolomites
E. cal/mol constant, ky, s factor, A, s
1337 10,000 4.8x10° 2.4x10°
1351 18,100 7.2x10° 9.0x10°
1343 14,200 4.0x10° 1.1x10°
1360 8,100 2.3x10° 5.5x10*

From the Equations 4.27 and 4.28, the frequency factor may be expressed as

A:ﬁﬁADe wp (4.29)

Ay from Equation.4.28 is substituted into Equation 4.29. Combining with Equations
4.25 and 4.26, it yields the following relationship:

nr

E/RT -5—
r=22F Poe_m@e ¥p g E/RT om (4.30)
P Po 1t T
thus,
e
_ Wp
= roe (43 I)

’

’ n
As will be shown below, a simple relationship between r,r, fand —- can

w

P

be derived from the above Equation (4.31) showing that the reaction rate is a function
of only a few parameters which is not the case observed from Borgwardt’s experiment
[3]. The data at 1x107 mol/g sulfate loading of the same investigator shows a linear
correlation between log (r) and I/T (K'l), thus the reaction rate should be modified to

account for this temperature effect as:
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r=re " PekT 4.32)

wher.

E
R Tref

o = (433)

where 7, is the reference temperature which is 1143.15 K (870°C). The above

relationship reduces to Equation 4.31 at reference temperature. Moreover, the rate

also increases with increasing 8O,. Thus, an additional term is proposed as follows:

p
wp (EIRTY{E/Ryer) €™

m
Cref

-8

r=rye (4.34)

where ¢, 1s the SO, concentration which is 2.9x10® mol/cc (wet basis). The value

rp for each type of dolomite is obtained by linear interpolation, knowing the reaction

'

rate at 1x10" sulfation and the correlation of log(r) with linear n :

Wp

Inry =Inr_ 5 - ﬂ(lx10'3) (4.35)

£ may be obtained by the following expression, knowing the reaction rates at 1x10~

and 2x107 from the experiment [3] which are summarized in Tables 4.2 and 4.3

| —In rlx] o2

0707
2x1073 ~1x107°

(4.36)



mol/g, 870°C [3]

Table 4.2. Effect of particle sizes on reaction rate at the sulfate loading of 2x107

. Reaction rate (mol/g s) x 10°
Dolomites
D, 0.0096 cm. Dp 0.025 cm. D, 0.13 cm.
1337 4.2 3.2 1.4
1351 3.2 2.1 1.3
1343 2.1 1.4 0.7
1360 2.5 1.8 1.1

of 150/170-mesh particle size (0.0096 cm) [3]

Table 4.3. Empirical values of reaction rate at §70°C, sulfate loading of 1x1 0 mol/g

Dolomites

Reaction rate (mol/g s) x 10°

1337
1351

1343
1360

6.4
59
3.6
3.1

The above relationships for the case of dolomite 1337, for instance, may be

graphically presented in Fig.4.4. The values of ry, and £ for other types of particles

may be obtained in a similar manner, which are summarized in Table 4.4,

Table 4.4. Reaction rate at zero sulfation and P for dolomites1337, 1351, 1343 and

1360 [3]
Dolomites | Inrg P
D, 0.0056 cm. Dy 0.025¢cm, | D, 0.13 cm.
1337 -9.24 -420 ~550 -970
1351 -8.97 -690 -900 -1140
1343 -9.69 -540 ~740 -1090
1360 -10.16 =220 -385 -630
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Fig.4.4 Graphical representation of rg and £

(mol! g)

Apparently from Equation 4.34, the reaction rate is independent of an effectiveness

factor. The experimental results, however, suggest that the amount of SO, adsorbed

per 30 mg of small particles is greater than that of the larger ones, as clearly observed

at the beginning of the reaction. This is due to pore diffusion resistance at zero

sulfation, which becomes more significant for the larger particle sizes, see Fig.4.5.
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0 20 40 60 80 100 120 140

Time (5)

Fig.4.5 Sorption of sulfur dioxide for different particle sizes of dolomite 1351,
Borgwardt, 1970 [3]
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Equation 4.26 can be written as

mpa’—E o g1 iy, (4.37)
£ RT w,
ylelding
g +lnp A — 2 oM Ling, (4.38)
P RT W,
or
1n7yA£——£=—ﬂ—n-—+ln[r—QJ (4.39)
w RT w, 7o

All terms, except the last one in the right-hand side of the equation is in the same form

as those of Equation 4.27. Thus, a linear relationship between In(r) and 7T is

mainfained. The value r}; represents the diffusion resistance at zero sulfation, which
differs from 7. This latter parameter represents the effectiveness of reaction

throughout the reaction period. The former is constant for a particular size of particle
whereas the latter decreases with increasing sulfate loading. Therefore, a more

general equation for A would be

[n Ty 0~} ]n[%}
000 (4.40)

p= 2x1073

This parameter reflects the overall kinetic rate of reaction (4.24) without intraparticle
effects. The value is thus unique for each type of dolomite. The empirical values in
logarithmic form are previously given in Table 4.4. The graphical representation of

[ is given in Fig.4.6.
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Fig.4.6 Graphical representation of r, and S with 7, modification

4.3.1 Validation -

Fig.4.7 shows the effect of diffusion resistance on sorption of sulfur
oxides with rya varying from 1 (no resistance at zero sulfation) to 0.4 for different

types of dolomites. Experimental data are compared with the simulation results
obtained from Equation 4.34 with the activation energy from Table 4.1, ry from Table
4.4 and £ from Equation 4.40. It is important to note here that the values of § given

in Table 4.4 are determined from Equation 4.36 assuming that the reaction rate at zero
suifation is unique for certain type of dolomite regardless of the effect of particle size

variation. Thus, those values only represent the relationship of In(r) and the sulfate
L

loading, — at the absence of initial diffusion resistance, 175. Generally, the
Wp

simulation underpredicts the experimental data. A change in diffusion resistance

generally affects the shape of sulfate accumulation with time. A decrease in reaction
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rate at zero sulfation leads to a decrease in the amount of sulfate adsorbed, which is
most notable at the early stage of reaction. At sulfate loading of 2x10 the reaction

rate equals the value given in Table 4.2, This is a break-even point of the reaction rate

where the values are the same for all 7. As the reaction rate decreases linearly with
increasing sulfate Ioadir}g, a decrease in reaction rate, for the case of rpa <1, ts less
than that of m; =1. This leads to higher reaction rate at sulfate loading greater than
2x10~. The sulfate accumulation for the case of 175 <1 is, therefore, greater than that
for the case of 175 =1 after a certain period of time.

Fig.4.8 suggests a similar trend of evolution with change in ;75. The reaction

rate is generally lower than that for D, = 0.0096 ¢m., due to lower . Att=10s, for

n{’; =1, both cases have the same reaction rate. As for t greater than 0 s, the reaction

rate of the 0.025-cm particles becomes less than that of the 0.0096-cm one, and the
gap becomes greater as the time increases. Its effect on the accumulative amount of

sulfate with time, thus, follows this trend. It appears, however, that the simulated
result for 775 =0.35 yields the best fit to the measurement, see Fig.4.9. The measured

data clearly shows that there is a significant diffusion resistance at zero sulfation.
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Fig.4.7 Effect of zero-sulfation diffusion resistance on sorption of sulfur oxides

against experimental data, dolomite 1351, D, = 0.0096 cm.
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Fig.4.8 Effect of zero-sulfation diffusion resistance on sorption of sulfur oxides
against experimental data, dolomite 1351, D, = 0.025 cm.
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Fig.4.9 Comparison between mathematical simulation at r}8= 0.35 and measurement

for dolomite 1351, D, = 0.025 cm.

As for the adsorption of 0.13-cm particle size, the value of r;:) = (.09 yields the best

fit to the measured data, see Fig.4.10.



38

10 -
Q9
[
2 8 a Expt
g 77 — 1 =0.09
3 6 0
g 5
2 4
P
&
ERE
2 1o
0 I T [ R

0 20 40 60 80 100 120 140
Time (s)

Fig.4.10 Comparison between mathematical simulation at 7;8-—- 0.0% and the

measurement for dolomite 1351, Dy, = 0.13 cm.

At 778 =0.05, the accumulation level increases almost linearly with time, suggesting

that the reaction rate is very much less influenced by the sulfate loading, see Fig.4.11.
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Fig.4.11 Effect of zero-sulfation diffusion resistance on sorption of sulfur oxides

against experimental data, dolomite 1351, D, = 0.13 cm.
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The effect of F on SO, adsorption may be illustrated in Fig.4.12. At a

constant value, n; =1, a decrease in magnitude of fF leads to an increase in the
reaction rate. The parameter # indicates that the rate of In(r) decreases with sulfate
loading, thus the greater the magnitude of £ the lesser the rate of reaction.

Fig.4.12 shows an increase in accumulative sulfate loading against the same
corresponding time when decreasing the magnitude of £ to 0% and 85% of its
original (), respectively. The profile of sulfate loading, which is compared between

mathematical simulation and the measurement for dolomite 1351, has already been
given in Fig.4.13. For different types of dolomites, the mathematical model for SO;

adsorption may be obtained in a similar manner. However, the chemical and physical
structures of dolomite are different from one dolomite to another, thus specific 77; and

J values should be identified for different types of particles.
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Fig.4.12 Effect of B on sorption of sulfur oxides against experimental data, dolomite
1351, D, = 0.0096 cm.



40

a Avgdia. = 0.0096 cm.

m Avg.dia. = 0.025 cm.

e Avpdia =0.13 cm.
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Fig.4.13 Comparison between mathematical simulation and the measurement for
dolomite 1351

4.4 Integration of calcination and sulfation models into FAFNIR

The calcination and sulfation models are integrated in FAFNIR by inserting
sub-program for each model. The assumptions for these models are insimultaneous.
CaC Qs particles were injected into the furnace by the conditions of inlet locations and
particle sizes. Sub-program, PARTIC, that determines the track of coal particle [4], is
modified for prediction of CaCOs; particle path. Algorithm of this sub-program shows
in Fig.4.14. The assumptions of particles are:

1. No collision and interaction particles

2. Gray system is assumed for radiation

3. Constant diameter is assumed but the density decreases with time

4. Dispersion of particles in mean turbulent flow is achieved by injecting the
particle from different locations within the injection domain / port,
incorporated with turbulent dispersion velocity model (Section 3.5).

5. Mass, momentum and heat sources contribute to gas phase via particle-
source-in cell technique [4] as mentioned in Section 3.5. Since the mean
particle trajectories are different from one iteration to another. With
underrelaxation techniques [4] the above source terms are dispersed within

the turbulent gaseous stream.



PARTIC

Loop on patricle size and on starting location

:

tnitializations :

F

If [COMB o
Initial output

COMBIN
Initialization of
combustion

variables or adsorption variables

* Particte tracking loop

DIFVEL

SECLOC

{ BOUNCE
DOMAIN

BNDCRS

Adsorption

Test for particle
loop

Model

COMBOUT

-~
if ICOMB
PACL 7 Final output

End of size and location loops

Underrelaxation of sources

Calculate Particle emissivity

l

Return

Fig.4.14 Flowchart for CaCO; particle tracking

¢ DIFVEL, this subroutine calculates the local gas velocity and diffusion velocity.

41

e SECLQC, this subroutine returns the new sector in which particle is giving its new

position.
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BOUNCE, this subroutine calculates the position and the velocity of particle after
it bounces a boundary.

BNDCRS, this subroutine determines the boundaries of the sector where a particle

crosses the grid during each time step.

Adsorption model consists of two models for calcination and sulfation processes.



CHAPTER 5
COMPUTATIONAL SIMULATION

5.1 Introduction

This chapter consists of the results and discussions in 9 cases. Those cases

discussed in section 5.3 — 5.6 are a study of the effects of inlet locations, particle sizes

and wall temperature on the amount of SO, adsorption. The mathematical model is

included in FAFNIR while the schematic diagram of the furnace and numerical set —

up are illustrated in the following section.

5.2 Numerical set - up for coal combustion in furnace

The detailed numerical set-up has been previously described by Charoensuk J.

[4] and Daungyvilailux P. [5]. The summary of them are as follows:

1.

3.

The furnace is a cylindrical symmetry. It has a diameter of 0.6 m. and a
total lenéth of 0.3 m. Fig.5.1 shows the schematic diagram of the top
segment of the ICSTM furnace, which is used for simulation and the
overview of furnace shown in Fig.A-1 (in appendix A). Dimensions of
burner are illustrated in Fig.5.2.

The characteristics of bituminous coal given in Table 5.1. The furnace
operating conditions are summarized in Table 5.2 with the recommended
coal kinetic parameters in Table 5.3. .
Uniform profiles of temperature and velocities at every component of
inlets are assumed. The wall is considered adiabatic from the burner exit
plane up to 1.5 meters along the axial distance.

In region where the gradient of the velocity is large and suddenly changed
in shape of the boundary occurs (e.g., at corner, or at the burner inlet), the
cell should be small.
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Fig.5.1 Schematic diagram of the top segment of the ICSTM furnace

Fig.5.2 Schematic diagram of the burner



Tabie 5.1 Characteristics of bituminous coal [36]

Proximate analysis: (wt %)
Volatiles 35.8
Fixed carbon 53.7
Moisture 6.3
Ultimate analysis: (wt %)
Carbon 72.60
Hydrogen 5.05
Nitrogen 15.31
Sulfur 1.29
Oxygen 1.55
Particle size distribution {zzm) (Wt %)
0-10 15.0
10-25 25.0
- 25.40 20.0
40-75 20.0
=75 20.0
Gross calorific value, MVkg 29.29
Table 5.2 Furnace operating conditions
Central pipe: Air flow rate, kg/s 4,777x 10™
Swirl number 0.0
Temperature, K 333
Coal feed rate, kg/s 0.39x 10
Primary:  Air flow rate, kg/s 8.833 x 10~
Swirl number 0.0
Temperature, K 353
Secondary:  Air flow rate, kg/s 3.344 x 10
Swirl number 1.03
Temperature, K 573
Excess air (%) 15

45



Table 5.3 Kinetic parameters for coal combustion model

Kinetic parameters

Devolatilization

Char reaction

E (J/kmol)
7.4 x 107
1.02 x 10*

ko, Ky
836x 10*s™
086 kgsNm™

5.3 The simulation of coal combustion (base case)

46

The simulation of flow, heat transfer and coal combustion are performed as

well as formation of sulfur oxides. A contour plot of the temperature distribution in

Fig.5.3 describes the role of recirculation on the mechanism of flame stabilization.

The heat generated by volatile combustion is transported into the internal recirculation

zone and stored in a torroidal vortex closed to the center of the jet, near the burner

exit. Fig.5.4 shows the consequential coal particle trajectories. The reverse flow of

coal particles is evident at the distance between 0.05 — 0.18 m from the burner exit.

The sooner particle is entrained with the local gas velocity, the shorter particle

penetrates into the internal recirculation zone. From Fig.5.5, high SO, concentration is

observed at the distance between 0.03 — 0.18 m from the burner exit.
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5.4 Computational simulation for adsorption

‘From the evidence given in Section 4.? and 4.3, calcination and sulfation
processes are insimultaneous and the conversion is 90% before the sulfation process
occurs. Four cases are carried out to achieve the objective of this study. TWo cases, as
will be discussed in Section 5.4.1 are case 1 and 2 for a study on the effect of particle
sizes. Case 1 and 3 will be discussed in Section 5.4.2 for a study on the effect of
starting location at side wall with different of 0.056 and 0.20! m from the furnace
axis. Case 1 and 4 will be discussed in Section 5.4.3 for a study on the effect of inlet.
location at side wall and top wall. The numerical set - up are shown in Tables 5.4 —
5.7. Result of these cases will be discussed as follows. Fig.5.6 illustrates the
schematic diagram of the burner and additional CaCOj3 inlet that consists of side wall

and top wall inlets. .



Table 5.4 Numerical set — up for desulferization properties in case 1

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™*
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Side wall
Axial distance m 0.054
Radial distance m 0.056
Flow rate m’/s 0.006
Velocity m/s 5.3818

Table 5.5 Numerical set — up for desulferization properties in case 2

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m” 1590
Particle size m 25x107
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Side wall
Axial distance m 0.054
Radial distance m 0.056
Flow rate m’/s 0.006
Velocity m/s 5.3818




Table 5.6 Numerical set — up for desuiferization properties in case 3

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Side wall
Axual distance m 0.054
Radial distance m 0.201
Flow rate m’/s 0.006
Velocity m/s 5.3818

Table 5.7 Numerical set - up for desulferization properties in case 4

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10~
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Top wall
Axial distance m 0.099
Radial distance m 0.292
Flow rate m’/s 0.005
Velocity n/s -3.3818
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Fig.5.6 Section of the burner and additional CaCO; inlets

5.4.1 Effect of particle sizes on the amount of SO, adsorption (case 1 and case 2)

The particle trajectories and the amount of SO, adsorption of small (0.0096
cm.) and large (0.025 cm.} CaCO; particles are compared. In both cases, the particles
were injected frpm side wall at 0.056 m. from the furnace axis. In Fig.5.7, the
calcination process of particle size 0.0096 cm. is faster than that of particle 0.025 cm.,
(see Fig.5.8) because of the size of particles is smaller. After that, the sorption of
sulfur oxides for the smaller diameter, 0.0096 cm., 1s more than that of 0.025-cm
particles, see Figs.5.7 and 5.8. Figs.5.9 and 5.10 illustrate the trajectories of particle
sizes of 0.0096 cm. and 0.025 cm., respectively. In the near burner zone ( < 0.5 m.
from the exit plane), the particles catched up with the gas velocity, which was the
sarne as coal particles, see Fig 5.4. The particles moved into the location near the top
wall at which the axial location was about 0.45 m. and moved to the low temperature
zone, see Figs.5.11 and 5.12. This result is a decrease in the rate of sorption as
itlustrated in Figs.5.7 and 5.8, When the residence time 1s higher than 1.5 s, the
slopes of the graphs decrease.
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5.4.2 Effect of inlet location at side wall with different of 0.056 and 0.201 m on the
amount of SO, adsorption (case I and case 3)

Fig.5.13a and b i'lustrate trajectories of 0.0096-cm particles which were
injected into the furnace at side wall and 0.2 m. from the furnace axis. Particles were
entrained by the flow of the external recirculation and moved to the top wall at the
axial location of 0.45 m. After leaving the top wall, particles moved into the low
temperature zone and exited the furnace, see Fig.5.13 and 5.14. Therefore, the kinetic
rate of sorption (between 0 — (.2 s5.) is higher than the case of which the particles were
injected at 0.056 m. from the furnace symmetry axis, see Fig.5.7 and 5.15. This is due
to the longer residence time of moving particles in high temperature zone, see
Fi1gs.5.13 and 5.14.

5.4.3 Effect of inlet location at side wall and top wall (case 1 and case 4)

In case 4, the 0.0096-cm particles were injected at the top wall of the furnace
located axzally at 0.1 m. from the coal inlet, see Fig.5.16. The particle moved down to
the center of the furnace. After that, it moved to the top wall again due to the gas flow
at 0.45 m,, therefore the kinetic rate of sorption between 0 — 2 s, in Fig.5.17 and 5.7,
is higher than that of case 1 because the particles moved through the higher
temperature zone in external recirculation zone (ERZ), see Fig.5.16 and 5.18. Finally,
the particles move through the low temperature zone, and exited the furnace at the

outlet. Then, the low kinetic rate of sorption is seen in Fig.5.17

Maoreover, concentration of SO, from the casesl, 2, 3 and 4 can be illustrated in
Figs.5.19, 5.20, 5.21 and 5.22.
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Fig.5.9 CaCOs; particle trajectories in case 1 (a) entire furnace (b) in the near burner

Zone
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Fig.5.11 Distribution of temperature (K) in case 1 (a) entire furnace (b} in the near
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Fig.5.12 Distribution of temperature (K) in case 2 (a) entire furnace (b) in the near
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5.5 Modified boundary for coal combustion (base case)

The simulated results displayed in the series of above figures show that the
inlet locations and particle sizes have relationships with the SO, adsorption. The high
reaction rate of SO, adsorption occurs when the CaCQj; particles move in a high
temperature zone and within a long residence time. The sizes of particles have less
effect on SO, adsorption when compared to effect of the temperature distribution. In
section 5.4, the furnace wall was insulated thus the distribution of temperature near
the burner was high. The following section will discuss on the results under the
conditions which the wall temperature was reduced in order to keep the temperature
distribution in the near burner region at about 1000 K. The reason for that is due to
the suggestions given by the previous researchers for the maximum allowable
adsorption temperature that should not be greater than 1300 K [19]. To achieve such
requirement, the temperature of 500 K was applied at the top wall. Fig.5.23 shows a
contour plot of the temperature distribution in the furnace under such conditions.
Coal particle trajectories are illustrated in Fig.5.24 and sulfur oxide concentration in
Fig.5.25. CaCO; particles are not yet injected into the furnace. The result serves as a

base case for the comparison in the next section.
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5.6 Modified simulation for adsorption

Cases 5,6 and 7 will be discussed in this section for a study on the effect of
wall temperature on SO, adsorption. The operating conditions are given from Table
5.8 t0 5.10. The wall temperature profile near the burner was kept constant at 500 K.
The diameter of CaCOs5 is 0.0096 cm. In case 5, the particles were injected from side
wall, whereas in cases 6 and 7 the particles were injected from top wall but different

in inlet locations. The results of these cases are discussed as follow:

Fig.5.26 shows a 0.0096 cm. particle trajectory of case 5. It is found that the
particles generally have a longer residence time in the external recirculation zone than
that of the case performed under insulated wall, given in Fig.5.13. This effect leads to
an increase in time for SO, adsorption (see Figs.5.32 and 5.15). However, lower rate
of sorption occurs because the particle moves in the lower temperature zone, see

Figs.5.29 and 5.14.

Figs.5.27 and 5.28 show the particle trajectories, Figs.5.30 and 5.31 show
temperature distributions of cases 6 and 7,respectively. Figs.5.32, 5.33 and 5.34 show
the sorption of SO, of cases 5, 6 and 7, respectively. Both cases have low sorption
levels in common with case 5 due to comparatively low temperature levels throughout
the furnace. Moreover, concentration of SO, from the cases 5, 6 and 7 can be

illustrated in Figs.5.35, 5.36 and 5.37.

Table 5.8 Numerical set — up for desulferization properties in case 5

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10~
Particle temperature K 1143
Top wall temperature K 500
Inlet location Side wall
Axiat distance m 0.054
Radial distance m 0.201
Flow rate m’/s 0.006
Velocity m/s 5.3818




Table 5.9 Numerical set — up for desulferization properties in case 6

Density of CaCO;  kg/m’ 2710
Density of Ca0Q kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K 500
Inlet location Top wall
Axial distance m 0.099
Radial disténce m 0.292
Flow rate m’/s 0.005
Velocity m/'s -3.3818

Table 5.10 Numerical set — up for desulferization properties in case 7

Density of CaCO3  kg/m” 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K 500
Inlet location Top wall
Axial distance m 0.304
Radial distance m 0.292
Flow rate m’/s 0.005
Velocity m/s -3.3818
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5.7 Summary

There are 9 case studies performed in this thesis including two base cases.
Parametric studies have been carried out involving changirg in inlet locations, particle

sizes and decreasing in wall temperatures, The results may be concluded as follows:

1. Calcination process rapidly takes place when the particles move through the high
temperature zone. The calcination time is not observable in the case of insulated
wall where gas temperature is high. In the case under temperature-controlled
boundary condition, however, it occupies a time span of 0.5 and up to 1.3 seconds
under of gas temperature about 1000 K.

2. The kinetic of sorption is high when the small particles move through the high
temperature zone. This is related to the rate constant, which proportionally varies
with temperature. However, this mathematical model does not render the effect of
chemical instability of SO, sorption at temperature above 1300 °C {19], the
sorption rate under such condition is therefore higher than the value observed at
lower temperatufe. To overcome unrealistic representation of this model the gas
temperature in the furnace is kept under 1300 °C.

3. Apart from the sorption rate, the particle residence time also play an important
role on the total amount of SO; adsorption. However, the particles no ionger
adsorb SO, after a certain period due to insufficiently low temperature in the far
burner region, despite the particles are yet to saturate. The maximum residence
time of 8 seconds is observed in case 6 where the particles are injected from top
wall, and the accumulative amount is 0.45 mg/mg particles, whereas this figure
could be as high as 9 mg/mg particles within 120 second in a bench-top
experiment [3].

4. Generally, from Figs. 5.19 — 5.22 and 5.35 - 5.37, less emissions are observed
when introducing calcium carbonate particles, but this improvement 1is
insignificant. Moreover, the effects of inlet locations and particle sizes on
emission level are also negligible. From these results and the statement given in
the above paragraph, reduction of SO, emissions rather has strong relationships
with the particle residence time and temperature. Changing in inlet locations and
particle sizes do not significantly alter such primary factors. It can be concluded

that the configuration for pulverized coal combustor and furnace used in this study
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yields the unfavorable environment for in-situ dry-type desulferization. More
study on furnace configuration in order to lengthen the residence time is required
in order to improve the adsorption efficiency.

The effect of decreasing temperature at top wall has caused a decrease in gas
density in the internal recirculation zone. Such change causes the significant
effect in momentum transfer between the gaseous phase and the CaCO; particles.
As the temperature decreases, CaCQj; particles seem to have better penetration
into the central part of the external recirculation zone, resulting in longer
residence time therein. However, due to lower temperature, lower adsorption rate

is observed. Such effect has already been discussed above.,



CHAPTER 6
CONCLUSIONS AND DISCUSSIONS

Synopses of this thesis and discussions of the further studies are included in

this chapter.

6.1 Summary of the preceding chapters

Chapter 1 describes coal utilization in Thailand and objective of this thesis
which 1s an establishment of mathematical model for simulation of SO adsorption by
CaCOQ; particles. This model consists of calcination and sulfation processes, which
generally included with mathematical model for sulfur oxide formation. A number of
terms have been added into the original model to render the effects of temperature,
concentration of sulfur dioxide in the suwrrounding gas, particle sizes and trajectories
of particles.

Chapter 2 reviews the desulfurization technologies and the suggestion of
previous researchers for establishment of mathematical model, especially Silcox [2]
and Borgwardt, [3] which are the main contributors for model of calcination and
sulfation processes, respectively.

Chapter 3, the numerical formulations for the simulation of flow
acrodynamics, combustion and heat transfer in pulverized fuel combustion systems in
the model and those describing the formation of SO, are presented.

Chapter 4 the calcination and sulfation models are validated in this chapter.
Parametric studies based on the modified equations show that good agreement with
the experimental data can be achieved via the adjustments of two empirical
parameters for the sulfation model.

Chapter 5 contains the results and discussions for the SO, adsorption. The
residence time and temperature surrounding CaCOj; particles are the primary
parameters for adsorption, whereas, the inlet locations and particle sizes of CaCO;

have less effect.
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6.2 Conclusions

The objective of this thesis has been achieved. The adsorption model
comprising of calcination and sulfation models for pulverized coal combustion has
been established. The results of this model presented in chapter 5 are sensible. The
primary parameters for adsorption are residence time and temperature surrounding of
CaCQs particles. This study is an informative data for further study about the

reduction of sulfur dioxide emissions from the pulverized coal combustion.

6.3 Remarks for further studies

In order to confirm the precision and accuracy of the study, the furnace for
CaCQ; injection should be constructed and experiments should be carried out.
Moreover, further stﬁdy should be concentrated on extending the residence time of the

particles in the external recirculation zone.
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Abstract

This paper concemns about a formulation of the semi -
ampirical mathematicat model for sulfur dioxide {50,) absorption
by Calcine (CaQ) particle , dissociatad from Calcium Carbonate,
Euler's method is utilized for the time—domain soluton of the
absorplion level. The model |s able to predict the effect of particle
size on SO, absorption level. Eventually, the numaerical results are

in good agreament with the experimental data
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Dimensional analysis of flow, combustion

and heat transfer in industrial combustors

Dimensioniess parameters, derived from govemning equalions of flow, combustion, mass and
heat transfer encourterad in industrial combustfon process, ars investigated. This paper
fdentifies the process causing dissimilarily in perforrnance of combustion system between the
faboratory scale and their industrial ones, and suggests the scaling criteria o maintain the
fmportant aspects of cornbustion batween the system of different scales.

From the analysis of turbulence and convedtion terms, the flow configuration of similar bumer
geometry Is insensitive fo the system scales. Discrete phase interaction and combustion,
however, relate with the geometry scale in different manners from that of the flow. causing
dissimilarity in overall combustion performance. The change in heat transfer characteristic is also
observable. The radiation heat absorption of the gas is a function of combustion chamber
vofume, whereas ils transfer rate is & function of the wall. The snergy emitted from flame through

radiation is virtuafly trapped by the gas molecules inside the combustion chamber and this effect

increases with geometry scale.

1. Introduction
Research on new burner designs and modifications to existing
burners are usually carrled out in iaboratory-soals model which
are significantly smaller than in industrial protatype. The merit of
laboratory madel is that the data obtained from a well designed,
small-scale combustor are always more accurate and reliable
than those from industrial fumace, which are generally not
equipped for detailed measurements. The small laboratory-scale
plant can -also be canstructed economically and with a smaller
factor of safety. Thus the costs of construction and development
are small and so are the aperating costs required for a large
number of tests necessary during the development program.
There are, however, difficulties in interpreting the information
from the laboralory scale burmer in terms of the performance of
the full-scale systern. This is due to the difference in the scale
relation of the process involved in combustion, which require
different scaling criteria fo maintain similarity between them at
different values of scale. Research and development on the
scaling of combustion system has been directed to find the way
in which the Important aspects of perfarmance of the system
can be maintained while ensuring ease of scaling (i.e. Brown,
1959, Salvi and Payne, 1981, Smart et al, 189081392). The
important aspects of combustion especially to statlonary burners
{Truelove and Heolcombe, 1990) are,

1). Flame stability, such as the stability limits and
turndown ranges of total throughput.

2). Transient performance, i.e. ignitability and

responses lo a change in operating conditions,

3). Combustion efficiency and emission
4). Heat loading, heat (ransfer characteristics and
distribution of temperature.

2. Scaling the combustion system

Damkohler, 1936 has proposed & non-dimansional group to be

maintained constant in the scaling of chemical reactors

Ro = inertia force ()
viscous force

composition changeby chemicalreaction

2)

I}

compostionchangeby convection

5 compositonchange by chemical reaction
" composition change by diffusion @)

_ heatrelease by chemical reaction

4)

heat loss by conduction

o - heat release by chemical reaction )
N heat loss by convection

Salvi and Payne, 1881, later found additional parameter for systems
in which radiation contributes significantly to the heat transfer. This is

the case usually found in applications of industrial combustion.

heat release by chemical reaction

v =

5
heat loss by convection ©)



Thers are extensive research works on scaling after Damk&hler
and the change in combustion system performance has been
reported, i.e. Probert and Stewart, 1955, Smart, 1982, Al-Fawaz
et al., 1994 and Brown, 1959,

The study presented in this paper is aimed at identifying a
group of parameters characterizing the important aspect of
combustion, obtalned by mean of dimensional analysis of their
mathematical models. It is an‘ afternative appreach in
determining the effect of scaling on combustion, further the
understanding on scaling effect and provides a background
lsading to a recommended critedon for scaling wp the

cambustion system. N

3. Dimensionat analysis of governing equation: the
momentum

The relation of physical processes lo scale may be obtained
from the governing equation i.e. the dimensional form for the
steady state equation for the well-known conservation of

momentum may be written as:

[pU’]E[£]+["‘*ﬁU]+[riz,,U]+[f] .o

L r

The term on the left represents the memeatum per unit volume
of flow and. the terms on the right represent, respectively, the
contribution from pressure gradient, turbulent viscosity, mass
transfer rate into control volume and the net external force per
unit volume, including the interaction of particles etc. The

dimensiontess group derived from the above equation is given

LoHakEe
pU? pUL | | pU pU?

Where the physical meanings and analyses of the above term

below

are given in the following sactions.

3.1. Pressure coefficient, [ﬁ}

pU?
Pressure coefficient term represents the ratio between
hydrostatic pressure force acting on the fluid element lo the
inectia force of the moving fluid efement in the same direction,
defined as Euler number. This term is the important factor in
flow merodynamic of industrial configuration due lo the large
pressure gradient induced by high swirling flow, which is used
to stabilize the combustion. Since this term does not relats
direciy to the characteristic scaling length, L, the pressure

coefficient is independent of the scale of flow geometry.

However, the pressure difference is related to the dynamics of the
gas flow through the equation of continuity and state. Thus, the
absolute temperature as well as the mass transfer rate from discrete
phases (i.e. oil droplets and coal particles) have e significant effect
on the change in value of this coefficient and should be maintained

constant in systems of different scaie.

3.2, Effective Reynolds number, B
pUL

Effactive Reynolds number is the ratio between the rate of transfer of
momentum due to the effective turbulenl viscosity and that due to
convection. Il is necessary to note here that this term should not be
confused with the Reynolds number, since this latter term refers to
the effective viscosity which is a function of kinetic energy of
turbulence and its dissipation rather than a physical property of the
fluid itself. 1t is, nevertheless, convenient to define this group as an
‘effective Reynolds number' since it identifies flow characteristics
related to those in the definition of the Reynolds number. In highly
turbulent flows, the effective viscosity can be taken as the eddy

viscosity and the effective Reynolds number is given by

Hoyr = Hed {9)
pUL | | pUL
The turbulent kinetic energy, k, relatas to the second order of the
fluctuation velocity, u”.

kmuu?

(19)
Furthermore, as the order of fluctuation velocity varies in proportion
to that of the mean characteristic velocity, U (Tennekes and Lurniey,
1672), thus we have:

le)elr?]

In the k-£ model of turbulenca {Jones and Launder, 1972), the

(1

dissipation rate of turbulence may be expressed in terms of kinetic
energy of the mean flow and the local turbulent mixing length scale
(Harlow and Nakayama, 1968). The charaocleristic wvalue of
dissipation rate may be representsd in terms of k and 1, where | is
the characteristic mixing length scale. Fully developed turbulence
has a wide range of eddy sizes. As the largest eddies are of a size
comparable with the size of the furnace in which the flow occurs
(Davies, 1972), the charactaristic of the integral mixing iength is thus
proportional to the characteristic linear dimension of the burner, L.
The turbulence energy dissipation rate may therefore bae given as,

{Harlow and Nakayama, 1968}

1.5

£oC——o
!

[elx[%’]

(12)

Hence, (13)



to react. Nt should also be notad here that the time scale of

mixing, £k is of the same order as that for transport by
convection. This suggests that, for the scaling of the systemns in
which operated under similar chemical compositions, the ratio of
the rate of production or consumption to the rate of transfer by
the bulk motion of the fluid is kept constant, which lmplies that
the mass and energy releass characteristics of different scales

are preserved,

.

4.3, Coefficient of discrete phase transfer, [ﬂ’éi'
pUS
Coefficient of discrete phase transfer is the ratio of the
exchange rate betwesn the discrete phase per unit volume to
the dilution or accumulation due to the bulk motion of fluid. The
coefficient of the source term relating to the exchange between

the discrete phase is more difficult to evaluale.

The effect of solid-gas exchange is however investigated in this
paper and similar procedure may be caried out for that due to
liquid-gas exchange. For combustion of coal this coefficient
may be considered in two parts: the discrefe transfer of volaties
during devolatilisation and that of products and energy dus to

char combustion.

4.3.1. Devolatilisation
For the model given in Anthony and Howard, 1976, the source
term coefficient of mass due to devolatilisation may be written

as

Spuéme - . N L m.T. L
(: pU¢va! ] [(KO “p[_ﬁ}[l V‘]) LB pUévof}

@n

The term inside the parenlhesis.( ) represents the volatile
release rale in terms of the fraction of the total volatile content.
mg is the mass fiow rale of coal, T is a residence time of the

particle in the gas phase. As the volatie content is in a
constant ratio to the mass of the coal, the product of volatile
release rate, mass flow rate of coal and residence time
represent the mass release raie of volatile. The specific source

thus represented as a fraction of the

term SP 4 is
Food

characteristic volume of the system, 3,

Since devolatilisation is a function of temperature and the
remaining volatile content in coal, the energy balance of the
particle and its trajectory are crucial faclors determining the
devolatilisation rate. (tis, therefore, suggested that the level of
temperatures between two systems should be similar as well as
the distribution of radiation intensity so that the particle in the

system will experience similar temperalure histories. The above term

may be re-written, where Yy is the rate of devoiatilisation, ag

[S ,,._.L] - [r.,,mcn ]
pLI¢vul pU¢wJLl'z

The nominator, (YyoimeTg), represents the mass release due tu

2)

devolatiisation and the denominator, (PUvoll?), reprosents the
transport of volatile due to the bulk of the flow. [t is evident here thay
this ratio concemns the mass flow rate of coal, the particla residenca
time of the coal particle in the gas phase, the fugl - &It rato
represented by the varable §.,, in addition o the characteristic
valocity end length scale of the gas flow in the sysiem. Appropriate
critaria are required here to adjust the product of the cog flow rate
and residence time so that the release rale remains as constant

ratio with the transfer rate of volatile in the gas stream.

4.3.2. Char combustion
The mass and energy transfer rales due 1o the heterogoneous
reaction, Field et al., 1967, may be written in dimensianal form given

by,

)= ezex. e, 2] )

where Yy is the constant representing the fraction of lhe spacifiog
species (i.e. products and energy) to the effective muyss rologisa

The quantities dp, P and Xo, are, respectively, the paricle dumotor

gas pressure and mole fraction of oxygen. K, is me oltoctivy

raaction rate of char determined by the kinetic of char 1oaclion ang
diffusion of oxygen at the present of particle. Thereforo, similaritios
in energy balance and distribution of oxygen are important 1o the
similarity of the reaction rate of char. The source term; caotticiong

relating to char combustion is given by,

2
Spel | _ (KrdpPon)'/’w’"cf
pUL pUML? {34)

A similar form of expression to thal of devolatilisation g obtainod

here. The variable d} represents the mass fraction of Ihg produci
due to cher reaction in the gas phase {carbon dicxide and enthalpy).
The characteristic of mass and enecgy releases from char am, g
with devolatilisation, related lo the thermo-chemical history ang

trajectory of the particles and the fuel : air ratio of tha systam.

The shave expressions (equations 32 and 34) suggest that althougy

the coefficients relating to the discrete phase

ranslar  grg
independent of scale, they are influenced by several factors ang aro



From the definition of the eddy viscosity given in the turbulent
model , the characteristic eddy viscosity can be represented in
terms of the mean velocity and characteristic langth scale of the

flow as;

[)”.d JE[PUZ']

Thus, the effective Reynalds number for a fully developed

(14)

turbulent flow is:

,‘ttd
pUL
This suggests that in highly wrbulent flows, the ratio between

(19)

¢

convection and diffusion terms is independent of the scaling
length, velocity and the type of fluid. This can be verifled by
isothermal scaling studies in flow gecsmetry similar to furnaces
with flow aerodynamics characterized only by the pressure

coefficient and the effective Reynolds number.

3.3. Source term coefficient,

S| 1]
U pU?

The former term, mass source term coefficient, is the ratio of

the rate of momentuin transfer due to mass efflux from other
discrete phase ({i.e. solid phase} to the inertia force. In
pulverised coal combustion, the effect of the momentum
exchange due to the mass efflux from the coal pariicle is
regarded as negligible compared with that associated with gas
convection mass flux, but the release of mass into the gas
phase affects the continuity equation and may consequently

alter the flow aerodynamics.

The later, force source term coefficient refers to the ratio of all
external forces including drag centrifugal and Coriclis forces and
The relationships of those

forces with scale may be discussed below,

wall shear siress to that of inertia.

3.3.1. Drag force

The momentum exchange due to particle mation in the
conservation of gas momentum is mainly due to the drag force
and, since the scale of tho force acting on the particls is equal
o that reacling on the fluid element, it may be avaluated using

the following equation. (Wallis, 1969)

Fa=Cyp (AJS2)U; - U;z) lug - Ul
Where:

(16)

Ca= (1+0.15Re,"**) Re/24 an

U, and U, are, respectively, the time-averags velacities of gas and
coal particle, A, is the area of crogs-section of the pariicle, P, is the
local gas density, Cyis the drag cosfficlent and Re, is the Reynolds
number referred to the particle, defined as:

Re, = AU, U Hd,
M

Where |L is the kinematice viscosily of the gas and d, is the

(18

diameter of particle. In dimensicnless form, the ratio of the force
created due lo particie motion to thal due 1o the inertia effect may be

expressed as,

Pd.gL _ m, T L
7 | =|| Fa 3 2
pU M single I ) pU
Cdppdi (aUp,g )zmcrc
pUL?

(19)

where Pq g is the transmitted momentum dus to the drag force by
the particles to the gas phase element, represenied as a fraction of
characteristic volume L. mg and Mc,single are the mass flow rate
of coat or oil and the mass of a single coal particle or il droplet,
respectively. Tg is the residence time of the particle or droplet in the
gas phase. AUp_g is the velocity of particle relative to the gas. Due

to the several varables involved, it is impossible to maintain this
cosfficient constant through any practical scaling criterion. The effect
of momentum exchange dus to the particle or droplet movement
relative to the bulk movement of fluid on the flow aerodynamics of
pulverized coal and oil combustors is, however, regardsd as
negligibfe. Nevertheless, this effect can be assessed by cold flow

exparments with and without particles.

3.3.2. Centrifuga! and Cariolis forces

If the systems are geamaetrically similar, the ratio of centrifugal force,

fe to the inertia force may be given as

L{UL} ) [%‘%} - [UU} (20)

and the ratio of the Coriclis force, {, to inertia force as

SL] _[PLU,U, =[U,Us]
pUz pUIL - 7L

Thus, one of the requirements necessary to maintgin similarity of

(21)

1

flow eerodynamics is that the ratio between the characteristic of
tangential and axial velocity compeonents should be maintained the
same. This can be achieved by maintaining the same inlat swirl
number at comresponding locations in the model and the prolotype.
Also tho ratio between the radial and the mean velocity components

at corresponding locations needs {o be the same.



unlikely to be maintained constant with scale. Similarities in
heat transfsr characteristics and chemical distribution, as wall
as particle trajectories, are all important to the similarity of mass

and energy exchange during the process of coal combustion,

4.3.3. Coefficient of source term due to radiation

Absorption of gas phase: For the energy transport equation of
the gas phase, the source term from radiation heat transfer is
considered in addition of the heat fransfer by convection,
conduction and generation from combustion. The saurce lerm
coefficient due to radiative heat transfer may be evaluated from

the expression below:

Spn | _ ok i -1 )L (35)
pUR | plUh

The gas absorption coefficient, Kg is ralated to the composition

of gas mixture. The radiation termperature, TR, Is a function of

radiation intensity which is related to the characterisiic of the
sink, source and the media in the combustion. Assuming
thermal similarity is achioved, the amount of radiative energy
absorbed by the gas per unit volume is maintained. The rate of
heat transfer per unit volume due to the bulk of the fluid flow
should be maintained here in order to maintein this ratio

constant.

Heat loss al a boundary: Radiation heat transfer et a wall is
dominant and is regarded as the characteristic of heat loss in a
PF combustion system. In systems of similar geometry (similar
view factor}, the scale of heat flux dus to radiation at the wall is
a function of the radiation temperature and the temperature of

the wall.

(4.1 = loe(rt - 7)) @)
Thus, the source term due to radiation in the energy transpost

eguation may be expressed in dimensional form as

EE [éb ﬂ = {“(TR—L‘T)] 37y

where A and V are, respectively, the surface area of the wall
and the volume of the gas. The source term cosfficient due to

radialion heat loss at the wall may be expressed as

{S m,_,u,,L} _ [ag[?‘; —T,,‘]} (38)

U, L
The expression above represents the ratio of energy flux at the
wall to thal crossing the sectional area of the furnace.
Maintaining this ratio constant will result in a similar percentage
of heat exdraction. if this requirement is safisfied throughout the

domain of consideration, the distribution of temperature will be

kept similar, This requirement may be achieved in practice by
modifying the arangement of cooling system of the boundary.

5. Summary

A dimensiona! analysis of the governing equations was carried out in
this paper. It provides an alternative approach in understanding the
effect of scaling in industrial combustion systems and also identifies
the parameters, which are important for maintaining similarity among
combustion systems of different scales, as given in table 1.
Suggestions provided here can be used to justify the predictive
quality of the mathematical model and to assess the scale-up results,
The credit for the study on scaling effects by means of mathematical
simulation relies on a realistic represeantation of the results predicted
by the model and its reliability over the change of scale. There is a
need to compare the prediciions with some reliable measurements of
smaller scale combustion system from which the burner geometry is

then concaptually scaled up 1o the size of industrial combusior.
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Table 1 Non-dimensional terms for industrial combustion systems.

Dimensionlass parameater

Similarily requirements

Remarks

AP N -Systems operated at the same temperature | -Diminished In isothermal flow
pUz level. -Significant in flow with high pressure
-Mass transfer from other phases is gradient.
negligible, or if it is significant, should bs in
constant ratio to that transported by
convection.
Moy -Similar boundary conditions i.e. geometry. -Independent of scale in highly turbulent
P UL fiow.
rirp L -Mass transfer from other phase is -Negtigible in combustion condition.
pU negligible, or if it is significant, should be in

constant ratio to that transported by

convection.

-Maomentum transfer due to drag force is in

-Neqgligible in combustion cendition.

P Uz constant ratio with that due to convection.

-The ratio between the tangential and axial -This paramater relates to the inlet
velocity components to ke maintained the conditions, i.e. momentum ratio, swirl
same. number.

i Mg -Similar flow configuration -Independent of scale in highly turbutent
_é‘eﬁ.é pUL flow.

R4L
| pUg

-Similar chemical compaosition and the
reaction rate is solely controlied by

turbulent mixing.

-Independent of scale in highly turbulent

flow.

Syl
| pUS

-Volatile release: similar particie trajeclories,
temperature historles and the heat balance
characteristics.

-Char combustion: similar chemical
composition, e.g. fuel:air ratio,
conocentration of oxygen at inlets; similar

particle frajectories.

-Highly restrictive, difficult to be achieved in

pulverized coal combustion condition.

-Radiation: the rate of radiation heat transfer
per unit volume to be maintained constant
with scale.

-Boundary heat loss: the ratio of heat flux at
the wall to that crossing the sectional area

of the fumace is preserved with scale

-Important in industial furnace since the

effect of radiation is significant
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Solution for Laminar Flow in Circular Pipe

By Finite Volume Method
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This paper concerns a study of the equation for fluid flow in the circular cylindrical
end sudden expansion pipss. The numerical technique, referred to as the finite volume
method fs utilized for determining the solution, The solution comprises of the velocity in each

nodes in the flow domain. The incompressibla, stoady, laminar and viscous Auid flows are

assumed throughout the calculation.
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Abstract

A simplified mathematical model of Sulfur oxides formation has been proposed in this paper. The
model is used in the simulation of pulverized coal combustion. A finite volume method is used,
considering the problem within a small volume that interacts with others under the laws of momentum
rnass and heat conservation. The model is incorporated into FAFNIR which has already been developed at
ICSTM. Reaction rate of Sulfur is assumed to be related to a decay rate of turbulent eddies in proportion
to the reaction rate of volatile. The predicted oxygen mass fraction and temperature in the near bumer

zone are in good agreement with experimental data,
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Abstract

This paper concems about & formulation of the semi -
empirical mathematical model for sulfur dioxide (SC;} absorption
by Calcine (CaC) particle , dissociated from Calcium Carbonate.
Euler's method is utilized for the time—domain solution of the
absorption level. The model is able lo predict the effect of particle
size on SQ; absorption level. Eventually, the numerical results are

in good agreement with the experimental data
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A Simulation on the Effect of Particle Injection Location on
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Abstract

This research studies about utilization of mathematical model! for determining the suitable
position of sulfur dioxide (SO,) absorption by Calcium Carbonate (CaCQ,) particles emitting to coal
combustion chamber. After CaCQ, was introduced to combustion chamber, it will be calcinated to
Calctum oxide (CaQ) and consequently absorb SO, producing CaSO,. The previous literatures showed
that the SO, absorption rate was not only a function of SO, concentration, but also a function of time. So
it is necessary to find emitting position which lead to maximizing SO, absorption. The result showed that
by emitting the particle to the external recirculation zone of combustion will enable the particle a greater

time to absorb SO, and better dispersion than other positions.
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Abstract

This research concerns about a study on the effect of particle size of limesfone {calcium carbonate;
CaCO0,) on its trajectory for usc in sulfer dioxide (§0,) adsorbtion in the coal combustion chamber{4]. The
mathematical model for limestone particle trajectory is incorporated with the model of coal combustion
developed earlier [6]. Calcium carbonate Is injected the combustion chamber and its trajectory is
determined by mass transfer and momentum equations. From the study it ts found that the change in size
has little effect on limestone particle trajectory. As when the particle, 0.025 cm. in diameter, 15 injected
from the burner inlet next to the coal exit port, its trajeclory passes a high sulfer concentration region.
Morever, due to an effect of flow aerodynamic the higher degree of dispersion is observed. 1t is more
likely that emitiing limestone particle from the burner exit will lead t¢ greater sutfer oxide adsorbtion than

emtting it from the circumferential position around the burner.
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