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Appendices 1 — Short Literature Review on Melting Experimental Apparatus

Author R Olsson D Pehlke R Guthrie R Guthrie D Pehlke K Mori J Wright G Brooks
Publishing Year 1965 1965 1971 1973 1974 1982 1989 2005
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steel in molten pig iron is convection T f convection when the | with rotation and with | | I
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Bath Bath . . High C Bath Bath
Low C Low C Bath Medium C Bath Low and Medium C (several Oxygen Low C Sample Low Carb
ow ow Low C Sample Sample Low C Sample content in the solid P ow t-arbon
Sample Sample Sample
| Sample samples)
m = (const)®’
%C 1.070-4.2%0 4,25% 5% | 4.7%-2.8% | 4,25% | 4,25% [ 2.0%-4.5% [3.7%-4.3%] 0.15%-0.20% |
%Si 0,80% I 1,1%
%Mn 0,50% 0.60%-0.90%
Chemical ppm Soluble O
Composition ~
Raw Material Electrolitic Fe and purity bIRvatrTf]elted Eleucrtizolg:gclireoggd Electrolitic Fe and purity|
aw Materials electrode graphite astiurnace punty elec electrode graphite
iron-C graphite
°C 1250 up to 1500 1260-1370-1455 1320-1400 1260-1455 | (5 Levels) 1185-1406 | (6 Levels) 1200-1450 | 1260-1460 | 1400 1650
Temperature o +-7 | -5
Accuracy °C Isothermal Isothermal Isothermal Isothermal
Top Shrounding Gas i Coke Argon Argon N, N, Ar 99.99%
Flow Rate (SL/min) 0,7 2 1,0
Controlled Argon
Atmosphere g
Stirring Slas o l\iz - 5’,\‘20
Liqui d ow Rate up to -
Bath Stationary | Rotary
. Rotary and . . (with and | (with and Stationary and Gas )
mode Rotary Stationary Induction Stationary Stationary | Rotary without Colwithout co Stirring Stationary
Sample Mode evolution) | evolution)
(15 levels) (5 levels) (4 levels)
rpm 32-1210 200 450 - 1800 95 - 900
Chemistry Intermitent sampling Yes
Bath Sampling
Temperature Yes
- Natural
?:crirm?i lc;y Turbulent Natural (Forced
’ Forced by rotation Natural uctio (Forced effects effects
Convection ; magnetic . o Lo
samples Convection field and minimized by switching | minimized by
. off power) switching off
rotation
power)
Experiment time  [sec 25-120 30-360 3-30 60-840 5-30 | 5-100 5-80
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Author R Olsson D Pehlke R Guthrie R Guthrie D Pehlke K Mori J Wright G Brooks
Publishing Year 1965 1965 1971 1973 1974 1982 1989 2005
Institution US Steel Corp Univ of Michigan McGill Univ McGill Univ Univ of Michigan Nagoya Univ CSIRO McMaster
%C 1.5%-4.5% 4,25% 5% 4.7%-2.8% 4,25% | 4,25% | 2.0%-4.5% |3.7%-4.3%| 0.15%-0.20% |
%Si 0,80% 1,1%
%Mn 0,50% 0.60%-0.90%
Chemical ppm Soluble O
Composition -
Raw Material Electrolitic Fe and purity bIRetnf]eIted Elicrti[dg:g;fosgd Electrolitic Fe and purity|
aw Materials electrode graphite astiurnace punty elec electrode graphite
iron-C graphite
°C 1250 up to 1500 1260-1370-1455 1320-1400 1260-1455 | (5 Levels) 1185-1406 | (6 Levels) 1200-1450 | 1260-1460 | 1400 1650
Temperature R +-7 | +/-5
Accuracy °C Isothermal Isothermal Isothermal Isothermal
Top Shrounding Gas . Coke Argon Argon N, N, Ar 99.99%
Flow Rate (SL/min) 0,7 2 1,0
Controlled Argon
Atmosphere 9
Stirring Slas o l\iz - 5’,\‘20
qu uid ow Rate up to -
Bath Stationary | Rotary
. Rotary and . . (with and | (with and Stationary and Gas )
mode Rotary Stationary Induction Stationary Stationary | Rotary without CO|without CO Stirring Stationary
Sample Mode evolution) | evolution)
(15 levels) (5 levels) (4 levels)
rpm 32-1210 200 450 - 1800 95 - 900
Chemistry Intermitent sampling Yes
Bath Sampling
Temperature Yes
- Natural
?r:'é“n?i lc;y Turbulent Natural (Forced
. Forced by rotation Natural uctio (Forced effects effects
Convection ) magnetic . N Lo
samples Convection field and minimized by switching | minimized by
. off power) switching off
rotation
power)
Experiment time  [sec 25-120 30-360 3-30 60-840 5-30 | 5-100 5-80
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Author R Olsson D Pehlke R Guthrie R Guthrie D Pehlke K Mori J Wright G Brooks
Publishing Year 1965 1965 1971 1973 1974 1982 1989 2005
Institution US Steel Corp Univ of Michigan McGill Univ McGill Univ Univ of Michigan Nagoya Univ CSIRO McMaster
%C 0,008 1,00 0,20 0,85% 0,007% 0,44% 0.002%-0.005% 0,26% | 0.15%-0.20%
%Si 0 0 0,40% 0 0 0.001%-0.005%
Chemical %Mn 0 0 0,30% 0 0 0.001%-0.003% 0,70% 0.60%-0.90% |
Composition %S 0.002%-0.005%
ppm O (11 levels) 0-11400
Raw Material 1020 Commercial Low C ) Commercial
commercial
Oxidation layer Cleaned samples Yes
Samples helq over the Samples held over the
bath until the -
Pre-heating °c 100 temperature gets close bath until the 800
to the bath temperature gets close
Solid Sample
p temperature (10 min) to the bath temperature
Shape Cilyndrical Cilyndrical Spherical Cilyndrical Cilyndrical Cilyndrical Cg);nudar:(;al
Length Total mm 50,8 300 406 76,2 70 80-120 230 343
Submerged mm 180-200 55 55-70 170
Length
Diameter mm 12,7 12,7 12,0 12,1
Diameter mm 19,1 19,1 25,4
Diameter mm 25,4 25,4 31,8
Diameter mm 38,1 54 38,1
Diameter mm 50,8 79 76,2
Side Length
(Square) mm 19.1
Re-using samples [Y/N Yes Yes
Quenching Midia Water N2 Water Water
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Author R Olsson D Pehlke R Guthrie R Guthrie D Pehlke K Mori J Wright G Brooks
Publishing Year 1965 1965 1971 1973 1974 1982 1989 2005
Institution US Steel Corp Univ of Michigan McGill Univ McGill Univ Univ of Michigan Nagoya Univ CSIRO McMaster
Type Induction Induction Induction | Induction | Resistance-heated Resistance-heated Induction Induction
Power kw 40 75
Temperature control HP Controller Manual
Heating Rate °C/min > l
Thermocouples PUPt-10%Rh PtRh
Vertical Tube OD
Heating  |(Resistance Fnce)[™" 88,9 52
Furnace  Ieoraciy kg 1,2 100 10 250 1 1 | 25 70
Crucible material Graphite Al203-SiOx| MgO
Crucible length mm 355 127 125 375
Crucible Diameter [mm 100 114 40
Crucible mm
Thickness
Free board mm 88
Liquid Height mm [ 55-70 T 225 287
Weigth Scale o] +/- 1
"Effective
M . " — Part", only a
"Average Diameter" of Avera}ge Diameter” of Welghthg " . N "Average Diameter" |same diameter|
. . all the immersed length and reusing 'Average Diameter . -
Diameter mm all the immersed estimated from weight [segment of the
was measured as well (total cycle 8 measurements :
length was measured - loss measurements immersed
volumetric displacement sec)
length was
measured
2
c B
2 frenpenn Tremoume e | Themocoupe n e
g emperature p center of the sample
= (Upper part)
% Metallography Boundary layer s_.howmg
g carbon gradient
o
- Flow Rate
=
g Off-gas Chemical Not measured, only
a composition estimated
&
(7]

Visual Inspection

The liquid near the
sample moves
downward during

dissolution. The lower

part is thicker. The

opposite occurs when
CO bubbling is intense

279
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Annex 1 — Thermodynamics — Equations and Data Summary

Equilibrium relations in the system Fe-C-O

The liquid solution assumes Henryan behavior for C and O dissolved in Fe

[C]-[O]-CO
Liquid Phase: Solution Fe-C-O

Gas Phase: CO (CO; and O, neglected)

Fe-C-O as a liquid solution in equilibrium with CO in the gas phase, where total pressure

P = Pco

Reaction Standard Gibbs Free Energy [116]
J/mol

Cy +1/20,,, >COy, | AGP=-111,700-87.65T | FAN-1

Co > L AG®=22,594—42.26 T eq.ANL - 2

1/20, = O 106w AG°= -115,750 — 4.63 T €q.AN1- 3

C+0-C0, AG°=-18,544 — 40.76 T eq-ANL - 4

Table AN1-1  Expressions for Standard Gibbs Free Energy for C-O

reactions. Equilibrium with CO.

Koy = €0 — EXP{@ + 4.90]
T

he.hy

Accounting Henryan activity
h, = f,.[%X,]

In(
fe

[%C]

[%0]

P ) 2,230

= +4.90
[%C].f,.[%0] T

= h -EXP(—@—4.9OJ- 1
fo.f, T [%60]

_| Poo -EXP(—@—4.9OJ~ 1
fo.fo T [%C]

log f. =el.[%C]+el.[%0]

log f, =e3.[%0]+eg.[%C]

C

o} O Cc

eC eC eO eO
0.14 -0.34 -0.20 -0.13
Table AN1 -2 Interaction coefficients for dilute

solutions of elements dissolved in iron
at 1600 °C [116]

ed.AN1- 5

eg.AN1- 6

eq.AN1- 7

eg.AN1- 8

eq.AN1- 9

eq.AN1 - 10

eq.AN1 - 11
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[C]-[O]-CO
Note: alternative data
Ligquid Phase: Solution Fe-C-O
Gas Phase: CO (CO; and O, neglected)

Fe-C-O forming a liquid solution in equilibrium with CO in the gas phase, where total
pressure P = P,

Reactions Standard Gibbs Free Energy [116]
J/mol

*C, +1/20,, — CO, |AG"=-114,400-85.8T eq.AN1 - 12

Cy = Croem AG°=22594-42.26 T eq.AN1 - 2

1/20, — O 156wt AG°=-115,750 - 4.63 T eq.AN1 - 3

C+0—CO, AG®=-21,244-3891T eq.AN1 - 13

PUC-RIo - Certificacdo Digital N° 0721398/CA

Table AN1 -3  Expressions for Standard Gibbs Free Energy for C-O reactions.
Equilibrium with CO. (*) Alternative data base [9]

eq.AN1- 14
Koy =—eo_ — Exp(@ N 4,67) a
he.h T
Accounting Henryan activity eg.AN1 - 15
h, = f,.[%X,]
eq.AN1 - 16
Feo = 2555 +4.67
f..[%C]. f,.[%O0] T
eq.AN1 - 17
[%C] =| —eo_|. Exp(—@—us?]- L
fo.fo T [%0]
P eq.AN1 - 18
[%0] = _COo |. EXP(—ﬂ—4.67]- 1
fe-fo T [%C]
log f. =eS.[%C]+el.[%O0] eq.AN1 - 19

log f, = eJ.[%0] +eS.[%C] eq.AN1 - 20
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[C]-[Q]-CO

Liquid Phase: Solution Fe-C-O
Gas Phase: CO-CO; (O, neglected)

Fe-C-0O as a liquid solution in equilibrium with CO and CO, in the gas phase, where total
pressure Pgo + Peo, =1,

Reactions Standard Gibbs Free Energy [116]
J/mol
C, +1/20,,, —>CO,, |AG°=-111,700-87.65T eq.AN1 - 1
0_ -
Cy + 0,4 > COy, AG"=-394,100-0.84 T eq.AN1 - 21
Cy = Cioewm AG°=22,594-42.26 T eq.AN1 - 2
CO,, +C —2CO,,, AG®= 148,006 -132.20T eq.AN1 - 22

PUC-RIo - Certificacdo Digital N° 0721398/CA

Table AN1 -4  Expressions for Standard Gibbs Free Energy for C-O reactions.
Equilibrium with CO and CO,

2 _ eq.AN1 - 23
Keoz = P _ EXP(L802+15.90j
Peo, Ne T
Accounting Henryan activity eg.AN1 - 24
hi = fi'[%xi]
2 eg.AN1 - 25
0 P% _ 17,802 +15.90
Peo, - fc-[%C] T
assuming P,+P =1 eq.AN1 - 26
2
P _pxp( 211892 15 90 [%C] €q.AN1 - 27
1-Py, T
The Henryan activity coefficient is also an exponential function
of carbon concentration [117]
[%C] <1%
log f. =0.167 -[%C] eq.AN1 - 28
[%C] > 1%

log f, =0.200-[%C] eq.AN1 - 29
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[C]-[O]-CO-(FeO)

Liquid Phase: Solution Fe-C-O
Pure FeO (Slag)
Gas Phase: CO-C0O,-0,

Fe-C-0 as a liquid solution in equilibrium with CO, CO, and O; in the gas phase, where
the activity of FeO is ap,, =1

Reactions Standard Gibbs Free Energy [116]
J/mol

Fey, +1/20,,, — FeO,, | AG"=-256,000 + 53.68 T | eq.AN1 - 30

1/20, = O 106wt AG°=-115,750 -4.63T | eq.AN1- 3

Fey, +O — FeQ, AG°=-140,250 + 58.31 T | €q.AN1- 31

PUC-RIo - Certificacdo Digital N° 0721398/CA

Table AN1 -5  Expressions for Standard Gibbs Free Energy for Fe-O reactions.
Equilibrium with pure FeO

eq.AN1 - 32
Ko = 20 = EXP(—m’869 —7.01) q
ho T
Assuming A, =1
Inh, :_m’Tﬁ”'Ol eq.AN1 - 33
rearranging eq.AN1 - 7
eq.AN1- 34
InP.g —In f..[%C] = In f,.[%O] =@+4.9o a
Fe saturated with oxygen, precipitating pure FeO
Inh, = In f,.[%0] eq.ANL - 35
Combining
eg.AN1 - 33toeq.AN1- 35
[%C,,n 1= EXP(M’_?39 -11.91+ In%j eq.AN1 - 36
C

[%C,,\ ] is the carbon concentration in equilibrium when the
maximum oxygen solubility is achieved under a, =1
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ICI-[O]-CO-(FeO)

Note: alternative data

Liquid Phase: Solution Fe-C-O
Pure FeO (Slag)
Gas Phase: CO-C0,-0O,

Fe-C-0O as a liquid solution in equilibrium with CO, CO,and O in the gas phase, where
the activity of FeO is a,,, =1

Reactions Standard Gibbs Free Energy [116]
J/mol
*Feyy +1/20,, — FeQ,, | AG"=-225,500 +41.3T | eq.AN1- 37
1/20, = O 156wt AG®=-115,750 -4.63T |eq.AN1- 3
Fegy +O — FeQy, AG®=-109,750 + 45.93 T | eq.AN1 - 31

PUC-RIo - Certificacdo Digital N° 0721398/CA

Table AN1-6  Expressions for Standard Gibbs Free Energy for Fe-C-O reactions.
Equilibrium with CO. (*) Alternative Data base [9]

Are 13,200
Kro =T = EXP[ T _5'52} eq.AN1 - 38
O
assuming ap,, =1
eq.AN1 - 39
Inh, = —B’Tﬂ +5.52
rearranging eq.AN1 - 7
ed.AN1 - 40
InP., - In f..[%C] ~In fo_[%o]zgﬂm q
Fe saturated with oxygen, precipitating pure FeO
eq.AN1 - 41

Inh, =In f,.[%0]
Combining eq.AN1 - 39to eq.AN1 - 41

eq.AN1 - 42
[%Cpn]= EXP(m’Tﬂ—lo.w n |n%}

c

[%C,,\ ] is the carbon concentration in equilibrium when the
maximum oxygen solubility is achieved under a., =1
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<C,>-CO-(FeO)

Liquid Phase: Pure FeO (Slag)
Gas Phase: CO (CO; and O; are neglected)
Solid Phase: Cgy (Pure graphite)

FeO as a liquid solution in equilibrium with CO, CO,and O, in the gas phase, where the
activity of FeO is ap,, =1

Reactions Standard Gibbs Free Energy [116]
J/mol

Fey, +1/20,,, — FeO,, | AG"=-256,000 + 53.68 T | €q.AN1- 30

C, +1/20,, —>CO,, |AG’=-111,700-87.65T |eq.AN1- 1

FeQ, +C, =Fe+CO AG°= 144,300 — 141.33 T | €q.AN1 - 43

Table AN1 -7  Expressions for Standard Gibbs Free Energy for Fe-C-O reactions.
Reduction of FeO with C graphite. Equilibrium with CO.

17,356
Kecg = EXP(—T+1G-99J eq.AN1 - 44
assuming ar, =1l and a; =1
p .
Kee = Coh = Peo eg.AN1 - 45
FeO "' 'C
17,356
Peo = EXP(—T+16-99J eq.AN1 - 46

[C]-CO-(FeO) and variable Slag Basicity

Liquid Phase: FeO-CaO-MgO-SiO,-P,0s (Slag)
Gas Phase: CO (CO; and O, are neglected)
Solid Phase: Cy (Pure graphite)

FeO as a liquid solution in equilibrium with CO in the gas phase. The activity of FeO a,,,

is a function of slag basicity.

Reactions Standard Gibbs Free Energy [116]
J/mol
Fe,, +0 — FeQ,, AG®=-140,250 +58.31 T eq.AN1 - 31
C+0—CO, AG°=-18,544 -40.76 T eq.AN1 - 13
FeO,, +C =Fe+CO AG®=121,706 —99.07 T eq.AN1 - 47

Table AN1 -8  Expressions for Standard Gibbs Free Energy for Fe-C-O reactions.
Reduction of FeO , equilibrium with CO and variable a,,, as a
function of slag basicity..
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14,639

Kee = EXP(—T+11.91J eq.AN1 - 48

I:)CO PCO

Kee = = eq.AN1 - 49

aFeO'hC aFeO'fC [%C]

286

Areo = Voo Y0 X 0 eg.AN1 - 50
%W,
ed.AN1 - 51
06, ~ oo, ML
Z %ow;
MW,
(%WFeO j
%X oo = MWeeo ) _ Weeo eq.AN1 - 52
%w, W .
MW, - '
2 MW, o 2. MW,
YOWeeo eg.AN1 - 53
Are0 = Vreo- o
MW - oW,
FeO MWI
Molecular weight of FeO slag defined as MW, and MW, ,
respectively. The slag molecular weight is estimated based on typical
slag compositions as presented in
%W,
Table AN1 - 9. Hence, Y| i ~1.64% /(g / mol)
MW,
Thus, at 1873 K, assuming f.=1 e Pco=1 atm, where FeO and C are
mass concentration
Kee = 1 =59,99
Vreo-(0,00847).(%Fe0).[%C] eq.AN1 - 54
1

(%Fe0).[%C]= ————
7FeO'(01508)

Table AN1 - 9 — Estimate of molar weight of typical EAF slag

MW; 9% wt Slag MW; % wt Slag MW;  %wtSlag MW; % wt Slag

FeO 72 20% 72 15% 72 35% 72 40%
CaO 56 40% 56 45% 56 30% 56 25%
Si02 60 14% 60 18% 60 15% 60 15%
MgO 40 6% 40 6% 40 10% 40 10%
P205 142 2% 142 2% 142 1% 142 1%
Cr203 152 2% 152 2% 152 2% 152 2%
AI203 102 5% 102 5% 102 2% 102 2%
Other 60 5% 60 5% 60 5% 60 5%
61,8 94% 63,2 98% 64,5 100% 65,3 100%

Basicity B 3,01 2,71 2,78 2,46
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<Cg>-CO-CO,-(FeO)

Liquid Phase: Pure FeO (Slag)
Gas Phase: CO and CO, (O is neglected)
Solid Phase: Cg (Pure graphite)

FeO as a liquid solution in equilibrium with CO, CO,and O, in the gas phase, where the
activity of FeO is ag,, =1

Reactions Standard Gibbs Free Energy [116]
J/mol
Fe,, +1/20,,, — FeO,, AG°=-225500 + 41.3 T | eq.AN1- 37

2(g

C, +1/20,, —CO AG°=-114,400-85.8 T | €q.AN1- 12

(9)

O_ -
Cy + 0,4 > COy, AG°=-395,300-0.5T |eq.AN1- 55

FeO,, +CO=Fe+CO, |AG°=-55400+44.0T |eq.AN1- 56

P 6,663
Keco, = C—‘; = EXP(T—5.29J eq.AN1 - 57
FeO" CO
assuming ap,, =1
P
Kreo, === = EXP(@—S.zg) eq.AN1 - 58
2 Py T
<C4>-CO-CO; Boudouard Reaction
Reactions Standard Gibbs Free Energy [116]

J/mol

C, +1/20,, —CO,, |AG"=-114,400-85.8T |eq.AN1- 12

O_ -
Cyr + 0y = €Oy, AG”=-395,300-0.5T |eq.AN1- 55

PUC-RIo - Certificacdo Digital N° 0721398/CA

C, +CO, =2CO AG°=166,500-171.1 T |eq.AN1- 59

p2
Kboud =—<9—=EXP

or pC02

20,025
[— +20.58j eq.AN1 - 60

assuming a. =1

2
Kboud = Peo - EXP(_ 20:I'025 + 2058) eg.AN1 - 61

co,
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CO-CO, Equilibrium in the gas phase
Liquid Phase: None
Gas Phase: CO, CO, and O,

Solid Phase: None

Reactions Standard Gibbs Free Energy [116]
J/mol
c, +1/20,,, —CO AG®=-114,400 - 85.8 | eq.AN1- 12
or 2(9) (9) T

O_ -
Cyr + 0y = COy, AG"=-395,300-0.5T |eq.AN1- 55

AG°®=-280,900 + 85.3 | eq.AN1- 62

CO( +1/20, > COy | A

2(9)

Peo, 33,786
Keo-co, = o _ EXP(— =

2
Pco- pgz

+8-31j eq.AN1 - 63

Equilibrium relations in the system Fe-Mn-O

[Fe]- [Mn]-[O]-(FeO)-(MnO)

Liquid Phase: Solution Fe-Mn-O
FeO and MnO (Slag)
Gas Phase: O,

Fe-Mn-O as a liquid solution in equilibrium with FeO and MnO in the slag phase, where
the activity of FeO is ar,, =1

PUC-RIo - Certificacdo Digital N° 0721398/CA

Reactions Standard Gibbs Free Energy [116]
J/mol
Fe+1/20,,, — FeOQ, AG°=-225500+41.3T | eqg.AN1- 30
Mn+1/20,,, - MnQ,, AG®=-356,584 + 100.7 T | eq.AN1 - 64
FeOy, + Mn— MnO,, + Fe | AG°=-131,084+59.40 T | €q.AN1- 65

Table AN1 - 10 Expressions for Standard Gibbs Free Energy for Fe-Mn-O reactions.
Equilibrium with pure FeO and MnO

a, 15,766
8w _pxp( 2207144 )
FeMn aFeo-[%Mn] ( T eq.ANl 66
Vo X o 15,766
Keewn =~ o= EXF’(—— 7.144 eq.AN1 - 67
Y reo X peo [%0MN] T
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Q/FeO — 1 XMnO
}/Mno KFeMn xFeo[%Mn] quNl - 68

@1873 K, Ky, = 3.57

According to data cited in Figure 5, eq.AN1 - 68 s plotted in Figure AN1 - 1 (a), a
%CaO +1.4%MgO

%Si0, + 0.84%P,0,
derived from eq.AN1 - 68 s plotted in Figure AN1 - 1 (a).

function basicity indexB =

. Therefore, the Figure AN1 - 1 (b) is

4

(@ (b)

Figure AN1 - 1 - Variation of activity coefficient ratio Treo. with slag Basicity at 1873 K[10]
7/Mn0
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Reqular Solution Model

The excess value of an extensive thermodynamic solution property is the
difference between its actual value and the value it would have if the solution was
ideal [116].

G=G"+G* eq.AN1 - 69

G molar Gibbs free energy
G" molar Gibbs free energy if it were ideal solution

G* excess of molar Gibbs free of the solution

AGM = AGMid L G ed.AN1- 70

For Raoultian ideal solutions

a =X €q.AN1- 71

M,id _ _

AG _ET(XAInXA+XBInXB+....+XnIan)_ eq.ANL - 72

= z XiAGiM’Id

AGM® _RT In X, €q.AN1- 73

For Non-ideal Solutions

o= eq.AN1 - 74
i xi

ai = RT Inj/i eq.AN1 - 75

Considering a binary solution

GXS — RTO!XAXB quNl - 76

RTIny, =a X} eq.AN1 - 77
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G =RTaX X,

oRT

For a multiple species system
RTIny, = Z“ijsz + ZZ(@(” + —aijk).Xij
j ik

a; is the interaction coefficient energy between cation (i cation)-O-(j cation)

eq.AN1 - 78
eq.AN1- 79
eq.AN1 - 80

291

The reference state is taken to hypothetical pure liquid of oxide species [107].

FeO-FeO; 5-MnO-SiO,-MgO-CaO o]
il XFeO XFeOq 5 XMnO XSio, XMgO XCaO XP,0g XAl,O3

i Fe?* Fet MnZ* Si4 + Mg2+ Ca2+ p5 + A13+
XFeO Fe2+ -18660 7110 -41840 33470 -31380 -31380 -41000
XFeO1l.5 |Fe3+ 18660 -56480 32640 -2930 -95810 14640 |-161 080
XMnO Mn2+ 7110 -56480 -75310 61920 -92050 -84940 - 83680
XSi0o2 Si4+ -41840 32640 -75310 -66940 -133890 83680 -127610
XMgO Mg2+ 33470 -2930 61920 -66940 -100420 -37660 -71130
XCaO Caz+ -31380 -95810 -92050 -133890 | -100420 -251040 | -154810
XP,0g P5+ -31380 14640 -84940 83680 -37660 -251040 -261500
XAlL,O5 Al3+ -41000 -161080 -83680 -127610 -71130 -154810 | -261500

Table 31 - Interaction energy between cations of major components in steelmaking slag [107].



DBD
PUC-Rio - Certificação Digital Nº 0721398/CA


PUC-RIo - Certificacdo Digital N° 0721398/CA

292

OuTPUT Mw, MW, Mw,; ‘ aMw,, 0 Entalphy
INPUT Reactant 1 | Product 1 | Product 2 ‘C-MWM,O‘ -AH
Nm30,/ | Nm30/ [kwhikg o
METAL SLAG DUST OFF-GAS g/mol g/mol g/mol kg Nm3
Reactant | Reactant 1 | Reactant
Ve, |c ¢ Tapping Carbon C+1/202->CO 12,00 28,00 0933 25559
CO+1/202->C02 28,00 44,00 1,000 | 3512
Ve, |si si Minye | 0,001 Si+02>Si02 28,09 60,09 0467 0,797 9,427
Ve, |Mn Mn [ Mn+1/202=MnO 54,94 70,94 0,774 0,204 2,019
e, |s S Lye $+02.>502 32,07 64,07 0,501 0,698 3141
Me, [P P Lye. P2+5/202->P205 3097 141,94 0436 1808 6,130
Me, |Cu Cu NR 2Cu+1/202=Cu20 63,55 14310 0,883 0176 0,855
Me, |Ni Ni NR Ni+1/202->NiO 58,69 74,69 0,786 0,191 1,241
e, _|cr cr [ 2Cr+3/202->Cr203 51,00 150,00 0,680 0,659 6321
Ve, |sn Sn Lye. Sn+1/202->Sn0 11871 | 13471 0,881 0,094 1,373
Me, |Nb Nb 2ND+5/202->Nb205 92,01 265,82 0,699 0,603 1,870
Me, |Mo Mo Lye Mo+02->MoO2 95,94 127,94 0,750 0233 1,703
» Me, |V v Minye | 0,000 2V+3/202>V203 5094 149,88 0,680 0,660 4,002
< Me, Al A Minye | 0,000 2AI+3/202->A1203 2698 101,96 0529 1,245 17,491
z e, |zn Zn Minye | 0,000 Zn+1/202>2n0 6539 81,39 0,803 0171 2,053
e Ve, |Pb Pb Miny. | 0,000 Pb+1/202->PbO 207,20 | 22320 0928 0,054 0,299
< Me,_|Hg Hg Miny, | 0,000 Hg+1/202->Hg0 20059 | 21659 0926 0,056
] Me, [N N NR 14,00
2 Me; [Fe Fe Kreo | Fe+1/202->Fe0__| Fe->VaporizatioN->FeO | 55,85 71,85 0,201 1,318
E MeO, [iron-oxides (Fe,0,) in the bulk Feo 7185
W [ Fe FeO+C->Fe+CO| | [ co 71,85 55,85 28,00 -0,558
FeO 7185
MeO, [Rust (Fe0) Fe [FeO+C>Fercol [ co 7185 55,85 28,00 0558
MeO, |DRI/HBI - Gangue Total
MeO, | DRIHBI- (Ca0) [ Ca0 56,08
MeO, | DRUHBI- (S102) [ Si02 60,09
MeO, | _DRIHBI - (A1203) [ A203 101.96
il & Greases & Rubber C+1/202 > CO 12,00 28,00 0933 2559
Paintings & Coatings CO+1/202->C02 28,00 44,00 1000 | 3512
MeO, |Non-metalics (Dirt) Total
MeO, | Sioxides (Si02) Si02 60,00
MeO, | Ca oxides (Ca0) Ca0 56,08
MeO, | Aloxides (A1203) AI203 101,96
MeO, | Mg oxides (MgO) MgO 40,31
MeO, [Water 18,00
MeO, [Ca0 Ca0 56,08
@ MeO, [Mgo MgO 4031
29 [Weo [azos A203 101,96
x < MeO; [sio2 Si02 60,09
2% [Weo [coz-tme CaCO3+(Heat) >Ca0+CO2 | coz 44,00 2,500
© % [Me0, |coz- Doloime MgCO3+(Heat)->Ca0+C02| coz 44,00 2,166
<SS  [Weo, |Hz0 [ H20
o ver |s [ 5+02>502 32,07 64,07 0,70 3141
" [c+1202 >co 12,00 28,00 093 2559
a Me; |c [co+1/202>c02 28,00 44,00 040 3512
59 FeO+C->FerCO
8= e, |s s Lye 5+02>502 64,07 070
E & MeO; [cao ca0
Sk [Meo, Mgo MgO'
2<  [Weo, [az03 AI203
5 MeO, [sio2 Si02
MeO; |H20 [ H20
a Gas; [02- Lance o I | 02 32,00
2 Gas; |02 - Burners
o Gas; |Natural Gas - Burners |cHa+202=co2+2H20| 16,00 44,00 18,00 2,000 | 9,860

Table AN1 - 11 — Complimentary thermodynamic data for the main reactions
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Annex 2 — Kinetics Equations Summary

Basic notation

Density
Unit Fraction or Flow
Concentration
w w or wt P J
Mass (kg) (%) (kg/m?) kg/(s.m?)
n X C N
Molar (moles) (%) (moles/m?) mol/(s.m?)

Note: in the Annex 1, mass fraction %wt notation will be replaced by % only.

It is usually postulated that the rate of a chemical reaction is proportional to the
concentration of the reacting substances. One of the most common and general
forms to represent the rate dependence on the concentration is the power law
model. The sum of the powers to which the concentration of the reacting atoms
or molecules must be raised to determine the rate of reaction, is known of the
order of reaction [118]. This concept comes from intuitive knowledge and many
times a chemical reaction could not be expressed in such way. The order of
reaction results from the rate-controlling mechanism which is determined by the
way the atoms regroup and how their chemical bonding are rearranged in the
produced substances [119].

The order of reaction is basically determined by experimental observation, and
may assume values in the form of integer, fraction, positive, negative, or even
null.

The reactants A and B produce C and D
A* +B” < C°+D* eq.AN2 - 1

The rate of reaction can be estimated by the power law
-r,=k,C3C;p eq.AN2 - 2

The reaction rate could be writing in terms of reactant activities C, = (y,.C,)?,

assuming that the coefficient of activities do not change significantly during the

progress of reaction,

1 =K (7 C ) (76Ca)” = Ky s 76” JC2.CE eq.AN2 - 3
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meaning that
Ko = (K7 ) eq.AN2 - 4

Heterogeneous reactions involve more than one phase, and the reactions occur
at the interface between the phases. An irreversible reaction is characterized by
the fact that it proceeds in only one direction, and ceases only when the
reactants are exhausted. A reversible reaction can proceed in either direction,

depending on the concentrations of the reactants and the products relative to the

equilibrium concentrations. Thus, considering a forward —r, (... and reverse

k reaction rates, the net reaction rate eg.AN2 - 7 can be expressed

—A,reverse

combining eq.AN2 - 5 and eq.AN2 - 6

- r-A, forward — kACng’ r.—A = k—A,reverse Cé Cg rA,net = r-A + r-—A quN2 -9

r-A,net = r-A + I:A eq.AN2 -6
k arb k—A c ~dy . kA

— Nanet = Ka-(CCs _k—-CC.CD) =K :k— e AN2 - 7
A —A

Hence, if the reaction reaches the equilibrium condition,

co.ce

Iy = Iy oo (€Qquilibrium) = 0; K = ci oo
A*~B

eq.AN2 - 8

Considering the decarburization reaction

Zero-Order Model

Assumptions:

The rate does not depend on carbon and oxygen concentrations.
The transfer rate of carbon in the melt is higher than the transfer rate or supply
rate of oxygen at surface.
d[%C
[dt I —k¢ o[%C]*.[%0]° =k., a=b=0 e AN2 - 9
Boundary conditions
t=0= %C =%C, eg.AN2 - 10
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%C t
J'd[%C] = —.[kclo.dt

%C, 0
[%C,] - [%C] = kc,o-t
[%C] = [%Co] - kc,o-t

First-Order Model

Assumptions:

The rate depends only on carbon concentration.

295

eq.AN2 - 11
eq.AN2 - 12
eq.AN2 - 13

The carbon concentration at the transition point is called “Critical Carbon”[%C]*" .

The transfer rate of carbon in the melt is the limiting process.

There is a minimum carbon concentration, which is in equilibrium at the interface.

0

dl gic:] - K, [%CT.[%0] a=Lb=0
0

d [(;(;C] = _kC,lst'([%C] - [%C]eq)

Boundary conditions
t=0= %C =%C,
%C t
[ d19%C] =~ ke 1, ([%C] - [%C]* )
%C, 0
T d[%C] ‘

i, ([%C]-[%CT) ‘! Ke 10t

In([%C] - [%C]* )= —k¢ 1.t + IN([%C, ]~ [%CT)
But [%C] < I:O/(.')C]Cr = [%CO] — [%C]Cr

(%ci-tecr) _ .
([%C1® —[%C]e) o™

[%C] =e < -([%C]” - [%C]* )+ [%C]”

eq.AN2 - 14
eq.AN2 - 15
eq.AN2 - 16
eq.AN2 - 17
eq.AN2 - 18
eg.AN2 - 19
eq.AN2 - 20
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Figure AN2 - 1 — Kinetics curves of variation of carbon concentrations in a 40 ton EAF for

process (0) zero, (1) first and (2) second order reactions [30]

Other conversion factors

From eq.AN1 - 22, CO,, +C — 2CO,,

N = Nco, mol / m?.s

N¢

= Nco,

Tdt

Me  ne.MW,

[96C] = e =

Melt P Melt \Vj Melt

Metal V Metal

ne =[6C1 o —
C

dnc B d[%C] pMetaI V Metal
dt — dt MW,

W Metal — pMetaI V Metal

d[%C]  MW,.A
dt - W Metal

.Nco,

From eq. 17, 2Q+Oz(g) = 2CO(g)

Ne o, mol /m?.s
2
Ne =M _ o N,

ot

eq.AN2 -

eq.AN2 -

eq.AN2 -

eq.AN2 -

eq.AN2 -

eq.AN2 -

eq.AN2 -

eq.AN2 -
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Melt Melt
e _on, Al VT
dt : MW,
0 MW..A
d[g(;C] = _pMeIt.\C/Melt '2'N02
0,
d%C] _ MWe.A ,

2

dt W Melal

297

eq.AN2 - 29

eg.AN2 - 30

eq.AN2 - 31

If some post combustion is assumed to occur as defined in , eq.AN2 - 31

becomes

d[%C]  MW_.A
dt =" WMeIt

(2-Rye)-No,

eq.AN2 - 32

Some authors [9] write eq.AN2 - 32 as a function of F¢o, which is the fraction of

CO in the gas phase. The rest is CO,.

d[%C] MW,..A
dt == VY Vet

Actually, the terms (2—-R,.) and (1+ F,) are equal

(1+ Fo,)-No,

(2_ RPC) = (1+ I:co)
5.0 4, CO
CO, +CO CO, +CO

Conversing No, [molitime] to Q, .A [Nm®/.time]

pQo, A

No,- A= RT =CQp,-A
3

c=P - 10 mol/Nm®
RT 224

assuming p = 1 atm, R = 0.082057 E-03 Nm®.atm/(K.mol),
T=273K

Hence, eq.AN2 - 33 can written as

d[%C MW,
[dt ] = —c.W e (14 Feo)-Qo,

eg.AN2 - 33

eq.AN2 - 34

eq.AN2 - 35

eq.AN2 - 36

eq.AN2 - 37
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Fromeq.AN3-50, N, =m.(C,-C, )

. . eq.AN2 - 38
Ne =mg.(CS -C¢)
where
C. is the molar density of carbon [mol/m?]
Metal V Metal
d [wc1? eq.AN2 - 39
dnc MWC ®© eq
d[%C] MW, o e eq.AN2 - 40
dt =—Mc WTet;-A-(Cc -Cch)
%C — Ne h|>/|t\/l\/C eq.AN2 - 41
W eta
. A Metal 0, . Metal eq_AN2 - 42
CC = V?/Iital = niNﬁetal = [/OC'\;II\NP
C
d[%C Metal 'm A . . eq.AN2 - 43
BEL £ e e - )
Rate equation for mass transfer of FeO in slaq phase
Neeo = Meeo-(Cheo —Cro €q.ANZ - 44

o0

where m.,, is the mass transfer coefficient of FeO in slag, C/,, is molar
i

density of FeO in slag bulk, and C., is the molar density of FeO in
interface slag-gas

pSIag V Slag
d| (%FeO) X~ — ]
dn... (( ) MW j eq.AN2 - 45

FeO

NFeO: = -

dt dt

Similarly to carbon mass transport,
d[%FeO P9 m o A . .
[ m I__ WS,agO ((%Fe0)” — (%Fe0)*)

eq.AN2 - 46

or

Psiag Meeo . eq.AN2 - 47
Nro =——.((%Fe0)” — (%FeO)*
F0 100 MW (% ) (% )7)

FeO
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Considering the FeO reduction reactions

CHEMICAL RATE CONTROL - INTERFACE
Metal-Gas (ms) Slag-Gas (sg)
C+CO,=2CO FeO +CO =Fe+CO,
r-mg = kmg ) [%C] ’ pcoz rsg = kmg "Areo pCO2
p2
Metal-Gas Keeo =—2—
pco2 "ac
Equilibrium at
Pco
Slag-Gas Keco, = .
Pco " Areo

If the metal-gas reaction is the rate-controlling

COyyy +C — 2CO,,

The rate of metal-gas reaction according to eq.AN1 - 22,
foo, = Ko, ([%CT™)".(pc8,)” eq.AN2 - 48

co,

assuming « =0 , independent of carbon content and
p=1, kmg = kco2
Besides, the thermodynamics limitis pcy, = pco,
leo, = kcoz-(pcszgo2 - pggz) eq.AN2 - 49
it can be assumed that reaction at slag-gas interface FeO,,, + CO = Fe + CO, is

in equilibrium. Therefore,

sg
Pco,

Areo Pco eq.AN1 - 57
The superscript sg means slag-gas interface. Assuming

FCo, —

¢o ~land according to Boudouard, pgg is very small [35]

é%z = KFCOZaFeO eq.AN2 - 50

leo, = kCOZ'KFCOZ Areo

considering the activity of FeO being variable
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Are0 = 7Fe0- Creo and Cr, = [%FeO]ﬂ
Slag FeO
fy = |(coz -KFco2 -V Fe0*Pslag [%FeO]”
2 100.C,,-MW,,, eg.AN2 - 51

Slag

where py.,, is the slag density and MW, is the molecular

weight of FeO

If the slag-gas reaction is the rate-controlling

FeO,, +CO = Fe +CO,

o = Treo = Teo, eq.AN2 - 52
Meeo = kco-(aFeo)a-(pgg)ﬁ eq.AN2 - 53
assuming a = =1, kg, =k,
Besides, the thermodynamics limit is (pf;l‘(‘) )mg
eq.AN2 - 54
Meeo = kco-alreo-(l:)(r:nog - pégo q
sg _ pégoz eq.AN2 - 55
Cco —
Feo-KFco2
Presuming pgg ~1
Pee eq.AN2 - 56
1 pH
leeo :kco-(l— —2)
) K|=co2 Are0
and pg, =0 eq.AN2 - 57

Mo ® ksg " 8peo

If the slag-gas reaction and FeO mass transfer is the mixed rate-controlling

If mixed control takes place, chemical reaction rate eq.AN2 - 47 and mass

transfer rate eq.AN2 - 50 are equated N, = I, , resulting in

300
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.m
pSIag FeO [% Feo]ao
MW

[%FeQ]* = FeO eq.AN2 - 58

I(coz -KFco2 V0 Pslag  Psiag-Meeo

100.Cy,, .MW.,  100.MW,,

Slag

Inserting
1

Slag

Neeo = %FeQ]”
" T 100MW,,  100Cqy, MW [6Fe0] eq.AN2 - 59

Psiag Meeo kco2 -KFco2 'Y Feo *Pslag

N, = k,.[%FeO]” eq.AN2 - 60

where K, is the overall rate constant

1

%= To0.Mw,,, . 100.Cypy MW, eq.AN2 - 61

Slag

Psiag-Meeo k002 K Fco, 'V Feo *Pslag

Carbon dissolution in metal phase

301

Assumptions: carbon mass transfer through the liquid boundary layer adjacent to

carbonaceous material; carbonaceous materials is in spherical geometry;

shrinking core model [93] (Figure AN2 - 2); no ash layer formation.

N 1 dn
Co A dt

1 dn a
:NC:__._C:_ C.(Cgt_cc)

eq. 205
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Figure AN2 - 2 — Shrinking core model for carbon dissolution in Fe-C melts. C. and

Cgat are the molar concentration in the bulk at any time t and the saturation, respectively.

Sphere
1 dng,
Ne =——-
Aar®  dt

gr
dn, =-2—dv?
" T MW,

Combining
1 p¥
Ne =——-
4ars MW,
Integrating
R gr
[ =]
Ry MW, 0
P (R,~R)
(R, —R)=m
v o~ R

=-Mc - (Céat - Cc)

gr gr
P d(ﬂﬂr‘?j P Anr?

MW, (37 ) MW,

eq.AN2 - 62
eq.AN2 - 63
eq.AN2 - 64
eq.AN2 - 65
eq.AN2 - 66
eg.AN2 - 67
eq.AN2 - 68
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3 3 . eg.AN2 - 69
W -t =2 me MW (CE - C
P
Melt
ne =[%C]- % eq.AN2 - 70
MW,
Melt
Co=—1c _%c]-2 eq.AN2 - 71
w Melt/pMeIt MWc

Combining in terms of particle weight

W —w e =

4 "
-7
(3 j oM m ‘([%C]Sat —[%C], j.t eq.AN2 - 72

P 100

Combining in terms of mass concentration

1 owdec] ™ .([%C]sar —[%C]tj €q.AN2 - 73

A MW, dt ¢ MW, 100

d[%C] “m _,OMe“A[ '([%C]sm —[%C], eq.AN2 - 74
dt C WMeIt 100

Mel 2

d[%C] —m,- P t4|\jz-|t. R [%C]s. — [%C], eq.AN2 - 75
dt w Me 100

R=R —m.- pMe“ .([%C]Sat _[%C]t jt eq.AN2 - 76

t 0 C pgr 100
d[%ClL| _ (S .. A ([%Cl ~[%C], eq.AN2 - 77

dt  |eoc Vv 100
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di%Cl| _dW, k| _mg-p""- A [%Cly, - [%C],

( ) )
dt |Rec dt |Rec W Melt 100 quN2 78
y ) [%6C].. —[%C] ). )
0 — 170
W, = (A — pMtm, Sat t |t eq.AN2 - 79
100
4 V?
Y=|2x eg.AN2 - 80
3
Data [92]
Ps 1,6 glem®
oL 7,0 glem®
Y 2,047 geometrical cte
Mc¢ 0,12 cm/s
%Csat 5,0%
%C 0,1%
Graphite Dissolutionin Fe-C Melt - Particle Weight
60
Particle Intial Diameter [mm]
%7 —40
) ---10
Eor-—N | 2,0
= --=30
g 30 =====QverAll
o
(S]
‘S 20 A
g
10 A
0 T T r T T
0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0
Time [sec]

Figure AN2 - 3 — Carbonaceous materials weight loss during dissolution in metal
phase (size distribution Diameter/%: 0.5/50%; 1.0/25%; 2.0/18%; 3.0/5%; 4.0/2%)

For calculation convenience, recarburization rate is conducted in terms of
conversion rate as a function of time

W, -W
Conversion = FM*" = ———PL =
W,
v 3 eq.AN2 - 81
W —| W3 —(pgr] - pMm. - (%C,, —%C)t

W,
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Annex 3 — Transport Phenomena — Equations Summary

The supplementary information content in this annex summarizes several
concepts and assumptions on transport phenomena fundamentals mentioned
along the thesis text.

The three fundamental physical laws:

A.l. Conservation of Mass (continuity equation)

B, o500, 20 apy)  Apw)

dt dt | x| oy oz €q.AN3 - 1
[kg/s.m]
Assuming incompressible fluid p constant, unitary dimension in z-
direction

ou ov

&+@=0 eq.AN3 - 1

A.2. Newton's 2" Law of Motion (momentum theorem)

F _d(p) _d(p), d@ _d) eq.AN3 - 2
zv_ at U dt Pa P a

E . - S €q.AN3 - 3
szpg— P+R+f,

bv_ Q+ug+vd—'§+wd—§ =p—-V.P+R++f
Por ot Cax  ay  dz ' " €q.AN3 - 4

where p is constant,V is the fluid velocity, F is the inertial forces due to the
variation of the momentum acting on the fluid. The forces acting on the volume
are: p.g the gravitational force, and Ris the reacting force of the surface of the
fluid. The forces acting on the surface are VP which is due to the static pressure,
and f; is the shear stress due to viscous fluid properties. Assuming there are no

forces acting on z-direction and the gravitational and R force are negligible, and

there is a steady-state condition.
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On the x direction

8’Z'XX 8TVX az-zx
f .= + +
# OX OX OX €q.AN3 -5
f =Ver=V(-uWW)=-uV eq.AN3 - 6

—HU—+V—+W—|=
/{at dx " dy dz} eq.AN3 -7

g, [P 0P OP) [f0% 0% O
T Ty Ta ) Mo Ty T o

Assumptions:

Flow dimension: 2D (x-y) (length and width >>thickness); 2—0 =0;w=0;
z

0 _,

Steady-State: — =
ot

Gravity vertical only: g, =0
Constant Pressure: 0P =0

2 2
Developed flow: (length>>thickness): 8_() =0= 8_1: << 8_1:
OX OX oy
Constant thermo physical properties: p, u
du o%u
pV@ :,uay—2 eq.AN3 - 8

A.3. 1% Law of Thermodynamics (energy equation)

di_ﬂ_%zgvjc” e.p.dV +gp.(e+%).(\7.d/&)+éwﬂ eq.AN3 - 9

dt  dt dt dt

is the work rate

R W
dt

Where ot is energy rate input from an external source,

done by the fluid on the surroundings. On the right side, %”] e.p.dV isthe
vC

accumulated energy rate, ” p.(e+ E).(\7.d,5\) is the net energy rate due to
0
SC

oW
the fluid motion and dty the viscous energy rate due to shear stress work

done by the fluid on the surroundings.
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The general energy equation derivation leads to eq.AN3 - 10:

DT DP .
C..— =kV*T +—+ 1D+
P Dt Dt HO+G

eq.AN3 - 10

, - DP ,
where Kkis thermal conductivity assumed constant,ﬁ pressure gradient

negligible, x® is the viscous dissipation and ¢ the internal energy rate

generation considered zero.

The left side of eq.AN3 - 10 is the net energy rate which is leaving the control
volume due to the overall fluid motion (advection). The right side considers: (i)
the net input of energy rate due to heat transfer by conduction in y-direction;
(i) the viscous dissipation which is the net rate of work done by the fluid
which is converted irreversibly to thermal energy due to viscous effects in the

fluid; (iii) chemical reaction, electrical energy rate, etc.
2 2 2
,uCI):u 8_u+@ + 2. (8_uj + @ eq.AN3-1l
oy OX OX oy

Assumptions

Flow dimension: 2D (x-y) (length and width >>thickness); 88_0 =0;w=0;
z

Steady-State: 0 =0
ot

No heat generated: q =0

Constant Pressure: 0P =0
Constant thermo physical properties: p, u

oT oT o°T o°T
pC |uU—+v— [=Kk. + +
P ox

oy ox* oy’ eq.AN3 - 12
ou v (aujz oY
Uy —+—=| +2|| —| +|=—
oy OoX OX oy
2 2
Developed flow: (length>>thickness): 8_() =0 g << g
OX OX oy
2 2
uﬂwﬂ:a‘ﬂz L[a—uj eq.AN3 - 13
OX oy oy"  p.c,\oy
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Heat Transfer

Heat conduction (incompressible fluid, no fluid motion, isobaric and all heat
transfer is by conduction)

C, = ¢, and the materials thermal properties are regarded to be temperature-

independent. From general eq.AN3 - 10

oT .
.C .—=VKkVT +
pPC, at q

eq.AN3 - 14
aO_ vt 4 ok eq.AN3 - 15
ot pC, pC,
Assuming Z 0
oT k
E = a.VZT Soa= p—C eq.AN3 -16
p
Rectangular Coordinates x-y-z (Plates)
o1 o°T  oT o7
E:a. PV + ayz + o eq.AN3 - 17
For 1-D case 9 = 9 =0
o oy
2
%_I = a{%] ed.AN3 - 18
Cylindrical Coordinates r- @ -z (Cylinders)
o _ (0T e 18T 8T AN - 1
ot \or® ror r*o6® orf &
For 1-D case 9 = 9 =0
0z
aT o’T 10T q.AN3 - 20
—=q. 5 4+ ——
ot or ror

Spherical Coordinates r-8 - ¢ (Spheres)
aT_g 1a(r26T]+ L a(siné’ 6Tj+ 1T
ot \rfor ar) r?sing oo 00 ) r?.sin?0 06? eg.AN3 - 21

For 1-D case i:i:O

00 04
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T 10 ( ) aTj 1(, aT Lo €q.ANS - 22
—=a| S| r"—||=a| S| 2r—+r"—||=
ot r<or or r or or

Grouping eq.AN3 - 18, eq.AN3 - 20, eq.AN3 - 22

oT o°T 10T
— =l t-
ot 0% £ 0&

E=xorr

eq.AN3 - 23

Boundary Layer Principles

Laminar Flow

Mixture dx gs - s e O st B y

—— i {‘J
..a-’i,":" A5

v — o, 5:. o
— I

C. . — Temperature  Concentration Velocity

Boundary Boundary Boundary

Layer Layer Layer

i

Figure AN- 1 — Development of temperature, concentration and velocity boundary layers
for a generic surface [120]

Velocity Boundary Layer

The fluid velocity is zero at the solid surface due to friction effect. The fluid layer
above y=0 experiments some velocity losses due to viscous effects. The
boundary layer limit y = ¢ is defined when the friction effects of the surface on
the fluid does not affect significantly the fluid velocity. Arbitrarily, 6 is defined
where u=0.99u_. Hence, the fluid flow characteristics are composed by two
different regions: (i) a thin layer or boundary layer where the velocity and shear

stress gradients are significant, and (ii) a region out of the boundary layer where

the velocity and shear stress gradients are negligible.
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Friction Coefficient
T

¢= pTZ/Z eq.AN3 - 24

where p and v_ are the density and velocity of the fluid at its bulk far from the
boundary layer. 7, is the shear stress acting by the fluid on the surface

Shear Stress

Tg = 8_U €g.AN3 - 25
s :U-ayy:O g.

where wu is the fluid viscosity, valid for Newtonian fluids.

Temperature Boundary Layer

The concepts mentioned for the velocity boundary layer are similar to the ones
applied to the temperature boundary layer. When the fluid and the surface
present different temperatures, a temperature gradient is developed across the
fluid from the starting position on the surface. It is assumed that the fluid
particles in contact with the surface reach the thermal equilibrium between both
phases, keeping the same interface temperature along the heat transfer process.
The temperature gradient is developed in the boundary layer defined as
o; = 0.99M.
(Ts _Too)

Fourier Law for the fluid (Heat Transfer by Conduction)
" oT
s = _kf .
|,

where K, is the heat conductivity of the fluid. It is assumed that there is no any

eq.AN3 - 26

fluid motion at y =0, and the heat transfer occurs only by conduction.

Newton'’s Law for the fluid (Heat Transfer by Convection)
q; =h(T,-T,) €q.AN3 - 27

where his the heat transfer coefficient.

Combining eq.AN3 - 71 and eq.AN3 - 69,

. oT
Js =—K; — =h(Ts-T,)

y=0


DBD
PUC-Rio - Certificação Digital Nº 0721398/CA


PUC-RIo - Certificacdo Digital N° 0721398/CA

311

" oT €q.AN3 - 28
_ oy y=0 _ f‘y:&
- &
where
o _(0,-T)
oy y=6r ) Or

: , oT .
When x increases the temperature gradient — decreases. Considering

(T, —T,) constant, consequently, hand g, shall decrease too.

Concentration Boundary Layer

Considering a binary flow mixture of A and B, if there is any concentration
gradient from the surface and the fluid, mass transfer is expected to occur. The
concentration of A at the surface is considered the thermodynamic equilibrium.
The similarity of mass transfer and heat transfer, leads to define
(CA,S _CA)

5, =099 A5 TAT
(CA,S _CA,w)

Fick's 1* Law (Diffusion)
Media composed by two species: A and B, stagnant fluid

Mass density Molar density
_n 3
pi :% [kg/mB] Ci —v [mOI/m ]

Mass fraction Molar fraction

=L X, ==t __1/°
pl V 1 C an/v
Molar flux (1D)

eq.AN3 - 29
ac, q

ay y=0

N I/Ix,s = _DAB

For isothermal and isobaric system, D, is the mass diffusivity[mz/s], or binary
diffusivity coefficient of A in the mixture A+B, C,is the concentration of specie

A ate the interface (subscript S). At any position in the boundary layer

0<y< ., the mass transfer shall occur due to the global motion of the fluid
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(advection) and diffusion. However, at y =0, there is no fluid motion, and so,

the mass transfer is expected to take place only by diffusion.

The diffusivity coefficient was first related as a function of temperature by Einstein

D=Bkg.T €g.AN3 - 30

kg is the Boltzman constant

The mass capacity to move is influenced by a potential field, B is defined as the
mobility
9=BF eq.AN3 - 31

where § is mean velocity of particles in movement caused by the potential
gradient, the force F .
Njus =-Ci.9=-C;.BF eq.AN3 - 32

F =VV where VV is the potential gradient, that could be a chemical potential
gradient, thus , influence by C,,7,a, p,T
In x-direction
N = _Ci'Bi'% _ —Ci.Bi.a(’uiO +RTIny,C,) eq.AN3 - 33
’ OX OX
For an ideal mixing, y; =1

" , . €g.AN3 - 34
Nas :—Ci.Bi.R.TM:—Ci.Bi.R.Tigz q
’ OX C, ox
= —Bi.R.Ta—Ci
OX
D, =B,.RT €g.AN3 - 35

Diffusion is an activated process and particles are assumed to jump around their
positions due to thermal vibrations. In solids D was derivate in terms of jump
frequency I"and the inter-atomic spacing A and ¢ coordination number (6, 8 ,
12,.)

Do 2 D g-ERT eq.AN3 - 36
- =D,
c
[ =const.e &"T eq.AN3 - 37

where E (activation energy) represents energy barrier to atoms jumping
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The diffusion phenomena in liquids cannot be simply extrapolated from diffusion
in solids, due to natural convection and experimental problems. However, Eyring
theory could be applied to liquid diffusion, assuming that the migrating atoms
move from hole to hole by jumping, as initially proposed for solids [41].
Hydrodynamics theory also suggested that diffusivity shall be inversely
proportional to the viscosity.

Kg.T eq.AN3 - 38

2.R.u
where R is the radius of the moving sphere particles in a non-reacting and

D=

steady-state velocity fluid flow.

Viscosity of liquids was found to behave such as an Arrhenius type equation
1= Aelto0EM €qg.AN3 - 39

where A and B are empirical constants.

When fluid is assumed to be in motion

Generalized Fick's 1* Law (Diffusion)

Media composed by two species: A and B, bulk flow
Molar flux
N, =-DuVC, + X (N, +Ny)
where, the bulk motion of specie A is

4 q eq.AN3 - 41
N,=C,.9, g

eq.AN3 - 40

D,sVC, portion transported by diffusion (Fick’s Law)

XA(NA + NB) portion transported by convection

Material flux

o(na/V) _ oC, [moIes/mB.S]
ot ot

Mass Continuity Equation (moving fluids)
Specie A

VN, +Ca
ot

~R, =0

Mass Continuity Equation (moving fluids)
Species A and B

9(Cn+Cs)

V.(N, +N,)+ p

—-(R,+Rz)=0 eg.AN3 - 42


DBD
PUC-Rio - Certificação Digital Nº 0721398/CA


PUC-RIo - Certificacdo Digital N° 0721398/CA

314

N=C.Jd
o eq.AN3 - 43
V.N =V(C.9)=CV.9+9.VC

S oC
CV.9+| 8.vC +6tJ_(RA+RB):O eq.AN3 - 44
For specie A
Cylindrical coordinates
. eq.AN3 - 45
9VvC, = uaC“+vﬁcA+waCA a

OX oy oz

9 = 9(x, Y,Z) =V, =U;V, =V;V, =W

59C, + :(uaCA 6CA+W60AJ+6CA_DCA

ox oy oz ot Dt
9VC,=VN,=V(-D,VC,)=

_o°C,  0°C, ', eq.AN3 - 46
ox>  oy* ozt

Combining eq.AN3 - 44 , eq.AN3 - 45 and eq.AN3 - 46 eg.AN3 - 47
2 2 2
,%Ca ,,Ch , , Ch AB.acA+acA+acA +acA_RA:O
ax oy 0z ox* oy ozt ot
If there is no fluid motion, 9 =0;R, =0or
Ch _p o°C, . o°C, . o°C, eq.AN3 - 48
ot L ox?  oy? a?

Assumptions

Flow dimension: 2D (x-y) (length and width >>thickness); 2—0 =0;w=0;
z

Steady-State: (t) 0

No chemical reaction: R, =0
Constant thermo physical properties: p, D,

o(.) . o°C, o,

Developed flow: (length>>thickness): =0 2A << >
OX OX
1 Ca s o°C, eq.AN3 - 49
ox oy #1 ox?

Newton’s Law for the fluid (Mass Transfer by Convection)
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N '/:\,s = m-(CA,s - CA,w)
where m is the mass transfer coefficient by convection.

Combining eq.AN3 - 29 and eq.AN3 - 50

N'/'x,s =Dy %y = m-(CA,s _CA,oo)
y=0
oC,
_ O oy y=0 _ DAB‘y=5c
(CAS__CAm) - 5k
where
oC,| _(Ca.—Caus) oC,|
oy y=dc ) S ) oy |y=5c

Mass Continuity Equation

moving fluids, one dimension (y-direction), specie A

N,, =

oC
y _DABWA_FXA'(NAy +NBy)

For a gaseous media (ideal gas)

[N RT Pa
A P A V A A RT
n,+n n
C=-A""8 . x — A —=C,=C.X
V A n,+ng A A
— pA — pA — p
RT.X, R.T.& RT
p
X oX
NAy:—CDABWA+XA-(NAy+NBy):_R7F.)TDABWA+XA'(NAy+NBY)
Fl 1
Ny =—CDyg paAy/p +Pa/P-(Nyy + NBy):_ﬁ DAB%+ Pa/P-(Ng +Ngy)
If p=1 atm
1
N, =——D apA+pA.(NAy+NBy)

MTURT Moy

315

eq.AN3 - 50

eq.AN3 - 51

eq.AN3 - 52

eq.AN3 - 53

eg.AN3 - 54

eq.AN3 - 55

eq.AN3 - 56
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Hence, regarding the mechanisms of mass and heat transfer occurring

simultaneously, and assuming:

aCA| ~ AC, and (C,s—C,.)=AC,
oy |y:0 Ay

a LAt and (Tg —T,) = AT
., A

Simplified relations should be stated, as presented below

m = D e
%

p—t
O

Boundary Layers and Generalized Equations

Convective Coefficients

eq.AN3 - 57

eq.AN3 - 58

Heat transfer through boundary layer obeys laws similar to those which apply to

mass transfer through a concentration boundary layer as well the momentum

transfer.

The boundary layer equations can be generalized applying independent and

dimensionless variables. Examples:

Size
* X * r
X =—; I =—
L R
Velocity
* u
u =—
9
Temperature
T* = T _TS
Toc _TS
Concentration
C’ = CA B CA,S
=

CA,oo - CA,S

eq.AN3 - 59

eq.AN3 - 60

eq.AN3 - 61

eq.AN3 - 62
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Dimensionless parameters provide the comparison of results for momentum, heat
and mass transfer estimates for similar geometries, but submitted to different
convective conditions, such as: fluid properties, fluid velocity and surface

dimension.
For the Velocity Boundary Layer
du* ‘Ll a u* 1 aZu* quN3 - 63
V—F |=— =
dy"] ploy”) Reloy™

The Re Reynolds number means the ratio of two types of force acting on the
fluid:

2

(inertial forces) F = g—/(viscous forces) F,~ “39
L

L2
(convective forces)/(viscous forces)
(fluid motion forces)/(momentum transport)
el eq.AN3 - 64
Re—_L _ p.9.L _ g.L
HEw v
L2

where u is the viscosity, v the kinematic viscosity and L the characteristic

length of the solid submitted to the surrounding fluid.

For the Temperature Boundary Layer
or" a9 1 0T €q.AN3 - 65
+V =Qq— =

oy dy Re .Pr gy

The Prandtl number relates to the ratio of viscosity and thermal diffusivity.

v ulp _H, eq.AN3 - 66

Pr=—-=
a kipc, kP

For the Concentration Boundary Layer

yCa,  Ca)_p [0Ca)_ 1 (O°C, eq.AN3 - 67
ox oy ) "l ax® ) Re..Scl ox
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The Schmidt number Sc is the ratio of momentum diffusivity (kinematic viscosity)
by the mass diffusivity

eg.AN3 - 68
Sc :L q
DAB

The Nusselt number Nu is the ratio of resistances to heat transfer: the resistance

in the boundary layer 1/h.A by the conduction resistance L/k, . Measure the

relative importance of the contributions of the convection and conduction
mechanisms between a solid surface and a fluid. Furthermore, it can be stated
that Nuis equal to the dimensionless temperature gradient, supporting the

estimate the heat transfer by convection.

NU — qconvection

ed.AN3 - 69
h'(VIi/AS)z f(x",Re_,Pr) q
L

qconduction

ar
he oy _—k(T, —Ts)aT"
T-T.)  (T-T.) o

*

oT" _h(Ve/A) _

*

oy k,

—k,.

V, /A is known as the characteristic dimension of the solid.

The difference between the Nusselt number and the Biot number lies in the fact
that the heat transfer coefficient h in the case of relates to the heat conductivity
of the medium (liquid phase) in which the heat transfer takes place as the

immediate heat source.

The Sherwood number is the ratio of the mass convective coefficient by the mass
diffusivity coefficient. Also, it can be said that is equal to the dimensionless

concentration gradient.

m(Vs/A) _ o
SthS—AB= f(x",Re.,Sc) eq.AN3 - 70
oy
8y = - DAB (CA,oo _CA,S) 8CA
(CA,S _CA,m) (CA,s _CA,oo) ay*
oC, _mVs/A)
é)y DAB

- DAB
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The Biot number Biis the ratio of resistances to heat transfer: the resistance in

the boundary layer h by the conduction resistance in the solid K

. h(Vs/A)
Bi = —— —= eq.AN3 - 71
S
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