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Numerical Simulation of Blast Furnace Injected with Pulverized
Coal and Fixed-Bed Adsorption of Organic Acids by Activated

Carbon in Heterogeneous Chemical Reaction Systems

Jung-Hee Kim

Department of Chemical Engineering, Graduate School

Pukyong National University

Abstract

Two different chemical reacting systems were modeled and numerically formlated by
using FEM(finite element method} and Forward Euler method. Two systems were
different in reactor structures, solid materials in the systems, flow pattemns, and

controlling mass transfer steps, we dealt them separately.

The blast furnace were modeled with gas and solid flow, chemical reactions, mass
transfer, heat transfer, and ore reduction indices models, and tested for the effects from a
pulverized coal injection(PCI). The PCI have intensified accumulation of fines in a blast
furnace. Especially, the accumulation of coal in the lower part of the blast furnace have
diminished the size of the raceway depth and gas flow into the deadman to affect the

steady state condition of the blast furnace. The decrease in both size of the raceway depth
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and gas flow into the deadman resuited in increasing pressure drop and lowering the
average temperature in the blast furnace. However the reduction of gas flow into deadman
acted only in the lower part of the furnace, but the diminution of the raceway depth
decreased the average temperature in the entire furnace, even though solid on the upper
raceway became hotter due to increasing gas flux through the raceway. Therefore, the
posttion of melting ore near the axial center appeared lower and near the furnace wall
upper the raceway appeared higher. As a result the length of the cohesive zone was
shortened to give permeability resistance on the gas and made the furnace operation
unstable. Increase of the zone packed with only cokes in axial center of the blast furnace

and the radius of cokes in it gave good influence on the gas flow and the furnace operation.

The activated carbon P1300 with more hydrophobic property had larger adsorption
capacity for organic acids (Cg and Cj;) than the other activated carbon Picazine. C,, with
longer molecular dimension was adsorbed more than Cy by the activated carbons. The
amounts of Cs and C,; adsorbed by P1300 were lower in NaOH solution in which P1300
had negative surface charge, than in H,O solution. Therefore, the degree of hydrophobicity
of activated carbons and organic acids affected the amount of organic acids adsorbed in

adsorption system.

A fixed-bed adsorption column was modeled in two independent coordinate
systems(mixed coordinate), one represented liquid phase for the bulk and the other solid
phase for the activated carbons. The longer molecular dimension led to a faster external
mass transfer rate onto the activated carbons and a slower surface diffusion rate inside the

- Xii -




narrow pore in them. Also, the surface diffusion rates of Cg and C;, were slower in NaOH
solution than in H,O solution. On mixed component adsorption the external mass transfer
rates and the surface diffusion rates for organic acids were consistent with that on single
component adsorption, but on the adsorption system displacing Cg by C,; the surface

diffusion rate of Cy, was slower than on that on single component adsorption.
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Table 1.1. Comparison of models between homogeneous and heterogeneous

Homogeneous Heterogeneous
Number of equation for
. one two
each dependent variable
_ reactions
Source term reactions

transfer between phases

. continuous or
Phase continuous . .
discontinuous
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Table 1.2. Comparison between a blast furnace and a fixed-bed adsorption

for modeling

Blast furnace Fixed-bed for adsorption.

System fluid-solid fluid-solid

heterogeneous for energy
Model heterogeneous for mass
homogeneous for mass

Bed moving bed fixed-bed

) two materials one material
Solid ) )
with many reduction levels

Time steady transient
Solid ) ) .
continuous discontinuous
phase
single mixed
Coordinate | = ( 2 dimensional cylindrical ) | =( I dimensional cartesian )

+ (1 dimensional spherical )

Source chemical reaction
mass transfer between phases
term energy transfer between phases
ependent concentrations concentrations
variables temperatures




AM8-7] %

External surface area of a particle [m?]

Rate of propertics transferred between phases

{kg m™ s? for momentum, Jm”s” for heat, or kmol m” s for mass]
Diffusivity of properties [m” s']
External transfer coefficient [m s™]

Radtal distance inside the particle of adsorbent [m]

Reaction rate [kmol m~]

Rate of generation of energy, mass, or momentum in a unit volume

2L 3 . - -
[kg m™ s” for momentum, Y m™ s for heat, or kmol m” s for mass|

Time {s]

Velocity vector [m s™']

Generalized concentration of property such as energy, mass, or momentum

kg m?s! for momentum, J m” for heat, or kmol m™ for mass]
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Ore bed
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Blast gas Raceway
l" _ mm) Pig & Slag
Hearth ——

Figure 2.1. Schematic diagram of a blast furnace.
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ol

b

3}-5-ol 8800 ton &4 AAE Buz

ket Al F HFAE 144388 kg/dayd] SE B v ARo)r] AYE o,

s

Agql 29 uldgel F FUdF2 50820 kgfon-pigelth 1 F

il

AT 32550 kgion-pigZt dFOlA AYEI Ue A 18270 kefon-pigs
O EEo g sl A FHYH Ao

&4 8800 tor/day A4hA] a3 BFL 5947 Nmmin £52 T 5

2AsHA sl Al o] FiAltE S WEaA AT o W Aol gty
2.614>10° Pac]lem], dadl 23 =¥ B (bosh) GH9 e 3500x10°
PaE FHAHETH

E Tl 9 gNm’e FEeo] EgHe AFAM @ g
Ta7FAE BAAIZIEL, 17,000 Nm'hre] 247 453 @74 T3 E o] ujRet
A2E S5t =9 A €59 25% 1196 CPAT @2uke & o Ao
CXs F 2000-2500 K7 HAD wAolAM wiEFHE AHE:E &
FARA E1 MRl Yoy 2 HFLEE 455 °Colith Ea

=R HA-E 714 co9t cod BES Zhzh 0239 02209tk 1A




B 8800 ton/day A4HA B8 ZPEHAEL Table 219 YERYG

Table 2.1. Actual operating condition based on the production of

8800 ton-pig/day

Ore rate

Cokes ratio

Pulverized coal ratio
Blast volume rate

O, volume rate

H>0 rate

Pressure at bosh
Pressure at top
Temperature at raceway
Temperature at top

CO fraction at top

CO, fraction at top

144,388 ton/day
325.50 kg/ton-pig
182.70 kg/ton-pig
5,947 Nm*/min
17,000 Nm*/hr

9 g/ Nm’- blast gas
3.500<10° Pa
2.614%10°Pa
2000~2500 °C
455 °C

0.23

0.22
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Figure 2.2. Size of a blast furnace [unit: mm],

-19-




2.1
(2.2)

+  Ha(g)

2CO(g)
CO(g)

—>
—

T

Jof it

+ COxg)
+ H,O(g)

C(s)
C(s)

EERR TR

cju

171782

(2.3)

g 7

2 Z+cH[13,17,18,19].

[s]

=]

ol

p -

kiiCj

A7z,

Bl AT Wgo] ojyti sldse, vY AL Yol o

j'(‘)

i

oA ky ;& VIAAE ;9

ﬁo

jpet

23 2o

[e]
v

b o

<)

%

o]

=

o Hauk

o

L

220 -

273
224

A RE A

2
I T+ T,

(fj = PY,;




Y A2 YRl gk A)AlgE o9 ﬁﬂéé&(vj yoll 4 2% (bed)?]

D9 AAT mZA A AF(M =6(1-¢,.)/(xd,’) yE FatU B

ARG NG o AREERHE DS S ok
1463(1—¢ Yk, PY;
R, = S L J :COs0r HO (2.4)
d,(T, + T)
A7 P o= 71HYE T, ZIARE, T,¢ A%, Y= ok ¥SE
j o BE Y s w mAsg FRBT

(@) AT BA0s
CO%  H7hml  else]  doju  HApAe  AAWLE g

21}H13,16,20.21).

3 FCQO3 (S)

+

COM;(g) S 2 FeOu(s) + CO/HOg) (2.5)
1118 FesO:(s) + CO/M:(g) 5 3.75Fero0(s) + COyH, O(g)  (2.6)

Feol%O (S)

+

COM,(g) 5 095Fe(s) + COy¥H-0(g) (2.7)

025Fe;0:(s) + COM,(g) 5 075 Fe(s) + CO/H,O0(g) (2.8)

Y whgol heiAolety AA B AT A¥e) VA APET ()

o thest 2o

Y.
v, = 4yz'r02kf,- __RP (Y, - “LJ (2.9)
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2R g 7
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ok
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|LIH;
dp
Pﬂ

(vool BFAZel a9l -G HGA

kel AE(M = 6(1-c,)/(zd,>))E Fobdl & ARG AP o

A7NA, g, BFHY FIFoIth 2 wool Bed HE4vet FPds

+ Appendix [°l] Y ELR]E}

g g NS weld #AF 2L debdch 848 KolAtolA]
2.5, 26 F 227 ¢o2 ¥ EHo A H I hematite: Fe,0:) — A2
(magnetite:  FesO;) —  wustite(Fegos0) —  H(Fe)T2o 2 3HYHDy, 848
Kolgtell A= A5t Aes)droem wresol ALY - 63 - H
o g

BPML Figwe 237 ol BUrlavt AW FHoEREH YRe

adsel Eoi7kiAM AdE . 1dA R4 Yo mEkA

J

AR mdor 3A4IE Rdzx FEAG. 1AW ZES Fe,0; !l FesO,
Fe304 Il Feglgso 1:?1_; Fe()‘950 I FGO] j—', 2?‘“]:& E%% F6203 il FC3O4 i Feo,9509—]r
F€203 i FB3O4 [ FeO]DL 37:“‘%& E%% Fe;O; It FC304 I} Feg_95O H Fe7} \H_q

[16,20,21].
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Figure 2.3. Three interface reaction models for ore.
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223 HgAMe Y&

o] S <27l HARe Poo AT AWM Aoz waw
walel wbE BOEolth Figue 237 Zol A4 wge FrozuE
olupd 7t W] 4R Avo] @3} AEOw o FHTIT Azt z7)
Fael WAL @ stm 7 Aol ARl WAl s, - ny b SE 1

S AE(Fy ) 0243 o] BAHT20.21).

oY, — —mry 3
Fy = 3 _ fH (2.11)
4 3 ¥,
—3~7rr0 o

o714, He M, W 52 F2A4 ZFZh Fey0,, FeppsO E& FeE 7}E]XITh
AP 2x7t 848 KETH 2 Afol= H@s5)akgod 2std Fyol wstx,

2263 A@7ukgol olsho] Zzk Fy 2 Fearol Wt

\3 2 Y
‘F:W =1- Jl F‘H,- =1 — Q FF =1 — 3
ro rO ro

T AALETL 848 K BTh @2 Afole (235), @8)Wrsol FE dojubA

4349 THE Fost Feot S0 Bigtgich 34 39 Fe,05, FesOs, FegssO

2 Fed] ¥E82 4L (1- Fy)(Fy — Fy L(Fy - Fp) D Fp 7} Bk
E3 S BHEE(F)S 27 AEgd Agan 450 dd A4

ol #FEE il EE&rE AHoHrh 23 FYLL uHLwI) 848 K

224 .




Fr = O0IIIF, + 0I1871F, + 0.7018F,
7F Hlan, A E 7} 848K KB} e AHoo=
Fr = 01111F, + 0.8889F,
7 ek A Zizte] #d&o]l BF o] 9d A=

ot
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Figure 2.4. Transport phenomena of heat and mass in a biast furnace.
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N
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N
R

A Al A==,

AAGEe BAFAA B AR DLET A7 oy ogd ol

ZIAEE s FASNA ALEE Ergund S 2agez2 2y
AH8-3191 T} 8,9,20].
—VP = (fi + HlG)G, (2.14)
1-¢)? -
A7IM, £ =150 ( ‘”2) ”f fo :1.75% ot} P&
(gamdpm) gmpg gomdpmgmpg

NAYE, G, £ 7ADBEDE, p, & /ALEC)L, p4, = 74 =T

dppms Em B @p o A7 AW S (material number)7} mQl | Rbe] A,

22,15 A@.16)°] Aot

1

. = I fz]@g] (2.15)

7]

-a,VP = G, (2.16)
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A2.16)° Pl E(divergence)® FHale] AA7S A3, 71HS WA 4TS

AR Hagye S ol dAssich

V-(-a,VP) = V-G, =0 (2.17)
B, Py 13 oP

S = - el — =0 2.18

: oz (ag’" GZJ r or [a‘g'r ar] ( )

H(218)% Adstd 4 A <bEE peta, o tEFuE Ak

2216yl tisdete] 4 as diFeAe] ZA&EE T

(2) nAde 38
DA EEE DAESE FEEe] Fuld dgEtd stpeolan AAsic
[10].

—aSVW = GS (2.19)

A7,y & RAEZE EWH, o, & FAZEAF)L, G, = aAAH

5

T Lol

H2I9NE AANGe] 5£EA3 olysxz vEL Haxm  uHe
22%s FARGE M dF deapE deHIn oidg s, B
A st

V-(-a,Vy)-V.-G, = 0 (2.20)
7] oy 1 & oy

Sy =-—bs:— |- ~=— — | =0 -

2 Oz (as’z Oz ) ror [as,,r or J 221
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(3) 714 AT A5 52 o= 47 2]

A2 e SERXY JAAHEEYE FANH] Yatd, thom 7o)
Sl quATAAL JAdE nAgges Uve wesistn
Z1Ale mAALele] dzbel Gdge mHEITH222324) TElm wkge
aAGeIA R dojdths iAol o8] FFA wreda Fas ugde

A el oA Ao g T

WetA] FTAl gl ol A A FA AN thga o] By, AEg 9 Az
diEe westy s38 ARG

) i

T, 14( or o1 oT

- £ g g

%o g{ oz’ +r8r( or ]} ’ Cpg_Gg'z 5 e or

6(l-¢,,) 0,
s & S n (T, T =0 (2.22)

gs = DY
A A A FALE g o] Balel ARG 2 Abzr AAD
o= g ds st s, dgstgia

°T, 1a8{ ar 8T oT
Sy =-D CEE R L+ Cp.|G.. 2 +G 3

4 s[ 5"2 - a‘r( or ]} psl: s s F ar :r

6(1- N
+ hgs%( Zp”’)(p L(Tg=Ts) + Y (~AHN )Ry = 0 (2.23)
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‘-E
oo
dp
K1
s
=
flo
rEE
olo
T
H'
a
g
c.
S

number)|TH2.434 HF) Tg ZhuhSo] RQd YEued 489 =y

4y 713 B2FA4

VAl 71 Ee] wEE LAZEAAN 2 AR ok HHo

Itk 7R 2 AR FEG A A B2 x40 melE,
shobubgol oF A4 - AFE FARWNA) WEHES B s, o

g sg.

P oY, 18 &y oY, )
S, =D, — |2k LYY Tk k. =
& kRTg{azz +rar(rarﬂ+[6g’z 82+Gg', ar}+ZSRN 0,

k =5~9 (2.24)

A7IA, Yy k=s-9=Y0, . Ycos YcosYuy » Yo ©1 3, Dy ZAAAE k2 it

34 gdo] 820 WPl os) Tz AR apz =

z3goryt Watdvan g, 7 2gA BUAE(F, ) A2s)i 2ol




. drF; 6(1—¢ SV ~
Sy ==t = n) 2V Fu gim02 Fas By I (2.25)

A7IA, Vo= AR iR 3dveEE G, = EFN FREI o
Xpaz A3 1 kg 394 24 H 3 Aol Hol izt 249l ke-atom

TFolth. 2259 ¥EgHaACA X, 2 2087%10°  kg-atomo/kgpeo© 3L,
AFHALE 848K ol B ¥ H@e)el wewAel Xy = 1684 Xy ke
atomo/Kgrao.®1 ™, 2272 WA Ael Xp = 6317 X3y kg-atomo/kgreo:©) 3,

BFA2E 848K olstold e wkewAe Xp = 8000 Xy ke

atomo/kgreo: ] T}
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n2ol AL A%elH nAZe BW, aReld £de 24T ol

TR, =0, 5 S 2 dad AAZ dAs

() Z1AIS 2o nASEe] AAZA
A 7RISR E 9z AAEA
71 Aol kel w9 WAk wel gAstn, r1Ae Xl

Az AANAE dFstckn st

P = 2, on  raceway (2.26)
P = Pt oh lfop (2.27)
-Vvpr = 0 on other surfaces (2.28)

wAAA AdHE nASEE o wAWSd #AAglel dASGI

7V a, dadlare nAEE AR Azero) 22 T
W = 0 on raceway (2.29)
—aVy = G in on fop (2.30)
-V = 0 on  other surfaces 23D




F}O
r

AREERRITE A EE R AFRe)a] A8l Aol AQe] oF Amtrol
dojupxn  dAiAd AACAME LnFdlrl 99 Dankwert's condition-&
A&ttt 28)a eol e YR o A17hE oF 10,000 Mkeal®] &2

AL, 2 SRelME FAREC g dFEAo] dojynz, sAe)

AA BE FRIACAFE AEs A 9%z dAdge] olRojxrE

T, = Tgin on  raceway (2.32)
D VT on = 0 on lop and center (2.33)
-DVT,-on = Ug (T -T,) on wall (2.34)
—D,VI,-n = Ug,b(Tg“Tb) on bottom (2.35)
B. aLA] oAl e AAxA
-DNVT.-n = 0 on raceway and center (2.36)
-DVLn = CpGT,-T,,,) on top (2.37)
~DVT,-n = U (I,-T,) on wall (2.38)
-D,VT,:n = U (T,-7;) on  bottom (2.39)
() E4FAA Y AAzA
TS Bo9 dadel AU AFL e, 557 @ A2 TS,
of Tl Adaek £371 dad deld AYH vEDIT 2% ukS s

olttgtdaet iz HIHAD sMFsgoh 2 dad) AA A




Table 259 23 2 99 )&

2 Ao Hrpuizl ool

#=2e Agatn
Y, Y in On  raceway (2.40)
-VY,-n = 0 on  other surfaces {2.41)
AN, T, % T, £ He 259 w9 &Xo|m, U, % Uy T 7149
aAte] FEdAGA ol
4) #d&o FA=xA
HdET = ARelA AYEE d3Me] HERSS  AAzA
4839}
Fy = Fi on  top (2.42)
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2(2.18), HE20~4229)9 94 R HAA(S )l 7FETE( W weighting

function}& w38kl Aol AFIHQ)ol diste] A E61E Weak formQ) 21(2.43)0)

hrgko]l Tl AACM = D(zero)o] He BE

o

Atk o) o AFREE g
3

J(W, -S,)dQ = 0, k=1~9 (2.43)

dE E°] FHA 20 #FsE nA oJUAFAAA A223)9) et
TAAFoZ Yehlo]l ¥ Al Table 2.39) N =3-102) HFA u

ol vebd = Q2438 FF).

s, = 80em) _P kAexp(E\'] Vi
oN ' 2
dpm | RT, R, Ko explEy/RT, )

i=6if Nisodd or i=8if Niseven

2(2.23)8] 24 YL T T Fol divergence theorem (o VHEQ=[- f ndl )&

¥ —

!

(2.44)

2 g5t A(2.459 Zo}

I[W4-S4]d§2 - JFW“.D oy , Wy 1 S{raTSHdQ

oz * & ar r or

aT 1 or
- J‘{W4-D58—:"+ W4<:DS( 6:)}11‘

+ | Wy 'CpsGs,z a_Ts" +W, 'CPSGS,r aL Q
Oz or

n J‘{W4 g _6(1_;2_"1)&(1*1; _TS)}Q
m




+ W4-Z{(—AH,\,-)9{\-}}Q -0 (2.45)

17|14, T Alel ZAES v

AS F@7he) dHoR e, Z ARAM JFEEse) nxpasE
BHE Aeleld 7 A% g9l wuESEs udbste ARt
B4 EE Lagrange F13F F5E AHEET o] of 7pEE49) uxwSE
TUY HAgsZ A5 Galerkingiolel @b Alel A AL gt slu

2l

19 ZAAlel AAT AHHE  FolH &k e AAZA0]  Dirichlet

Condition( Iy »w 2HE e,

B
)
o
[
N
o
uk
¥
1o
r)*
1B
PN
p
=
1o
ob
&
)
lo

ZALWE=0 on ngy Jol ABAT gl P A% AEsE k)9

oA ) e 2ol BAEC

p

wE = Y NCuu (2.46)
Aer]—p]gk

h

up = ZNBdB,k + ZNBgB,k (2.47)
Ben-ngi Ben gy

A7NA, a=tut={P, w T,. Ty, Yo,. Yco. Yooy, Yy, Ym0t ©1%h N, 9 C, &

430NN HIGEY Aolm, Ny, dy B gy & A2 B ARA

B, BAFE 2 AA5g0 T

H246)% 2@247E A@45)°] ddstn 423622399 AAZDSL

Aestd NEaet ol mAert ThE vk, )0 249 71AFY
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F(Fy)A Asez w@g

f[W4'S4]dQ:KA4B +FA4 =0

_)T: o) {:}_

H@48)9] K, 59 Fy,

i

KB

+
e ¥
o
"

+ -‘- NA'CPSGS,Z

+ J NA 'CpsGs,r

+ j N4 -hgs

- J. NA'hgs

\ N

AN Ly = v,

oN
azA Ds Z

SA4-¢p)om

=& m)pm

- INA-Z{—AHNERN}}JQ + L

-Cps Gy

(2.48)

B 747 Aa9)eh 42507 2.

ON g

Oz

dpy [d2
Ben-n o4

ON
2 Z r—, 9sa
Beqwr]gA

ONpg
E —dpy
oz
Ben=n .4

ON
> B,
or
Ben—n g4

de2

dQ)

D Npdps |dQ

app, Ben—n

&4

D Npdps d2

% Ben-n

g4

4B

> Ngdgy |dl

Ben-n 24
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on Aen —n,4 (2.49)

on Ael’




Layp = J- Ny-Ug ZNBdBA i, on Ael’,
Ben—n 24
LA4B = _‘- N, -Us‘b ZNBdBA dly . on AEFb
Ben-n g4
Layp = 0, on Ael, & inside nodes
=~ || Na-Cp Gy D NI, Ty, on Ael’
Bey —n 24
= = NA'Us,w ZNBTW drw’ on AEFW
Ben -y 24
== [ NaUsp ZNBTb dly . on Aely,
Ben-n g4
= 0, on Ael & inside nodes (2.50)




2.3.5 Newton—Raphson Method

21(2.48)8 7] A3t Adsebd 22509 ol Yerd

T Ak
KA4B+FA4 = K@B(do) + = Ad + F44 = ( (251)
do
z7lo) dlg 7HRBE 4,2 Fa, A2.51)S #Fstd g2 2o
3K 4.5 _ .
do
A0250)& Eold Ad B 78 e, d, =d,+4d B FASE, 2252)2)
o] sl goat MY olusl € wrlx] whE AAbspeinh
23.6 9L AAS A AW
2225y AT H(Forward Eular method)© 2 Al 4Hshgit)h =& AFHof A
FUHE 2P e L =7

R, AFA Q4oA AMH
COy¢t H091 2%

-z
)
ne
2

N,

kg-atomTE #|F s Ag
2gel $9eel FAt sy 2ol DAL @A AL chze)
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e 8y 2218 n2el 79} 23384 ARG Aol st
AL AAstz, B BFgor 1909 HA HFoT 6579 APow
014 Figure 2.59F o] FAst9ich

473 Z(node number)?} 2.4 F(clement number)= % BPE = ZAlo] A

g)

LN

o}ﬁ

BFO2 Figure 263 Fol FolEich A F FH AFE (A
AEAr(Fe ZAAF) - (20 WY AR 53, & .49 FE
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Figure 2.5. An example of size of a blast furnace and element mesh.
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Figure 2.6. An example of element, node, and equation numbering
for a lower part of a blast farnace.
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Table 2.2. Material number of elements representing material kinds and

properties
Void Shape
Materiai Diameter
Bed Position fraction factor
number{m) dm [mm]
£ b
l cokes column 50.0 0.45 0.90
2 top ~ cohesive zone 50.0 0.43 0.90
3 cohesive zone ~ tyere 42.5 0.43 0.90
4 i 35.0 0.43 0.90
Cokes 5 » 27.5 0.43 0.90
6 ” 20.0 0.43 0.90
79 deadman 275 0.10~0.25 0.90
8 ” 200 0.10~0.25 0.90
9 birdnest 20.0 0.10 0.90
10 cohesive zone 19.1 0.10 0.84
Ore
11 ore bed 9.1 035 0.84
12 ” 19.1 0.30 0.84
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9= AT T 3
; (“2-1)9 ‘H/0D =+ 0'1881']
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Table 2.4. Counts for differential equations, reactive components, and reaction

indices
Counts Number Differential equation Dependent
variable
o7k 1 (2.18) P
2 (2.21) w
3 (2.22) T,
4 (2.23) T,
> (2.24) Yo
¢ i Yeo
7 K Yoo,
8 > v,
? i Yo
- - Yy, =1-1%,
H 10 (2.25) F,,
! ) Fy
12 - A
- (2.12) or (2.13) Fr=YayFy
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Table 2.5. Boundary values for calculation

G 3.017 kg/m’sec
Fin 3.50%10° Pa
Four 2.59~2.7110° Pa
Tg.im 2300 K
Yeo,in 0.396
Yoo, in 0.000
Y1y in 0.047
YHzO,in 0.060

Ept in 0.302

Fy in 0.000
FFin 0.000
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Input data
1) Furnace geometries
2) Operating condition
3) Phy.&Therm. properties

Compute
Gas velocity potential > Gq

}Ggmm ’Ggoldl <TOL

Compute
Solid velocity potential > Gs

Compute
Heat balance { Ty, Ts )
Mass balance(Y;)

Tg,T,, Y, = Converge

yes

Compute
Ore reductions ( Fy )

yes

END

Figure 2.7. Flow chart for program procedure.




ol

i

e,
pild

=Rl

7k %

o}

7144 A

=
(&)

]

jei]

HEUZES] FPAX] g

Farab skt

5]

sk A}

~

=)
=2

Z

251 AAE R =

o AL

23s

SEE

=
T

iy

o

boabahgch 2Apz e

) 2

Tl o
=,

1.49 m, () ¥ =1

=
=

A7)

W #2397 L 50 mmz

FIAAY

Alop vluate] HEsyin

177.418 kg/sZ

7V A &

2.708>10° Pa o] 10,

£t

=

oA 177418 kg/sQ! T 1AL YA A

Aol EE 2501 10°Pa ~ 2.708 X 10° Pa2] M ATH o] AL Table 2,100 4

L |

2
N

2.614x10° Paz} W)

=
=

ol
H

- 54 -




EdFe] A7t AET F e AYLE B R

Figure 2.89] (a)= 71AISERAEE Yeld 8o U EE 7A9 258
et 7SS FHS maxaFe] 714 mel 213 Lzigzag)
FELR YEI o] A= Yagi $(8,9]9) ArAntet FUg AS walr)
T oAYE = F4A%9 3asAPdGYdN A9s) wE
Ex 5 vER

Figure 2.8%] (a)¥ JAHEZEE YEl 2@ og ARojx o 1aE Table 2.50)
UERd 3.017 kgm’s 22 =92 HY 23 EL 529 gy stz ol
A A EHon RS FHp2d $U% Aee Bk

Figure 299 (a) ZIAXEEEE ey 8oz 7yes:s =

FARN ET wuSelA 4P RobdA wARe) NALEA} 2

S[13]3% Adilson §[2419} |74 79} FA}sFA

Figure 299 (b UAREREE Yeld Jdos dAwee maex
BAE VARERATTE A FRAT F FAROA 53 = oA
stotd M FR[24)9) Aol FAbsTh xRl mAlLEE 1500 °CR
oA Sled AMdEF = FRdAM mALEE 29 SZAY us
FARRITE R ANZI F TFM 2 wkANgko® 15 mol| ¢33
Aad AARA LARXEE 1745 Ko)3 7] A2 EE 2299 Kol At} o] AAtsl

DAZEE Chung F[4.27]°) BR1g 2L Axoa] A=3 zg~A L%

- 55




1600~1800 Ko W2 o] gro]girh et (745K nALZE 7)A2 %9
759 %o @E3la, o)ie AwlzEo Aibd WHe mIA 27}

2
Z1A-EEe) oF 75%EhE FAel 2R ghol doh27).

Figure 2.109] (@) ()T 27 Cco%t C0o,9 FE®¥olz, AMNdA 1=

23%9k 22%9 Wld AFS BAth Figue 2119 @9 ()= 7z

Figure 2.12= 9= FF8°] 0.15 m, d4d 4% 1.12 m, 5 Bl ~E,
!

kA ZIAEY N 133m 2 4 F

= =
ARE M AdER F AA ALEI 2A4E Aday B9 g5g

- 56 -




2.708x10° Pa

30 r
25 |-
20—
—~ [
- ; -
S —
=15 - y=
=y 2
Q B [(}]
T T
10
S 3.500x10° Pa
O |
0 4 8
Radius (m)
(a) Gas velocity

Figure 2.8. Distributions of gas velocity and solid velocity in a blast furnace.
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Figure 2.9. Distributions of gas temperature and solid temperature in a blast

furnace.
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Figure 2.10. Distributions of CO and CO; in a blast furnace.

-59.




Height (m)

YH,

0.041
0.036
0.031
y 0.026
0.021
0.016
0.011

10f Y
___"’"‘"*\_,_,—-_._\‘\
5 -
00 5 0 5
Radius (m) Radius (m)
(a) Hz (b) HzO

Figure 2.11. Distributions of H; and H,O in a blast furnace.
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Figure 2.12. Comparison with the calculated and measured solid
temperature around raceway at void fraction of deadman
0.15, raceway depth 1.12m, no birdnest, cokes column
radius 1.33 mm, and cokes diameter 50 mm at cokes
column [@: calculated, O: measured, ==: regression of
calculated solid temp, and -—-: + 5 % error bound from

measured linej.
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Figure 2.14. Pressure drop versus size of raceway depth for varying void

fraction of deadman at no birdnest, cokes column radius 1.33

mm, and cokes diameter 50 mm at cokes column [void
fraction of deadman: €:0.25, O:0.20,and A: 0.15).
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Figure 2.16. Gas temperature for three air permeabilities of deadman at
raceway depth 1.49 m, no birdnest, cokes column radius 1.33
mm, and cokes diameter 50 mm at cokes column [void
fraction of deadman: :0.25, @:0.20, A : 0.15).
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Figure 2.23. Difference of gas temperature between raceway depth of 1.49
m and 0.75 m along center line of blast furnace at void
fraction of deadman 0.25, no birdnest, cokes column radius

1.33 mm, and cokes diameter 50 mm at cokes column.
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Figure 2.24. Solid temperature on raceway verge for varying size of
raceway depth at void fraction of deadman 0.25, no birdnest,

cokes column radius 1.33 mm, and cokes diameter 50 mm at

cokes column.
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Figure 2.25. Length ratio of cohesive zone for varying size of raceway
depth at void fraction of deadman 0.25, no birdnest, cokes

column radius 1.33 mm, and cokes diameter 50 mm at cokes

column.
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AHE71Z

Cp Heat capacity [ kcal kg' K]

d Constant unknown
d, Mean diameter of solid [ m ]
D Thermal conductivity [ keal m” s K]
D Diffusivity [ m* s ]
E Activation energy [keal kmol ']
F Reduction index of ore | - |
Fy Total reduction index of ore | - |
g Constant known
Mass flux [ kg m? s ]
o5 Heat transfer coefficient between gas and solid [ keal kgmol " K]

AH Heat of reaction [ kcal kgmol™' ]

k, External mass transfer coefficient [m? s™']
k, Arrenius pre-exponential factor [ various |
K, Equilibrium pre-exponential constant [ - ]
" Outward unit normal vector to the boundary
P Pressure { Pa |

r Radius coordinate [ m ]

Fp Solid radius [m]

R Gas constant

R Reaction rate [ kmol m” ']

S Equation

T Temperature [ K |

u Variable

.99 .




U Overall heat transfer coefficient [ keal m™ s K"

v Reaction rate of gas for each solid [ kmol s” EA™]
W Weighting function
Xy kg-atom of oxygen removed from unit kg of hematite to # state

[kg-atomo/kgre0:]

Y Mol fraction of gas | - |
z Axial coordinate [ m ]
g A3

yo, Density[ kg m™]

U Viscosity [ kg m™ s ]
n Node

£ Void fraction [- ]

@ Shape factor [ - ]

W Solid velocity potential [kgm™ s ]
Q Domain

I Boundary

SR

a Axial center

b Bottom

c Cokes

g Gas

i, Number for gas
k Equation number or material number

in Input
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m

w

Material number
Reaction number
Ore

Output

Radial direction
Solid

Top

Wall

Axial direction
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Figure 3.1. Bayer process depicting its cyclic nature [37].
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Table 3.1. The physical and chemical properties of activated carbons

P1300 Picazine Decol
Surface area [m%/g] 1369 1738 1149
Mean particle size [ 1 m] 15.00 15.00 -
Density [g/cm ] 0.66 038 -
Total pore volume [cm’/g] 0.73 1.30 0.87
Micropore volume 0.69 0.48 0.44
Mesopore volume 0.04 082 0.43
Oxgen [%] 5.30 15.90 8.80
Water vapor adsorbed 0.08 0.42 0.18
[molecular/nm’) ’ ' ’
PICA PICA Western
Manufacture (Australia) (Australia) Australia
Raw material Coconut Wood Coal
Activated Steam Phosphoric acid Steam
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FAAZE octanoic acid (CHy(CH),COOH: Cp)2+ dodecanoic acid (CH(CH)yg

COOH: Ci»)®% v f714Fs ARgslgth G Cps  Riedel-DeHaen % Sigma-

Aldeich (US.A)AFE] 99% &% AlE-S AAglel Itz Al&5rav).
sHaeldel Gl BElEE o 1 mglLeli Cpel SRS oF 04

me/LOl =2 2 mg/l. 52 FrAHEA S Ax:s7] 95+ iso-propyl alcohol

(PAYZ AHESESICE 714 &g Alzat7) 98t 2 mge] 74 50 mLe]

IPAS 1 Lo Eet=3e] Y E¢% T Ax gR2de) g0 %o xgs
THTE WOA sonic bathelA 2087 @AHF] BefAy] H ] LEAL

TERTH39.47]. IM NaOH®] R714t §4% 598 wpHo g | 1o Zapi e
2 mgo #7714k 50 mLe| IPAE Wi EF 5 Adx gARg ) g0 %ol |M
NaOHE S 9olAl sonic bathol M 2087F A5 LAz & 1 L&
REEAdv40,47). Yo®  Hx gdg H08MNo|g}stm, Tzl foie
NaOH& <} o] 2} str),

1 2| o AlFE Table 3.29F o] AR EFAjkoz ol A|RES T o]ate

AASA g TR ALgsl




Table 3.2. Chemicals List used

Abbreviated

Name Chemical Manufacture
form
N-methyl-N-
. _ CH;CgH;SO;N- i .
nitroso-p-toluene Diazald Aldrich (Australia)
. (CH;NO
sulfonamide
Di(ethylene C-H;OCH>CH>- ) ‘
Sigma-Aldrich (U.S.A)
glycol) ethyvl ether OCH,CH->0OH
Ethyl ether CH;CH,OCH,CH; | CHEM-SUPPLY
B CHEM-SUPPLY Pty.LTD
Iso-propyl alcohol IPA CH,CHOH CH; ]
{Australia)
Methyl-t-butyl Fluka Sigma-Adrich,
MTBE CH;0C(CH,) 5 _
ether (Switzerland)
Octanoic acid Cq CH;(CH;),COOH Riedel-DeHaen
Dodecanoic acid Ci: CH4(CH,)oCOOH | Sigma-Aldeich (U.S.A)
Capric Acid )
Cio CH:(CH>)sCOOCH; | Sigma (U.S.A)

Methyl Ester
Methyl decanoate Cis CH3(CH;);:COOH | Aldrich (Australia)

Copper(Il) sulfate

CuS0,.xH,0 Aldrich (U.S.A)
hydrate
CHEM-SUPPLY Pty. LTD
Potassium hydrate KOH ]
(Australia)
) Asia Pacific Specialty
Sodium hydrate NaOH

Chemical (Australia)
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Table 3.3. The opcrating conditions in continuous adsorption experiment

Flow rate
Temperature

AC mass

Feed concentration
Solution volume

Duration

1.0 cm*/min
25°C

10.0 mg
2.0 mg/L
1.5~45 L

24~72 hr
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323 5% 24

(1) F27]7]<F =4
Gas chromatograph (GC)T flame ionization detector (FID)7} F-2H¥  Hewlett
Packard4}2] HP 5890 Series 112] AF&3}1%d 11, GC HH 2 SGE (Australia)A} 9] H] =

4 GC AP Agdtd Wag 938 9

uln

olWivh GCel #Mxd+ APz

S & Table 3.40] YJeRyic)

Table 3.4. The conditions for gas chromatograph

Oven temp. 40 °C for 1 min, then up to 280 °C with 50 °C/min

Injector temp. 240 °C

Detector temp. 280°C

Carrier gas N gas with 40 mL/s at 40 °C

GC column BPX5 column (SGE, Australia) with 25 m of length
and 0.22 mm of diameter
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Position Phenomencn Coefficient
Bulk of @ Fast
solution Diffusion/Convection
Outer | @ K
cr layer External Mass Transfer f
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Porous Diffusion D,
3b
G‘%C Surface Diffusion D,
particle
@
Adsorption Instantaneous

Figure 3.5, The four steps of adsorption[48].
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Table 3.5. The adsorption capacity of activated carbons in H_O solution on single

component adsorption

Activate Amount adsorbed Fixed-bed Batch
Carbon Q max Cq Cp Cs Cys
Weight base(mg/g) 102.8 3423 31.85 285.7
P1300
Mole base X 10°(mol/g) | 0.71 1.69 0.22 1.41
Weight base(mg/g) 28.5 282.5 2935  234.0
Picazine
Mole base X ]03(m0]/g) 0.20 1.40 0.20 l.16

* an initial concentration of 0.1~1.0mg/L in H,O without 1PA for C; and with 2% IPA
for Cy3, and carbon dosage of 0.7~1.1mg.
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Figure 3.9. Breakthrough curve for Cg and C;; adsorption by P1300 in H;O

solution and in 1M NaOH solution on single component adsorption.
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Figure 3.13. Breakthrough curve simulated for C; and C;; on single

component adsorption.
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Figure 3.17. Concentration profiles simulated of Cs and C;;

of inside of a particle at outlet on two

compeonent adsorption.
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Figure 3.20. The schematic diagram of Differential Column Batch
Reactor [(1) feed tank, (2) magnetic stirrer, (3) pump, (4)

reactor, and (5) water bath].
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A&7 S

A Specific surface area of a particle [m” g”']

C Concentration of titrant [mol m™]

C, Liquid concentration in the bulk [mol cm™]

C; Liquid concentration on the adsorbent [mol cm™]

Cin Liquid concentration on inlet [mol cm™]

', Adsorbate load [mol cm™]

Dy, Mass diffusivity for bulk [em” 5]

DP Pore diffusivity {cm” s']

Dy Surface diffusivity [em? s™']

K ot Rate constant of adsorption [cm’ mol s ']

K g Rate constant of desorption [s™']

K Equilibrium constant {cm” mol”]

ky External mass transfer coefficient across the fluid-pellet interface [em®s™']
L Axial height of adsorber [cm]

Omax Value of C; corresponding to complete monolayer converge [mol cm™]
r Radial distance inside the particle of adsorbent [em]

Fods Rate of adsorption [mol cm™s™']

¥ fos Rate of desorption [mol cm™s™]
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Concentration of vacant site [mol cm'3]
Superficial velocity [cm 5]

Bed porosity

Density [gcm™]

Time [s]

Axial distance {cm)]
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Table A.1. Kinetic constants, equilibrium constants, and heat of reaction

iiﬁggﬁ Kinetic constant Equilibrium constant AH 594
i (k) (Kx) [kcal/kmol]
1 EXP(27.201-35900/7,) _ 41108
2 EXP(22.355-26360/T,) - 31309
3 EXP(11.35-9526.7/T,) EXP(7.260 + 3720.0/T,) -11233
4 EXP(11.92-8000.0/7) EXP(10.32 + 362.0/T,) -1434
5 EXP(15.76-14501.5/T,) EXP(5.290 - 4711.0/T,) 48099
6 EXP(11.29-9000.0/7;) EXP( 8.98 - 8580.0/T,) 57899
7 EXP(16.28-15060.4/T) EXP(-3.127 + 2879.0/T) -13623
8 EXP(16.50-14000.0/7;) | EXP(1.30-2070.0/T,) 3824
9 EXP(11.35-9526.7/T}) EXP(-1.032 +981.5/7)) -657
10 EXP(12.90- 8000.0/7,) EXP(3.72 - 4101.0/T)) -116.64
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