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Appendix A

Sample Calculation for the H2 Extraction

The weight changes obtained from the hydrogen extraction of a
granular 2 mm size D-~R sample of the type D pellets are given in Table
A-1. The reduction reactions associated with these weight changes are

basically of C/H2 combustion type:

0+ C-=2CO (A.1)
20+ C = CO2 (A.2)
0+ H2 = HZO (A.3)

Table A-1. H2 Extraction Data for Type D Pellets.
Grain Size, 2 mm.

Weights Initital Final Gain

(Gram)

Sample 4.1971 3.9752 -0.2219

HZO absorbent 64.9596 64.9804 0.0208
correction - - -0.0138
total - - 0.0070

CO2 absorbent 64.3738 64.3856 0.0118
correction - - 0.0133
total - - 0.0251
*

Co - - 0.1906

*Calculated from Equation (A.4).



The reacting contents of oxygen and carbon can be calculated from the

given data as follows:

WCO = AWS - wC02 - wb
0 M M,
W. =W (—) + W 0
0 H,0 Co,(z—) + W, ()
2 M‘HZO 2 M002 COM,,
M M
C C
W,=W, (/) +W, ()
o co, Mc02 €O Mg
. Yo
%20 = 100(=)
1%
S
e
%C = lOO(‘w—)
S

(A.4)

(A.5)

(A.6)

(A.7)

(A.8)

Wi is the weight gain of the specie i, AWg is the weight loss of the

sample, v,

is the weight of oxygen in the water vapor evolved, Mi

is
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the molar weight of the specie i, and 7%i is the reacting content of i in

the sample.

=
|

= 0.2219 - 0.0251 - 0.0070(%) = 0.1906

=
[

= 0. 0070( ) + 0. 0251( ) + 0.1906( = 0.1334

)
W = 0.0251(72) + 0.1906(55) = 0.0885

Hence:

%2 0= 3.18

%2 C=2.10
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Appendix B

Volumetric Measurement of Evolved Gas

Volumetric flow rate of the gases evolved from DRI was measured by
an integrating flowmeter similar to the one described by Naci Se‘;ing.93
After the evolved gas passed through a mercury manometer, a dibutyl
phthalate bubbler and a glass bulb held in a water tank, it entered the
flowmeter. The temperature of the gas was kept constant at 25°C by
controlling the temperature of the water in the tank. The pressure drop
in the gas stream, measured by the mercury manometer, was iess than 5 mm
of mercury. A negative pressure of about 5 mm mercury was applied to the
system by suction of the outlet of the flowmeter to facilitate the ’
evolution of gas when a D-R pellet was heated in liquid slag.

The flowmeter translated the rate of flow of gas into a characteris-
tic frequency (Figure B-1). The spread of data at flow rates greater
than 200 cm3/min is because of the abrupt pressure drop in the stream
when the instrument was discharged of the trapped gas (see Ref. 93).

At flow rates greater thanm 450 cm3/min, the flowmeter became unstable
and did not operate properly.

For simplicity, the rate of evolution of gas was expressed in terms

of the characteristic frequency of the instrument as follows:

V=198 +1/9 £2°7 £<s8 (B.1)

\

33f - 81 £> 8 (B.2)

M . 3, . . . .
where V is the gas rate in cm  /min and f is the frequency in Cycles/min.
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Fig. B-1 A‘é;iiﬁfgfion C;;v;Afor’Fibwmeter.
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Appendix C

Data Analysis for Bomb Extraction

The gas flow rates obtained from bomb evolution experiments were
corrected for the actual rate of change of temperature of DRI. For a
small temperature change T, the rate of evolution of gas may be

expressed as a linear function of the heating rate (Figure C-1):
V = aT + b (c.1)

where V and i are the rates of evolution of gas and rise of temperature,
a is the proportionality constant and b is the rate of flow of gas at
zero temperature rate. Assuming b small, Equation (C.l) reduces to the
following equation:

v = (va/ia) T (€.2)

in which §a is the measured flow rate and éa is the corresponding
temperature rate.

A schematic plot is made of temperature fluctuations of a DRI
sample in Figure C-2. The response of the flowmeter to the passage of
the gases evolved is sketched in the same figure. The actual gas rate
at time t = (ti+ti+l)/2 is evaluated by substituting f into Equations

(B.1) and (B.2):

f=]_/(ti+l-ti) (C.3)
\./’ = 19(t -t )"l + (t -t )‘2'7/9 t -t.> .25 min (C.4)
a i+1 i i+l i i+l Ti— '
- -1 _ .
va = 33(ti+l ti) 81 ti+l ti< .25 min (C.5)

The temperature of the sample and its actual rate at time t can be
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time

Temp.

Temp. Profile for a Schematic Gas Evolution Pattern.

Fig. C-1
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evaluated from the following equations:

T, +T,

T = i i+l ) (C.6)
2

. T, ,-T.

-2 .7

S ]

Substituting into Equation (C.2) results in the corrected rate of

evolution of gas for temperature rate T:

o [19(z%+l—t—:;);i(; (tf;l;ti)—2'7/9] .
i+1 i i+l 1
T8 > .25 min (C.8)
R EICTE I R | |
VvV = [(Ti+1'Ti)/(ti+l"ti)] T ti+l—ti < .25 min (C.9)

These expressions were used to calculate the corrected rate of flow of
the gases evolved from DRI. This rate was corresponding to the time

between two sequential cycles at ti and ti It was plotted against

+1°

the mean sample temperature T.
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Fig. C-2 Temp. Fluctuations of Bomb Sample (curve a) and
Response of Flowmeter to Flow of Gases Evolved
(curve b).
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Appendix D

Properties of Slag

The thermal expansivity of the liquid slags, defined by Equation

(D.1), has been assumed equal to the thermal expansivity of similar

ferrous-silicate slags given in reference 84.

1 ,3V
B = 7 Cgf) (D.1)

In the above equation V is volume of slag and p is pressure of the system.
The thermal diffusivity, o, and the kinematic viscosity, v, are

defined by the following equatioms:

1
1]

= k/p Cp (D.2)
v = u/p | (D.3)

where k is thermal conductivity, p is density, Cp is specific heat
and u is viscosity of the slag. The dimensionless Prandtl number is

defined as follows:

Pr = v/a (D.4)

The dimensionless Grashof number, Gr, for a liquid slag at temperature
T, can be determined from the following relationship:

g 8(T, - T_) (&+6)°

Gr = \)2 (D-S)

where g is gravitational acceleration, TS is temperature of solid-liquid

interface, R is radius of immersed particle and 8 is thickness of solid

shell of slag. The combination of Prandtl and Grashof groups is called
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the Rayleigh number:
Ra = Pr . Gr (D.6)

The heats of fusion of the slags are assumed equal to the weighted mean
of the heats of fusion of the components.

The evolution of gas from DRI pellets into the slag results in a
change in the density and porosity of the solid and liquid slag phases.
The thermal conductivity of the porous substance, k, is equal to the
geometric mean of the thermal conductivities of the pores, kp, and of

the substratum, kS:79

- Y
k=k k! | (0.7)

where ¢ is the porosity (volume fraction) of the substance. Ben—Amoz79
derived the above formula by solving the heat conduction equation with
space fluctuating properties and showed that the effective thermal
conductivity and diffusivity of a multiphase material can similarly be
predicted from a geometric mean formula. The predicted conductivities
have been consistent with the results of Kon and Fortini,83 and Woodside
and Messmer90 for oxides and metals of less than 50 percent porosity.
The thermal conductivity of the pores is equal to the sum of the

radiation, kr,and conduction, kc,components:
kp = kr + kC (D.8)
For homogeneously distributed pores, the approximation suggested by

MarinoBO and Loeb81 may be used to calculate the radiative component of

the thermal conductivity:
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k_=30d > (D.9)

_ in which o is the Stephan-Boltzman constant and d is the diameter of
the spherical pores. The conduction contribution may be evaluated from
the information available on the thermal conductivity of air between 500

and 1500°K:82

k, = 3.04 x lO_a[l—exp(-7.65 X lO_AT)] (Cal/cm.sec.’K) (D.10)

The overall thermal conductivity of the pores can therefore be calculated

from the following expression:

kp - 4.08x10 2 d . 10 +3.04x 10° [1-exp(-7.65 x 1o‘4T)]

(Cal/cm.sec.’X) (D.11)

Equations (D.7) and (D.1l) were inserted in the model for calculation of
the thermal conductivity of the slags. A summary of the thermo-physical
properties of the slags employed in heat transfer studies is given in

Table 5-1.
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APPENDIX E

Thermal Properties of Specimen

The effective thermal conductivity of DRI‘pellets may be calculated

from the geometric mean of the thermal conductivities of the constituents

7
and the pores, as described in Appendix D: ?

e e Yre  Vrmeom  YRec | Va3 Vsio)
= . . . " " . . . .
P Fe FeO Fe3C AlZOB SlO2
(E.1)

where kﬂ is the thermal conductivity of constituent M. The volume
fraction of M denoted by wM is assumed to be proportional to the weight

fraction of M designated by WM:

by = Wy (1= 00) (E.2)

For simplicity, the change of wp when DRI pellets are heated is assumed
negligible.

The heat of fusion of DRI materials, AH, may be estimated from the
heats of fusion of the constituents. Since at the melting point the
oxygen and carbon contents of the samples are negligible, AH can be

calculated from the following equation:

AH = W__ A + W AH + Wo.n AHg, (E.3)
Fe HFe A1203 A1203 Slqg‘~ SLO2

in which AHM is the heat of fusion of the component M of DRI. The
specific heat of DRI is calculated in Appendix F.
Typical quantities of the constants used for calculation of the rate

of transfer of heat to the thermocouple bead embedded inside the specimens
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are given in Table E-1. These coefficients are derived from the
following equations which include the terms for transfer of heat by
radiation and conéuction froﬁ the surface of tﬁe insertion well to the
thermocouple bead and the change of the temperature of the bead with

time:58

4

. 4
Q = ¥ Al F o (Tw,j - Tb,j ) +y A2 k (TW,j_T ,j)/Ar (E.4)

b

T T . +QAt/m c, (E.5)

b,j+1 _ b,j

where xAl is the area of the thermocouple well that radiates heat to the
thermocouple bead or to the platinum foil used to protect the bead, Tw .

is the temperature of the surface of the well, T, ., and T, , are the
b,j b,j+l

present and future temperatures of the bead, y A2 is the area of the bead

or the platinum foil that contacts the particle, m is the mass of the

thermocouple bead and the platinum foil if present, Cp is the heat

capacity of platinum and F is calculated from the following equation:

F=1/(l/e +1/e -1) (E.6)
w b
where €, and - €, are the emissivities of the surfaces of the well and the
platinum foil when used to protect the bead, respectively. For a small
thermocouple bead enclosed in the well, the emissivity of the well is
unity and F is equal to the emissivity of the bead. Equations (E.4)

and (E.5) may be rewritten in the following form:

. 4 4
Q = A(Tw_. - T ., )+ B(Tw =T

) E.7
h| b,j > ] b»J) (E-7)

Ty s41 = Tp,g T O At/D (E.8)
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where the coefficients A, B and D are defined as follows:

A= x~Al Fo . (E.9)

B= yA, k (E.10)

D=mC (E.11)
P

Table E-1 Typical Constants Used for Temperature Calculations
(See Equations E.9 to E.11).

Nickel Sphere DRI Pellet
Coefficient Small Large E D
a, 10%* cal/sec. °x’ 2 6 1 1
B, 1O4 Cal/sec. °K 3 1 6 6

D, Cal/°K 0.0030 0.0037 0.0016 0.0011
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AEBendix F

-Overall Specific Heat of DRI

The contribution of various items explained in Section V.B.2 to
the overall gpecific heat of sponge materials is evaluated at different
temperature ranges determined from the equilibrium phase diagram (see
Figure F-1). The results are summarized in Table 5-3.

1. Specific Heat of Materials

The specific heat of iron-bearing sponge pellets can Be evaluated
by summing up the specific heats of the components of the sponge. The
principal components are: Iron, Oxygen, Carbon, Gangue, Sulphur and
Phosphorous. The dominant portion of the gangue is generally the "acid
gangue'' (SiO2 + A1203), while the sulphur and phosphorous contents of the
sponge are negligible.

To calculate the specific heat of a D-R pellet, let us assume, Lor
simplicity, that exygen and carbon are in form of "FeO'" and Fe3C chemical

compounds. The reaction between these compounds below the carbide

decomposition temperature Ta (see Figure F-1) may be written as follows:

"FeQ" + Fe,C

3 3.95 Fe + CO (F.1)

2"FeQ" + Fe3C

4.9 Fe + CO (F.2)

2
For a gaseous product composed of 90% CO and 10% Co,, the stoichiometric

quantities of reactants and products are as demonstrated in Eq. (F.3):

1.1 "FeO" + Fe3C = 4,05 Fe + 0.9 CO + 0.1 CO2 (F.3)

3 3

3.53 x 10 g + 8.02 x 10 7g = 1.01 x 10 %g + 1 cm
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The weights of the components participating in these reactions can be

subtracted from the initial values to obtain the chemical analysis of

the pellet:
"Fe = W, _ - (-1.01 E-2)V (F.4)
i,Fe
Wipagn = Wi,"FeO“ - (3.53 E-3)V (F.5)
er3C = wi’ Fe.C - (8.02 E-3)V (F.6)

where Wi,M and WM are initial and present weights of component M, and V
is the volume of the released gas, all per gram of DRI.

The specific heats of the species present in DRI are given in
Table E-1. From the data given, the specific heats of D-R materials are
computed for the specified temperature ranges, based on the assumption

that the Neumann-Kopp rule is valid at elevated temperatures:

M =W * Copaon t ¥pe ¢ ¢ Cpec +

.C + W, "
Fe "Fe FeO 3 3

W . C + W,. . C.. (F.7)
A1203 Ale3 8102 SlO2
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94
Table F-1. Specific Heat of Materials.

; . . 1 -1 Temp. Range
Material Relationship (Cal.®°K “.g ™) (°K)

Fe, 7.48 E-2 + 1.06 E=4 T 273 - 1033
Fe, 1.61 E-1 1033-1181
Fe_ 3.29 E-2 + 8.34 E-5T 1181-1674
Fey 450 1.69E-1 + 2.90E-5T - 9.70E2 T 298 - m.p.
FeqC), 0.109 + 1.11E-4T 273-463
Fe,C)y 0.143 + 1.67E-5T 463-1500
Al,0, 0.25 + 4.17E-5T - 6.69E3T > 298 - 1800
510,), 1.87E-1 + 1.36E-4T — 4.49E3T 2 298-848
810, )B 2.40E-1 + 3.23E-5T 848-2000

2. Enthalpy of Reactions

Equation (F.3) illustrates the final reduction of the sponge material
below the carbide decomposition temperature Ta (see Figure F-1), where
the total carbon content of the sample is in carbide form. A comparison
of the free energy of the reduction reactions (F.3) and (F.8) is made

in Table F-2.

1.1 "Fe0"+C = 1.05Fe + 0.9CO + 0.1CO (F.8)

2

The results indicate that above Ta, the reduction of the sample according
to the reaction (F.3) occurs more favorably.
The reduction reactions specified in Eqs. (F.3) and (F.8) are

endothermic. The associated enthalpies may be converted into specific
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heat terms for the sponge material, as shown in Table F-2. Multiplying
the heats of reduction of the sponge by a "Specific Gas Volume'", G,

(the total volumeuof the reléased gases per unit weight of the sample per
unit temperature increment) results in the specific heat terms.required.
The specific gas volume is determined as a function of temperature, from

the bomb extraction results:

G(T) = 3V/3T = VT+O.5— VT—O.S (F.9)
. , . 77,94

Table F-2  Enthalpies and Free Energies of Reactions.

Enthalpy Standard Free Energy c
Temp. (Cal. em™3) (Cal. cm'3) R
Range -1 -1
(°K) (F.3) (F.8) F.3) (F.8) (Cal.k “.g ™)
T <Ta 1.29 - - - 1.29 G(T)

* *

Ta§I§$a+8 1.35 - -0.02 0.22 1.35 G(T)
Ta+8<T<Tb 1.47 - —0.60# —0.24# 1.47 G(T)
T>T, - 1.35 - - 1.35 G(T)
%

Calculated at 1000°K. #Calculated at 1400°K.

3. Heat of Phase Transformation

The formation of Austenitic iron phase in D-R sponge pellets at

77
eutectoid temperature, Ta’ is exothermic:

1

FesC = 3Fe + C -1.23 (cal. g E ) (F.10)

3 3
The contribution of the associated enthalpy to the specific heat of the

sponge materials is determined as a function of the sponge composition.

The iron rich portion of the iron-iron carbide equilibrium diagram
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is reconstructed in Figure F-1 (cf. Figure 4-20). The variation of the
carbon content of_a.DRI pelleﬁ is also schematically shown as a function
of temperature. The loci of the transformation temperatures are given in
Table 4-10. The change in the amount of the structural constituent,

Fe3C,at the eutectoid temperature can be calculated from Eq. (F.13):

wi, FeC = (CA - 0.02)/6.66 (F.11)
erBC = (CA - 0.77)/5.92 (F.12)

AW =1.88 x 10°° CA - 0.127 (F.13)
Fe3C

in which CA is the carbon content of the sponge at temperature T.

Assuming the completion of the phase change be achieved within eight
degrees above eutectoid point allows the transformation enthalpy to be
divided into this range, in order to yield the specific heat of the
sponge due to the phase change.

3

C.=2.89 x 10°5CA - 1.95 x 102 (F.14)

T
Above the eutectoid temperature, the austenitizing process continues
until the chemical composition of the particle reaches the curve separating
austenite and austenite-cementite phase region. It is assumed that the
influence of the enthalpy change due to the completion of the austeni-
tizing process on the specific heat of the sponge is negligible. The

thermodynamic data available justify such an assumption.
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Appendix G

Thickness of Thermal Boundary Layer

At steady state, the Nusselt number of the slag bath can be
calculated from Equation (5.12). If T_ is the temperature of bulk liquid
slag and Ti is the temperature at the solid-liquid slag interface, the
following equation can be written for transfer of heat into the surface

of an immersed specimen:
& =n( -1, @.1)
<3ri+— © i )

Substituting for partial derivative in terms of the thickness of the
thermal boundary layer, ST’ and from Equation (5.9 ) for h results in

the following correlation:

GT = 2(R +9)/Nu (G.2)

From the data given in Table 5-4 the thickness of the thermal boundary
layer can be calculated for various specimens. The ratio of ST/G is

generally greater than three.
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Appendix H

Conduction Heat Transfer

The conduction equation in spherical coordinates can be written

as follows:

3T _ 32T 23T
t a[_—i' + r ar] (#.1)
ar
Substituting § = r(T—Tm) in Eq. (H.l) yields:
og _ 9%
e > (H.2)
ar
where:
£ =0 t =0 (H.3)
£ = (R+@)(Ti—Tm) r=R+86 (H.4)

Solving (H.2) for boundary conditions (H.3) and (H.4) yields:85

rfc—— (H.5)

R+ee r-R-96
r /Tat

T-T, = (T,-T)

The rate of transfer of heat to the particle is calculated from the

following expression:

3T 1 1
& = -k () = -k (T,-T ) [z + ] (H.6)
A R+e+ ar R+6+ i R+8 prors

which leads to the coefficient of transfer of heat in the liquid slag:

h o=k [+ —

] (H.7)
R+ T ——

Substituting for h from Equation (5.33) the Nusselt number of the slag
is obtained:

Nu = 2 + 2(R+8)/ Vmat (H.8)
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Appendix I

Porosity of Liquid Slag

Porosity of the liquid slag of around an immersed particle with local
gas evolution was calculated from the information given in Table 3-5.
The number of gas bubbles evolved from a gas port that cover the surface

of the particle can be calculated from the following equation:

2
n=f = (1.1)

where f and v are frequency and velocity of gas bubbles and h is the
length of coverage (Figure I-1). For a thickness of Db’ the porosity
of the forced convection layer of around the particle can then be
estimated from the following correlation:

D
f2 b2
P=NT5 (D ) (I.2)

where N is the number of active bubbling sites, Dbis the average

diameter of the bubbles and D is the diameter of the particle.
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Appendix J

Computer Program

A listing ofAthe computér model transcribéd in Fortran IV is
provided in the following sections with brief commentary statements to
clarify the procedures employed to compute the rate of heating and
melting of submerged particles. Copies of the subprograms used to
calculate properties of materials are also included. The definition of
the terms used is given in the last section.

The model has been originally developed in reference 58 for melting
an immersed inert sphere in slag. It is generalized for evolution of gas
from particles, changes of properties of materials with temperature and
time, and condition of liquid bath as related to the solidification and
melting of slag and particle and to the heat transfer mechanisms that
dominate the Nusselt quantity of the slag. Those propertieslwhich vary
the most with temperature are supplied in form of table functions. The
model is applicable to both inert spheres and DRI pellets heated in
hot fluid.media.

The approach is in general the same as that described in reference
58. Slight changes are however made to increase the accuracy of results.
First, the temperatures and gas volumes of the space elements are
initialized, the areas and volumes attributed to these elements are
calculated and a small initial shell thickness is set. The calculations
are then carried out on an iterative basis. The Nusslt number of the
bath, the temperature and properties of the elements, the thickness of
the frozen shell or the fraction of the particle that may melt are

calculated at each iteration.
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Main Program

C..O......l...'[r\lPUT DArA

111

56

REAL IDT:IDN’NU 1K2'K31K4,K5

COMMON VG(20), GG(2u) 4PS,TA,CA,TB,F1 ,F2,F3 yF4  F5, W1, W2,W3
CySsCKS HCKL, DP,DB ,K2,K3,K4,KE ,0DD,FF2

DIMENSTON A(99)4VI(99),1(99),E(99), EVI99),TT(99),6V(99)

AF=90

IF(AF.EQ.0Q) GO TO 77

IF(AF-CJ)6€,98,717

AF =D

READ(5, 170)NQO, NUT, NOSsNL,IDR,IDT,BB, 10, TMS,TMSP,CA,K3 ,S,R,D,K2,
CCPLyCPS U XX, DLy TM ,0D, ZT 4CJ 4DSSyRR,TRLCB TA, TBy (VG(I),I=1,
CNLi)yCKSyFy PSy, {GGUI)yI=1,4N1),DSl, ACRM,GNU,AA,H 1DDDy K4y K5 L,TTT

[FINDLEQ.QC.)GO TO 2ul

FORMAT(4I5/ (usFl0.4))

WRITE(6,111)NO,NOT, NOSyN1,IDR,IDT,B8,T0,TMS,TMSP,CA,K3 ,S,RyD,K2,
CCPLyCPS U XXsllLyTM ,0DD,27 1CJ HyDSS,RR,TR,CB 4 TA, TB, (VG(I),I=1,
CNL),CKSyFy PSy (GG(I),1=1,N1),DS2 1 ACRM,GNUyAAyH 4 DDDyK4, K5,TTT

FURMAT(4[5/5X.’IDR‘,TI5,'[DT'.TZ5,'BB',T35.‘TO‘,T45,'TMS'.T55,‘TNS
CP'.T65.‘CA',T?ﬁ,'K}'/8F10.4/5X,'S',T15,'R',TZS,'D'yT35,'K2',T45.'C
CPL"T55,'CPS',Téé.‘U'.T75,'XX'/8F10.4/5X, '‘DL*,T1I5,*TM *,T25, 'DD?,
CT35,% ZT',T145,'CJ*",T55,'0S8S*,T¢€5, TRRY 3 T75, ' TR/ 8F10.4/5X, ca!
CrlTl5, " TAY ,T25,'T8B,T35,'wG(1)*,T45, P2y TS5, 930, T65,'41,T75,51
C/8F10.4/5X,'6',T15,'7',T25,'8',T35,'9',TQ5,'10',T55,'11'.T65,'12'
CoTI59 %13 /BF1404/5X3'14 weneee 15 tennee 16 veees CKS eeess F
Cove PS eaee GGILL) oo 2V/BFLlU44/5X3"3%,9%X3 %4 teiiees 5 senes b
| | es e H eeeses 9 ceses LU'/BFI0.4/5X,%110',9X,1%12
C ree 13 seees 14 sove, 15 eeavee 16 ceeeseDSL wese ACRM'/BF1lUo4/

C5X s *GNU AA H 0DD K4 K5' /78F13.4)
READIS5,106) FieF2,F3,F4,F5,TI,CKLyYYY,FF2 P FNU9TMS ,TMSPyNULDPy FRyWT
CoR

FORMAT (8F1u.4)

IF(F1 )2%1,2)1,11

WRITE(6,12) FleyF2yF 343F4yF S, TI,CKLyYYY,FF2,FNU, TMS,TMSP y,NU,DP,FR,WT
C,R

FORMAT(//// 5X,*PELLET COMPOSITION :',10Flue4/ (12FLD.4))

A



Cooesonscanoons CALCULATE CONSTANTS
DR={(R-RR )/ (NC-NQGS )
X X=DR
DS=DS1x (1.-5)
AF=AF+1
NOM=NO-1
MM=NQOS+1
M=NOS-1 '
Ceossononnsseas INITIALIZE VARIABLES
KL=9
LLL=D
TEN=G,
TGV=0
J=0
TIMEL=D
GR=0
TGV1i=0.
Y:O.
Wl=F1l
W2=F2
Wi=F3 _
Cosoesennnsnsase NITIALIZE GAS VOLUMES AND TEMPERATURES
Coesvsovesoneae AND CALCULATE AREA AND VOLUMES OF ELEMENTS
DG 4470 I=1,N0
GV(I)=",
4390 Ev (1)=C.
DO 191 N=1,M
T(N)=TMS
E(N)=TMS
A(NI=((N=-5)*IDR+R)*x*2
101 VIN)I=,333%((N=-.S5)*IDR+R)%x%3 —,333%((N-1.5)%IDR+R) %%*3
A(Ll)=A01)*F
DC 102 N=NOS,NUM
T(N)}=TD ‘
TT(N) =T0O
AIN)I=({N=-NOS~= .5)*DR+RR ) *ix?2
192 VIN)I=4333% ((N-1HOS=.5 )*DR+RR )} *%3-,33 3 ( (N-NOS-1.5) %*DR+RR ) *%3
VINOS+ 1) =  ({RR+UR/2)*x3—-RRx*3) /3
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TI(ND)=TO
TT(NO)=TC
T(1)=TO
AIND)=(R-XX/2)%%2
VINO)=  (R¥* 3-(R-XX-DR/2) *%3)/3
CovennsseneeeaaaSET INITIAL SHELL THICKNESS
BUND=R
K=o 1U*IDR
DM = X
XN=X i
TIME=(, I
Ceevesenneease s CALCULATION OQOF HEAT TRANSFER COEFFICIENT
23 ENU= GNU
PNU=Q,
[F(TIME.LT.TTT) PNU=FNU*( 1-TIME/TTT)
IF (TIME.GT.T)ENU=2%B0OND/ (3.1416% CKL/ DL/CPL*TIME) *%,5+2+PNU
IF (ENU.LT. NU ) ENU=NU
HTRANS=ENU=* CKL /BOND /2.
BCND=EBOND+XN
TIME= J * [DT

37 ITFITCL)-TI)85,90,5

35 [F(T(LY) 92,9u,84

99 WRITE(6,73) TIME,T(1),T(NC),T(NQOS)

13 FCRMAT(* CHANGED 'y4F 1244)
GG TO 260

B4 KL = KL + |
J=Jd+1
THICK=EOND-R

& IF(TIME  LLT.Y) GO TO 4
Y=Y+1]

15 IE (TIME-TIMEL) 16,16,4,17

.y

sessecssecesee s CALCULATION OF VOLUME AND RATE OF EVULUTICN OF GAS
7 TGV = U

DO 30" I=MM,NO

EVEL) = vvv(T(I))

GVIL)Y = EVII) %3 #V(I)/{R¥¥3-RR*%3)

TGV = TGV+GVI(I)

o
1

"6TC



390 TT(I) =T(I)

GR = (TGV-TGVL)I/(TIME-TIMEL)*60G.

TGVL=TGV

TIMEL = TIME
16 THICKN =(THICK )10,

WWil=W1*130,

WW2=W2*1C0

WW3=W3x1(0.,

WRITE(6,70)TIMLy THICKN 3 TGVyGRy (TUI) 3 I=1,NO)y(GV(I),I=MM,NO) , [FM

CohWl,Wh2,Wh3,ENU
() FORMAT(/(1uF12.2))

IF(T(NOS) eGELL137T4.ANDTILLTL1773.) GC TO 200
Covecnenrensees o CALCULATIUN OF TEMPERATURE OF THERMCCOUPLE
Coveonnnensese s ANU PARTICLE FELEMENTES
4 HINSAARLE=14% (TINOS+1 )% %4=T (NOS ) %%4 ) +BB=1E-4%(T(NOS+1) -T(NOS))

E(NOS)Y=HIN*IDT/ DL+T(NOS)

CALL FFF (CPM,T(NUS+1)}y CKM , CS )

i

HOUT=A(NOS+1)=(T(NOS+2) =T (NOS+1))%CKM /DR
E(NOS+1)=T(NOS+1)+(HOUT “HIN)®IDT%*3/((DR*+5+RR)*%3-RR%%3) /CPM/D
NA=NOS+2

DO 51 N=NA,N(M
HIN=A(N=-1)*(T(H-1)=-T(N))
HOUT=A(N)*(T(N+1)=-T(N))
CALL FFF (CPHM,T(N) » CKM , CS )
a1 E(N)= T(N) +CKM/D/CPMEIDT /VIN) /7 DR*(HIN+HOLT)
CALL FFF (CPM,T(NO) » CKM ,CS )
HIN=-HOUT*CKM/DR
HOUT=A(ND)=CS*(T( 1)-T(NO) ) /XX

CPC=CPM

VV =(CPMED%((R-XX)%%3=(R=-XX~DR/2) %3 ) +CPO*DSS* ( (R=-XX/2)%*%3= (R~XX)
Sx%3))/3

E(NO)=(HIN+HOUT )*IDT/VV+T(NO)

N=1

Ceeecersnnsoes o CALCULATIUN OF TEMPERATURE AT  SURFACE OF PARTICLE
[E(R+INR-BCND)I1CE, 108,103

193 HIN=-HOUT
CALL FFF (CPU,T(1), CKM ,CS)
VU = (DS*CPS*({R+£/2) *%3=R¥*%x3)+ CPO %«DSS*(R*%x3—(R-XX/2) %*%x3))/3
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[F (BOND-R) 1,2,3

1 BOND=R
2 XN=9.
X=0.

[F (T(1)-TM) 1u07,1308,1008

LYST HOUT = R#*%2%HTRANS: (TI-T(1))
E(1) = (HIN+HOUT)=IDT/VU+T(1)
IF (E(L)-TM) 2.3,273,1009

Coesosssvesasee o CALCULATINN OF MELTED FRACTION OF PARTICLE

1029  QR= (E(1)-TM)x=vU/IDIT
GO Ta 1610

1)98  QR=R*%2XxHTRANS*(TI-TM)+HIN

1010 FM = QRX*[DT*3/(R*x*3%D%ACRM)
TEM=TFM+FM
IF (TFM.LT.UL.) E(1)=TM+QRXTFM/FM*IDT/VL
It (TFM,GE.O.) E(1)=TM
[F (TEM=-1.) 273,15.5,1005

19725 WRITE (6,170€) TIME,TFM

1006 FCRMAT(///7710X,'TOTAL MELTING TIME =1,2F17.2)
GO TO 2¢c¢

CeseesseonsasesCALCULATION OF TEMPERATURE AT SURFACE OF PARTICLE
CosesonsannaassWITH SLAG SHELL THICKNESS LESS THAN IDR
3 Al = ( R+,5%X )#x2
HOUT=A1%F%(TMS =T(1))*CK(T(1)) /X
E(L)=(HIN+HQUT ) %*IDT/VU +T(1)
IF(ECL)-E(ND))29,35,30
29 E(1)=E(NO)
39 KN == IDT/H/DSH(CKOTCL))*(E(1)=TMS) /X + (TI-TMSP) *HTRANS)

TF(TIMECLE. WILAND.YYY.GT W08 ) XN=XN*FR
BA=BOND+XN-R

L=BA/IDR

X=IDR*(BA/IDR-L)

If (UM - IDR/1:.)9,4,38

) LM = IDR/1,
R [F(X-TDR/12)7,203,203
! X = IbR/10.

233 [FINOT - KL)2  .,2°.,59
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CoooeosonneaeanasSUBSTITUI: FOR TEMPERATURLS AND START A NEW ITERATION

39 DO 705 K=1,N0O
75 T(K)=E(K)
GC TO 88

Ceseeeveoeeeee s CALCULATIUN OF TEMPERATURE AT SURFACE OF PARTICLE
Coaeennsenesass AND THROUGHOUT SOLID SLAG SHELL
138 HIN=-HOUT
HOUT=A(1)%(T(2)-T(L))* CK{T(1))/IDR
CALL FFF (CPU,T( 1) + CKM , C9S)
VOL ={DS%*CPS%((R+IDR/2) %%3=-R%&x3)+LPU*DSS* (R*%3~(R=-XX/2)%%3))/3
E(L)=(HIN+HOUT)*IDT/VvOL +T(1)
N9 N=N+1
IF (R+(N )*[DR-BCND)L15,115,110
110 AX=(BOND-X/2.)={(B0OND-X/2.)
VX=,333%(BOND-X/2)#%%3-,333%(BOND=-IDR/2-X) %!
HIN=A(N-1)*(T(N=-1)-T(N))/IDR
HOUT=AX%{TMS -TI(N)) /X
E(N)=(HIN+HOUT)* CK(T(H))/DS/ CPS*IDI/VX+T(N)
QL= (E(N)+¥TMS) /2.
XN= = IDT/H/DS #(CK(uQ)*(E(N)=-TMS) / X+ (TI-TMSP)* HTRANS)
IF(TIMELLE. WILANDLYYY.GT oM e ) XN=XN*FR
BA=BOND+ XN-R
L=BA/IDR
X=IDR=(BA/IDR-L)
[F(DM - IDR/1..)9,¢8,8
115 [F{N=-NOS+1)116,90,9)
116 A = (TUIN+L)-TIN))EAIN) = (TIN)=-T(N=1))*A(N-1)
E(N) =CK(T(N))I/DS/CPS/VIN) * IDT/ IDR%¥AS+ T(N)
TFLEIN)-TMS  )109,129,402
402 E(N)=TMS
GO TO 109
2901 STOP
END
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2. Subprogram 1

Coeveeeneeenseca s VOLUME OF GAS EVOLVED AT TEMP. Q

FUNCTION VVV(Q)
COMMON VGIL2C)y GGI29) 3PSy TAZCAyTB,F1 4F2,F3 ,F4,F5,WN1lyW2,KW3

CySysCKS 4CKL, DP,DB ,KZ2,K3,K4,KE ,DDD,FF2
IF (FZ.LE.0.CRL.F3.LELD) GO TO 1011
[=0 Q-273. )/ 10u.
[F (LI.6T0VVV=(VEIT)+(VG(I+ 1) =VGIT) I =((Q-2T73.)/1u0.-1))%F2/FF2
IF (1.8Q.0.) VVV= VG(L1)*(Q-273.,)/100.
RETURN
311 vvv=n,
RETURN
END

YA



3. Subprogram 2

Ceoecnesnseecess SPECIFIC HCAT AND THERMAL CONDUCTIVITY OF DRI PELLET
SUBROUTINE FFF (CPM,Q,CKM,CS)
REAL K2,K3,K4,K5
COMMAON VG(2G) sy GGUL20) +PSyTAZCAWTBFL +F2,F3 ,F4,F5,WlsW2,W3

CySsCKS HCKL, DP,DB ,K2,K3,K4,KE LDDD,FF2

J=Q/107 -1,

CHECK=CM(Q)

00 = 3.04E-4%( 1-FXP(=T.65E-4%Q) )+ 4, 8E-12%Qxx3 %DDD

CKM =00%4PSEGGIJ)*x(WIHx(1=PS) ) *K2%% (W2*{ 1-PS))*K3%kk(W3 #(1-PS))
CHKGHHR(F4X(1=-PS) ) EKLHKR(FS%x(1=P5))

€S = CKM

G= VVV(Q+.5) — VvV (Q-.5)
IF{Q-TAYL1Q01,1002,1002

121 CPM = CHECK+1.29%0

’ RETURMN

1002 IF(Q-TA-8)1303,1003,1004

19€3 CPM = CHECK+1.35%G+2,.89E~-3*%CA-1.95E-2
KETURN

1904 IF( QoLT.TB) CPM=CHECK+1.47%G
IF{ Q.GE.TB ) CPM=CHcCK+1.35%(
RETURN
END
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4. Subprogram 3

Cooeeceensassea s SPECIFIC HEAT OF MATERIALS USED IN CALCULATION
CesevcoeecessesasOF SPECIFIC HKHEAT QOF ORI  PELLET
FUNCTION CM(Q)
COMMON VG(2i3)y GG(2735) 3PS TAZCAZTByF1 yF24F3 4F44F5S,W1,W2,W3
CyS4CKS LCKL, DP,DE yK2,K3,K4,KE5 ,ODD,FF2

WL = Fl+1.01E-2%VVV {Q)
W2 = F2-3.53E-3%xVvVVI(Q)
W3 = F3-8.02E-3% VVV(Q)

[F (Q.LE.1033) C1l=7.48E-2+1.06E-4%Q

IF (Q.GT.1D33,AND.Q.LE.1181) Cl=.,161

IF (G.6T.1181) Ci= 3.29€E-2 +8. 34E-5%Q
C2 = 4169+42.9 E=-5%Q-3,7TE2/Q*%*2

[F (Q.LE.463) C3=.109+1.11E-4%Q

IF (Qe6GT.463) C3=.143+1.67E-5%Q

C4 = o25+44,1T70-55Q-€.E9E3/Q%*2

IF (Q.LE.B48) C5=1.BTE-1+1.36E-4%0-4.49E3/0Q*%2
IF (Q.GT.848) C5= 2.4 E-1+3.,23E-5%(

CM = WIRCL+WI2HC24WE=C2+F4%C4+F5%CE
RETURN

END

i
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5. Subprogram 4

C...I..I‘

FUNCTIGN CKI(Q)
COMMON VG(26), GG(2L)4PS,TA,CA,TB,FL1 ,F2,F3

eseses COUNDUCTIVITY OF SOLID SLAG SHellL
'Fl'!FS) W].) WZ, w3

CsyS9eCKS 4 CKL, DP D8 yK2,K3,K44K5 HUBDD,FF2

PC = 3.04E-4%(1=EXP(-T.65E-4% (Q))+4.08BE-12% Q¥%3 *DP
CK = CKS *x(1-S)#pCx**

Rz TURN

END
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6. Subprogram 5

e naseevssenee S CIFIC tE AT AND THERMAL  CUNDUCTIVITY OF NI PARTIC.

SUBROUTINE  FFF (CPiany <l 4CS)

COMMUN VO (20) s G0 (20) «”PSsTAsCAsTHIFL 1F29F 3 9FGerSeWleW2eW3
CoaSeCKS s UKL eSGy D ad oK 2eaRk 34KGeKS 4 IuD

J=0/100.-1.

G T 3,045 =48 (l=r xR (=/,200=4%]) )+ 4.UBE-L12#Q%#3 #DDD
CKM=0Q##P su GG () et (] =-0%)

Cs = CaM

[TF QLT e 203)0iPAz V= lo—0®)=2 4 2TE 37 witity

IF(QeGE DRI CPM= [ 2+l o (0= Q=3 80K 3/ unil

R TURE

EMD)
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7. Definition of Terms

A(N) = ARFA RETWEEN NODES N AND N+1 AT DISTANCE IDR/2
A4 = CONSTANT "FOR HEAT TRANSFER TO -THERMOCOUPLE
ACRM =HEAT OF FJSION OF PARTICLE

AtL = TFERMAL DIFUSIVITY UF LIQ. SLAG

AL”? = TERMaAL DIFUSIVITY UF SOLID SLAG

83 = COMSTANT FOR HEAT TRANSFER TO THERMOCOUPLE
B< =THERMAL CONDUCTIVITY OF PORQUS LIQ. SLAG

B8IND = R + THICXNESS OF SHELL

C1 = SPECIFIC HEAT OF IRON

C» = SPECIFIC HEAT OF ‘'FEO"

CR = SPECIFIC HEAT OF FE3C

Ca = SPECTFIC HEAT OF AL203

Cs = SPECTFIC HEAT OF >SI02

Ca = CArR30ON CONTENT OF PARTICLE AT TEMP., TA
R = CARRON CONTENT OF PARTICLE AT TEMP. TB
ce = CONSTANT FOR HEAT THRANSFER TO THERMOCOUPLE
C« = THERMAL COUNQUCTIVITY UF POROUS SOLID SHELL

C<L =THERMAL CONDUCTIVITY OJF LIQ. SLAG

C<M =THERMAL CONDUCTIVITY OF PARTICLE

C<S =THERMAL CONDUCTIVITY OF SOLTID SLAG

Cw = SPECIFIC HEAT OF U=R MATERIAL

CoL =SPECIFIC +HEAT OF LIA. SLAG

CovM  =SPECIFTIC +HEAT OF PARTICLE

C20 =SPECIFIC “tAT OF EXTE<NAL ELEMENT OF PARTICLE
C>S =SPECIFIC -EAT OF SOLTIJ SHELL

C3 =CONDUCTIVITYT OF EXTE=NAL ELEMENT OF PARTICLE

D = DENSITY OF PARTICLE

D3 = PORE NIAMETER IN LIQ. SLAG

0> = CONSTANT FOR HEAT TRANSFER TO THERMOCOUPLE
DOD = PORE NDIAMETER IN PARTICLE

DL = DENSITY OF LIQ. SLaG

D> = OPORE DIAMETER IN SOLIL SLAG

D= =WIDTH OF AN ELEMENT IN PARTICLE

DA = DENSITY OF POROUS SOLID SHELL

D31 = DENSITY OF SOLID SLAG

DS = DENSTITY OF EXTERNAL ELEMENT OF PARTICLE
E(N) = TEMP, AT NODE N FOR °2RESENT TIME

ES = CONSTANT FOR HEAT TKANSFER TO THERMOCOUPLE
EV(N)= GAS VOLe PER GRAM OF SPONGE ELEMENT N

228.



G5

G2

Wonoar o oonn

Gv(I)=

H

H1
H?
3
MY
M3

AT=AN

Io=
ID7

K2
K3
<4
K3

N1
NJ
NDS
NOT

S

=

CORRFC
INITIA
INITIA
INITIA

WEIG

WETG
NUSSFL

SPECIF

THERMAL CONDUCTIVITY OF METAL AS A FUN.

TION FACTOR FOR
L WT., FRACTIUN
L «T. FRACTION
L WT., FRACTION
HT FRACTION
HI- FRACTIUN
T NUMBER

IC GAS VOLUME

PARTICLE=-SLAG

OF IRON
0F WFEO
OF FE3C
OF AL20
OF SI02

3

IN
IN
IN
IN
IN

RATE OF GAS EVOLUTION FROM PARTICLE

VOL.

EAT OF
HEAT
HEAT
HEAT
HEAT
HEAT

FRACTION OF 0LAS

FJSION OF SLAS

EVOLVED

0F FUSION O0OF IRON
07 FUSION OF FEQ!
0 FUSION O0F FE3C

07 FUSION OF

alL203

0F FUSION 0F SIO2
HEAT TRANSFER COEFFICIENT

=wIDTH OF AN ELEMENT IN SLAG

W nou

won o n

([t}

i n

LENGTH

THERMA
THERMA
THERMA
THERMA

NO. O
NO. OF
"NO. OF

OF A TIME ELEMENT

L CONDUCTIVITY OF
L CONDUCTIVITY OF
L CONDUCTIVITY OF
L CONDUCTIVITY OF

'FEO'
FeE3C
AL 203
S102

FTEMP, INTZIRVALS FOR
NODES
NUDES IN SLAOS

NO. NF TIME STEPS ALLOWABLE

GG

FR

NT

ERFACE
PELLET
PELLET
PELLET
PELLET
PELLET

OF TEMP.

OM ELEMENT

AND

THERMAL CONDUCTIVITY OF PARTICLE PORES
PELLET

TOTAL

POROSI

TEMPFR

GAS  vOL.

TY OF PARTICLZ

ATURE 0OF SPJUNGE

EVOLVED FROM

FLOW OF HEAT FOR MELTING PARTICLE

RADIUS
RADIUS

OF PARTICLE
OF  THERMOCOJPLE

HOLE

VG
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230.

S = POROSITY OF SLAG SHZLL

S3 = POROSITY OF LIQ. SLAL

T(N) = TEMP., AT NODE N FOR PAST TIME

TA = TEMP, AT WHICH SOLID=-SOLID TRANSFORMATION STARTS

T3 = TEMP, AT WHICH SULID-SOLID TRANSFORMATION ENDS

T*M = VOL. FRACTION OF PARTICLE MELTED

TI = TEMP, OF BULK LIQ. SLAG

TIME = TIME AFTER IMMESION OF PARTICLE

T = MELTING TEMP, OF PARTICLE

TMS = SOLINUS TEMP, OF SLAG

TUSP = _IQUINUS TEMP, OF SLAOL

T2 = INITTAL TEMP., OF PARTICLE

T2 = MELTING RANGE OF SLAG

t = VISCOSITY OF SLAG s POISF

V(N) = VOL. AT NODE N -

V5(I)= VOL. OF GAS EVOLVED FROM 1 GRAM OF SPONGF AT TEMP, T(I)

VOL = HALF OF TOTAL VOL. OF EXTERNAL ELEMENT ON PARTICLE AND
ADJACENT ELEMENT IN SLAG

VYV = VOL. OF GAS EVOLVED FROM 1 GRAM OF DRI

Wl = WT, FRACTION OF IRON IN D-R PELLET

W2 = WT. FRACTION OF 'FEO' IN D=R PELLET

" he] = WT. FRACTION OF FE3C IN D=R PELLET

A = DIS. FRUM FURTHEST ZLEMENT T0O THE MOVING BOUNDARY

XN = THICKNESS CHANGE IN ONE TIME STEP

XX = THICKNESS OF EXTERNAL ELEMENT OF PARTICLE

YYY = GAS RUB3LING CONTROLLER = 1 ., RUBBLING

- 0 « NO BUBBLING



