Lehigh University
Lehigh Preserve

Theses and Dissertations

1970

Computer simulation of the thermal profiles
developed during magnetite oxidation in a traveling
grate pellet plant

Karl D. Libsch
Lehigh University

Follow this and additional works at: https://preservelehigh.edu/etd
& Part of the Metallurgy Commons

Recommended Citation

Libsch, Karl D., "Computer simulation of the thermal profiles developed during magnetite oxidation in a traveling grate pellet plant”
(1970). Theses and Dissertations. 3802.
https://preservelehigh.edu/etd/3802

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.


https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F3802&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3802&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3802&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/288?utm_source=preserve.lehigh.edu%2Fetd%2F3802&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/3802?utm_source=preserve.lehigh.edu%2Fetd%2F3802&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

COMPUTER SIMULATION OF THE THERMAL PROFILES
DEVELOPED DURING MAGNETITE OXIDATION IN
A TRAVELING GRATE PELLET PLANT

Karl David Libsch

?
Presented to the Grédﬁate.gcmmitﬁee
ﬁibf'LehighUniversity
in:CéndidHCY'er'ﬁhe:Degree of

) Master of Science

in:

wﬁépartmeﬁt:Oﬁ”MétéliurgYsanﬂ Materials Science

s |

- Lehigh University

- 1969

“we




&

;
This thesis is aCCepted.énd,approved in partial fulfill-

ment of the requirements for the degree of Master of Science.

2, 1970 . -
(Date) O o |

L WA C{W,A[/L

Chalrman of the Department

#

@




ACKNOWLEDGEMENTS ~ / |

'The author wishes to acknowledge the Dravo Corporation,

Pittsburgh, Penﬁsyivr?ié) for supplying the industrial test

-dataAand-ore.samples, andftBe.Bethlehém Steel Corporation,
Bethlehem; Pennsylvania, for valuable assistance in balling
and Sizing‘theConCenérate, The authorﬁaiso~wishes to thank
the sponsors.ofjtheChemical:Métailurgy Prgg;amgatLéhigh

| ) ‘ 4 | | )
Uhiversity during the period.this:work,was~performed_for

Bethlehem Steel Corporatlon ) Carpenter TEChnology Corporat 1on,
aﬁd'UnitedfStatesw%tee1¢Gorporatioh. |

<.

LJ L u 4Ju u

||

ez




P R R s R it oL -

TABLE OF CONTENTS P

Ab S traC t . o e ) o e e o e . . ‘e o o
IntrOdUCt ion e e W s e s e & e 6 & e o s . e & e e & & e o« e ~

Experimental Data on Magnetite Ore Concentrates. . . . . . . 13

a. Equipment . . 13

T bal Materials . . . « . © i 4 v v e e e e e e e e 16

. ; eu.-Operatibﬁél‘Teéhniques, D O X 0
d. Experimental Results. . . . . . « . & o s v W w . o .29
Development of the Mathematical Model. . . . . . . . . . . . 33

a. Development of the Fundamental Differential
Equations . , « 33

' L

b. Evaluation of the Variables in the Fundamental |
Differential Equations. . ., . . . . . . . O § |

c. Final Form of the Differential Equations., . . . . . . 49

_MEthodfof’Sblution of the BifferentiaiﬂEquatiens . o« % » & o 51

Ty » . ' ‘

Discussion of Results. . , . © e W v e i e e ¢.5S

. 64

‘Conclusions.

Appendix A - Nomenclature. . .. 65

W,Aebendixgg;;aComputer Program Used to Curve F1t the Kinetic
) Data S L O e e e v e e s /1

_.Appendix C - Analogue Block Dlagram.Used for Solutlon of the o
| Differential- Equ&tLULLb T e e e e e e . o o o TG

- Appendix D - Computer Program Used to Solve the D1fferent1al
) | Equatlons I . B T s_. . e’ﬁ « o e o o f-BZ

AﬁﬁeﬁdiXTE“i“Data Used for Pot~ Test Similation and Comparl-':1 
son of Predicted ‘and Observed Results v e .. 2133

- iid




Tables . . . . .

B T
.

14
P il

Figures. . . . .

References . ., .

1
- .
.
Y

. ¥ 0 v
'
;“ -
s
‘
v
. 3
1
"
.
Te— S . - e S g A § AT e e
A .
A
1
o
N
. «
o e e .
* v
5 N
e w
< i
e
- i
v
%
\-

P O T ST R L O

.




e L [

LIST OF TABLES

! Page

Table I - Properties of Ore Balls Made From Ore 1
and Ore 2 . ® o & e ., ¢ e . e o * o . e o o . 153

Table II - Results of Test Runs C€0-1, 2, and 3. . . ., . . 154

Table III - Results of Test Runs CO- 4 5, 6, 7, 8, 9, ﬁ
and 10 T 155

Table IV - Results of TeSt:Runs_Cb-li. 12, 13, and;fz.. . 156

Table V_ - Results of Tests Us1ng Ore Concentrate Balls B
of Ore 1 . . . .., ., . . .. e+« v e v+ . . 158

Table VI - Results of Tests Using Ore Concentrate Balls
of Ore 2. . . . .. toe e e e e . e .. . 161 )

Table VIT. - Coefficients for %0x Versus Time Curves for
‘re 1 and Ore 2 L fO % v e ,-y: e e 164

Table VIII - Var ?i.a;tii{-cm of Tg + 110.4 With Temper ature 165 _

- 372 o
T¢e

Table IX - Partial Pressure of Oxygen in. the Bed as o
\\ Determined for Test 1-1. . . .. .. .. ... 166

JUUREEY e




LIST OF FIGURES

Figure 1 - Block Diagramref Experimental Setup, |,

Figure 2 - Crogs- -section of Gas

Heater and Reaction
* Chamber, :

Figure 3 - Cross-sectiop of Fur

nace with Gas Heater
Reactlon Chamber.

; and Sample Holder. 169

Figure 4 - Photograph ongxPerimental Setup PR 170
y Figure 5 'ﬁhunsMade'to IlluStratefReﬁtodheibility; 171
4 ? Figure 6 - Runs Made to Check Accutacy of Weight Measure-

ments, C e e e e e 172
Figure 7 - Runs Made»at'Diﬁférenth10wrates o

Figure 8 - Bata Taken on Ore Balls of Ore | .

174

Figure 9 = Datg Taken onﬁQreiBalls\Qf.Qré.ZI,

175
Figure 10 -

. 176
(a) Slice Used for Model
(b) Air Lump and Pellet Lump.
. (c) Air Lump Element
v (d) Pellet Lump Element
Figure 11 -

DIVision;of'the.THianlice*Into:Celis, - o .. 177

”Figurer12-= Computer Slmulatlon Test 1-1

Pot Test Temperature
the Top of the Bed,
<43 Inches Below the Top . 178
Figure 13 - ~ Computer Slmulatlon Test 1-1
o Pot Test Temperatures Taken 10.0 Inchee Be]

= x 20D B UW T e

——the Top of the Bed, Slmulatlon Donel
10. 81 Inches Below the Top .

¥ - Computer Slmulatlon Test 1- 1

~ Pot Test . Temperature Tak
the Top of the Bed Simu
16, ‘0. Inches Below the To

179

. Hy
'-l
a9

| G

Sy

-
[ S}
_c\
l

en 16.0 Inches Below
lation Done for |

L




Figure 15

Figure 16

Figure 17

Figure 18

Figure 19 -

"Figure 20

- Figure 21

Figure 22 -

Computer Simulation Test 1-2
Pot Test Temperatures Taken 2.0 Inches Below

the Top of the Bed, Simulation Done for
1.89 Inches Below the Top . . . . . . . . .

Computer Simulation Test 1-2
Pot Test Temgeratures Taken 8.0 Inches Below

the Top of the Bed, Simulation Done for
7.93 Inches Below the Top .

Computer Simulation Test 1-2

Pot Test Temperatures Taken 14.0 Inches Below

the Top of the Bed, Simulation Done fort
13.97 Inches Below the Top .

Coﬁputer Simulation Test 1-3

Pot Test Temperatures Taken 2.0 Inches Below
the Top of the Bed, Simulation Dome for

1.89 Inches Below the Top.

Computer Simulation Test 1-3

Pot Test Temperatures Taken 8.0 Inches Below
;the Top of the Bed, Simulation Done for
"7.93 Inches Below the Top. :

Computer Simulation Test 1-3

Pot Test Temperatures Taken 14.0 Inches Below
the Top of the Bed, Simulation Done for

13.97 Inches Below the Top .

Computer Simulation Test 2-1

Pot Test Temperatures Taken 2.0 Inches Below

the Top. of the Bed, Slmulatlon Done for
1.89 Inches Below the Top.

Computer Simulation Test 2-1

Pot Test Temperatures Taken 8.0 Inches Below

the Top of the Bed, Simulation Done for

*7.93 Inches: Below the Top.

Figare’23~j'00mputer Slmulatlon Test 2-1

Pot Test Temperature Taken 14.0- Inches Below
the Top of the Bed, Simulation Done for

Page

183

184

185

186

187

188

-13.97 ,Ine.hes~Be]:ew the-Top—~——. .

: Computer Slmulatlon Test 2-2

Pot Test Temperatures Taken 3.0 Incﬁgi Below
the Top of the Bed, Slmulathn Done for‘
3. 65 Inches Below the Top .

=t
)
e

190




Figure

Figure

Figure

Figure

Figure

25 - Computer Simulation Test 2-2

26

27

28

8.51 Inches Below the Top.

!
Computer Simulation Test 2-2

Pot Test Temperatures Taken 15.0 Inches Below
the Top of the Bed, Simulation Done for

14.99 Inches Below the Top .

Computer Simulation Test 2-3

Pot Test Temperatures Taken 3.0 Inches Below
the Top of the Bed, Simulation Done for

3.65 Inches Below the Top.

Computer Simulation Test 2-3

Pot Test Temperatures Taken 9.0 Inches Below
the Top of the Bed, Simulation Done for

8.51 Inches Below the Top.

- Computer Simulation Test 2-3
Pot Test Temperatures Taken 15.0 Inches Below
the Top of the Bed, Simulation Done for

14.99 Inches Below the Top

)

“Pot Test Temperatures Taken 9.0 Inches Below
the Top of the Bed, Simulation Done for

191

192

193

194

195

viii




This mathematical model enables the temperature profiles
which develop in the packed bed of a traveling grate pelletizing

machine while magnetite oxidation occurs to be simulated.

was written by formulating differential heat and mass balances for a

~. not rate limiting. The rates of oxidation were found by interrupting

wthe oxidation and weighing the partially oxidized pellets. They were

determlned 1sotherma11y at 300 400, 500, 600, 700, 800, 900, and

IOOO.C, The,results;were‘f1t~emp1rioally»to.ailow useé in the mathe-

matical model.

Tiie mathgmatioal:modei.was-programméd'onda'digital-Computér

‘ﬁsingté-digitai analogue simulator. The pProgram together with the

kinetic data have been uséd to simulate the%thermal proflles developed

durlng magnetlte ox1dat10n durlng 1ndustr1a? pot testlng w1th ore-

The model

e

'b:a.l,..-l-,s o_f th-ep rtwo»c':foncentrates The 31mulated thermal proflles developed

nat d1fferent levels in the bed compare:-well w1th those measured in,

1ndustrlal pot testlng
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~INTRODUCTION

The object of iron ore pelletizing is to take finely ground ore

at which they are produced to a blast furnace. They must have suf-

ficient Strength and the correct chemical properties to serve as blast

furnace burden material.

'”‘-5 The firing Process: can be

accomplished in several ways . rCOmmercially, this is donefusing either

a,shaft'fugpaée, a traveling grate, or a traveling grate and kiln
7 d
Combination. In all of these processes, the greén pellets must. be

heated so that they can successfully undergo drylng, dny reactions {

occurring during f1r1ng, firing 1tself and;coaling'Without Cracking
.Qrgspalling, If it;is?féquired that the peliét'have certain chemical

-,

largeiywmagnetite'ores, ‘With*magnetite«ares, theicomplete'oxidation

of magnetite tofhématiﬁe is-impoftant, If the ox1dat10n to. hematlte

1s incomplete, t

A3

W’ - surrounded by a shell of hematlte

f-magnetite—
fThiS'coré~$he11.situation:causes
poor comgxe331qﬁ~strengthSy‘WHich ﬁay‘Ieadeto breakup;pf the pellets

2
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in shipping and hahdling. It is also well known that reduction
kinetics favor the use of hematite in the blast furnace (1).

In order to produce a successful pellet each ore c;ncentrate
Jball mﬁst be heated at the correct rate. In a traveling grate plant,
heating is done by passing hot air through a packed bed of ore con-
centrate balls. By properly controlling the temperature and flow
rate of the air entering the bed, each ore concentrate ball can be
heated at the correct rate. The temperature and flow rate of air
entering the bed varies as the process proceeds. The way in which the
temperature and flowrateﬂofl;ir vary with time is usually referred to
as the hood profile. The hood profile which will yield successful
pellets and be the most economical is determined by heat hardenipquré
concentrate balls in-airefréctO:y pot. The desired air flow and temper-
ratUré entering the bed for any given time is passed through the bed
iﬁ.thé’potyand theftemperature=time profile at different depths in
the bed is recorded. At.thé end of the test, the hardened'peilets are
checked to see whether successful pellets have been made. The hood -
‘prafileﬁand the:recorded'temperature-time profile.atwdifferEHt‘depths
in theé bed can be used to scale up to plant performance. This procedure
is used to designwnew'traveling;grate pellet plants. ;Itiis also used
tOfdetErmine’WhatmedifiC&tionS‘inexisting?{rayeliﬁégrate Planté
Shouldébezmadeitoﬁake'them«moré'ecohbmiCal and/or produce a better

5.

pellet if,;pefhaps; the properties Of;thézdoncentrate-tpibe:peliétized

o

Changes. 000 B——
Each ore concentrate has différéntgprbpertiesq‘,Alsa, the first
pot test does not necessarily produce successful pellets and the most

&
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economical test pattern. For these reasons many pot tests must be run
to arrive at the best éaétern. Pot testing is expensive both in
capital and operating cost. Becauge of the expense, it is not economi-
cal to systematically investigate the effect of numerous variables
which are presently tﬁought to have only a minor influence on the
process. The purpose of the presenﬁ investigation is to mathematically
model the traveling grate pelletizing plant so that the temperature-
time profiles for different depths in the bed which develop while
magnetite oxidation is taking place can be siﬁulated. Betause oxi-
dation of magnetite to form hematite is an exothermic reaction, the
kinetics of oxidation in concentrate ore balls Significantly'affect
ﬁheishape of the hood profile. 1In the travelingfgratefmachine, the-
hotter air passes through the top of the packed bed. When the temper-
ature of the ore balls at the top of the bed is high enough, oxidation
begins. Since heat is liberated by‘thE‘oxidation}~a;greater'amount‘of
heat is present lower in the bed than would be present if no oxidation
ﬂhad'ocﬁurred.in-the.packing_above=itﬁ HeHCe,:ore'balls lower in the
bed;are'brough£ upto a temgenature where they can react more quickly.
The magnitudef0f~this.effecﬁ depends on HOWZQuiley-OXidatiQn‘prbqeeds
and to what extent it proceeds at lower temperaturgs;“ |
A mathematical model of the traveling gra te pelletizing machine

should;allow~an-estimaté of1the2effect;of?the different factors which

might influence the magnetite oxidation reaction and therefore influ-

---ence the-performance of the machine. In order to check on the validity

of the simulation, it ié-nécessary'tO“kn@w>the-kinEtiCS of oxidation

foruaigiveh.érefball and pot: test results for balls of the same ore




'/

This investigation includes the experimental determi-

concentrate.,

nation of the kinetics of ‘oxidation of ore balls of two different

magnetite concentrates.




LITERATURE SEARCH -

In order to simulate the thermal profiles developed in the

packed bed of a traveling grate pelletizing machine, two factors

‘must be considered. These are the amount of heat produced by oxi-

-

Y
dation and the amount of heat transfer in the bed. The kinetics of

oxidation of magnetite in ore concentrate balls determine the amount
of heat produced by oxidation. Levenspiel (2) points out that re-
action in spherical particles of unchanging size can be visualized as
five steps ocecurring in succession. These are:
Step 1: Diffusion of the gaseous -reictant from the sur-
rounding gases to the surface of the sphere.
'Stép.Z; JTraHSPQrth the gaseous reactant from tﬁe sur-.
facefaf'the sphere to thé reacting interface.

Step 3: Chemical reaction of the gaseous reactant with

the solid.

Step 4: Tranmsport of the gaseoUs reaction products from
the reacting interface to the surface of the sphere.
13535'51" Diffusion of the gaseous reaction products from %
the surface of the sphere™to the surrounding gases.
When magnetite is oxidized to form hematite, no gaseous reaction
products are formed; thus, steps 4 and 5 do not occur. Each of the

.fifst.threeiste955»hbwever, &otocegr,fand‘anylonefcouLdzbejrate

e limiting, B

The kinetics of oxidation of magnetite to form Hematite in ore

QQHCéntrate‘balls have been studied with (3,4) and without (5,6)

COR,

6
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heated air flowing past the balls. Without flow, it was found that
the reaction rate is limited by diffusion of oxygen to the surface of
the ball. The kinetic studies of both Zetterstrom and Edstrom were
made using heated aijir flowing past the ore balls. In both cases most
of the data was taken after determining the flow rate above which
step 1 was not rate limiting, Zetterstrom (5) found this flow rate

to be close to 0.23 SCFM for a two inch diameter retort, The flow

machine.

Zetterstrem (5) studied the kinetics of magnetite oxidation for
:Qre'bails-of‘severai'Mesabi Range:coneentrate33 The data were taken
by weighing ore balls packed in a retort dﬁring_oxidation, Isothermal
tests-were»attempted¢ but the air leaving the ore ball column was from
25 to 125°C higher than that entering it. ~The;effects-of:cﬁenges:in-
temperature, compos 1t10n o E the OXl diz 1ng gas, and 'C*Q-nC,éh trate. partl-
cle size were investigated. The results of the testwork were plotted
to iliustrate;the.effeét of tthvatiablesson oxidation rate. No
theoretlcai explanatlbn of the results was attempted

The k1net1cs of ox1dat10n for ore ‘balls of Malmberget A-10 con-

centrate were studied by Edst {rom‘_“ (6, 7) . Data were obtained. by-hea t‘”ing

a 31ng1e ore concentrate ball 1sotherma11y at 1230°C while a1r of the

:Ihe_amount ofaexidatiqn,wasedEteﬁ=

L

Same temperature flowed past it.

mined by weighing the ore ball before and after oxidation and by




measuring the width of the hematite shell. Edstrom postulated that

when step 1 was not rate limiting, the feaétion rate was limited by
the flow or diffugion of oxygen through the hemagite shell to the
reacting interface. He showed that, if step 2 was rate limiting,
then the rate of reac;ion could be described by the parabolic rate
law as applied to a éphére. Using his data he was able to show tha;
this law was obeyed.

Heat transfer in a packed bed can occur by several mechanisms.
These include heat transfer from the gas to the packing, radiation
from.one.solid‘particle.tq.anotth, andscondu;tiOn from solid'partiClé
to solid particle. In comparison to the .amount of heﬁf transferred
from the gas to the packing; that transferred by radiation and con=
duction between'pértiﬁles is'uSUally,SmaII (8,9@10)@ In some cases,
‘howevér, the amdunt-of heattrahsferrédBetween_pelletsdoes“become
appreciable. Since the béd of a traveling grate pelletizing machiné
is heaﬁed.to 2450°F, the heat transferred by radiation between parti-
cles might become important. SeVeral,invgstigators‘hHVé;ptoposed'ways
to calculate the amount of heat transferred in this ﬁanner (11,12513).
In the present investigatiOn,thé Damkohler expression as corrected
‘ toAnoneblaCR:body-cqnditiOns:will“be used to estimate the amount of

heat transtrred:by-fadiation'betweéhfparticfes:(12,13).

-~

Heat transfer by the gas stream to the packing is normally con-
S

:4§id913dwusingmawfilmwheatwtransfefwéoefficient“at“higﬁffiﬁﬁf” At stag-"

nant or low flow, an axial thermal conductivity is used (14). The
flow used in?altravelingzgraté'Peiletizing machine is in the turbulent

region. Thus,;gﬂlY'the film,heat-transfer’coeffibieﬁt‘is the.cgefg

b




ficient for the heat transferred between the packing and the flowing

fluid through the thin gas film surrounding each packing particle.

It is normally defined as: (15)

dgc = hy . - (aAgdz) - (Tg-T,) (1)

where:

o -

heat transferred ta the flowing.fluidé

dc

Cross-sectional area of bed,

8
rt
Il

solid particle surface area per unit bed volume,

b
!

surface temperature of particle,

H
i

> bulk temperature of the flowing fluid,

H
0o
I

- axial distance, and

8
I

’”-heat-transfer'coeffieient'répreSentative\Qf a

1l

C€ross-sectional area perpendicular to the z
direction.
Experimentally the following correlation has been found for Boe’

| . =0.51 L -
jp = 0.91¥Re 7 (Re <50) (2)

iy = 0.61 yre~0-41 (Re >50) 3)

Y '= shape factor (1.0 for spheres), and

—mCQIburn-analogy and is défin@a by

. \ (Cpu ) ..

Cp. Go S Ko | e

‘Ihexﬁérms;in;Eguation'(4) are:definéd as follows: -




specific heat at constant Pressure per unit

O
O
o
]

mass for the fluid,

W = viscosity of fluid,
\
k = thermal conductivity of fluid,
G, = mass velocity of fluid just before entering

the bed,

f = subscript denoting that these properties are
evaluated at the average of the air and packing
surface temperatures, and

packed bed Reynolds number and is definEd by

Re = . 'G.,o. (5)

Re

availdble in the literaturea(16,17,18);Shdw that the experimental
results vary-substantiélly, Only én estimate ofithetamﬁunt'af.heat

transferred can therefore be made.

Heat trans=-

gfer in the bed and the heat produced by ox1dat10n must be 1nc1uded~ i

[ECRTS I

" these d1fferent1al equations. A tra%ellng grate used for pellet1z1ng'

e

usually is at least nlne foot wide (19). Because;of‘the 1arge;WidtH,

lt-seams'rQHSOnablé’toeassume,thet“the:tempefatupe-distributianpin‘




- equations had been

most of the packed bed is not affected by heat flow through the sides
of the bed. The bed of a traveling grate pelletizing machine during
oxidation can therefq;e be regarded as an adiabatic packed bed with
heat generation in the packing. Most investigators have derived two
partial differential equations in order to describe such a situation,
These equations are the heat balances for the gas and for the solid.
Terms which take the various heat transfer mechanisms into account and
include the heat effects due to reaction are used in developing these
equations. The result of the derivation is usually a set of partial

differential equations which are impossible to solve. By eliminating

terms which are insignificant for the particular case considered,

solvable equations are obtained.
;

The general case for heat transfer in an adiabatic packed bed
with heat generation in the packing has been considered by Elliott (9).
Elliott has also solved variatiomns of the general case which allow
estimation of the error in assuming that some.of the heat transfer
mechanisms are insignificant. Amundson and coworkers (10,20) have
also considered the general case using rather formidable mathematics.
Solﬂtions:Ofiparticular,c&sesﬁmakingFCErtain assumptions have been
Ccarried out by a number of workers., Elliottls-paper~(9) li;ts.the

more impcrtaﬁt:of these. In most cases digital computers have been

- used to do the calculationOnCe&LgsoIUtion t0'the.différential

? ( o

used together with a digital cqmputer-have been used to find the

jsolutiqn__

found. In some cases finite differente methods . .
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Some direct applications to sintergng and pelletizing are avail-

able in the literature (21,22). These include a mathematical model of
a traveling grate pelletizing machine proposed by Beale, Appleby,
Butterfield, and Young (23). The method used to model the machine did
not use results of kinetic data for drying or magnetite oxidation.
Rather an enthalpy-temperature~diagram was constr;cted using the
authors experience. This enthalpy-temperature diagram was used to-

gether with two extremely simple partial differential equations--one

12 : o
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/
EXPERIMENTAL DATA ON MAGNETITE ORE CONCENTRATES

5

The reaction kinetics of oxidation of magnetite to form hematite
in ore concentrate balls differ for each concentrate.. In order to
simulate the thermal profilgs developed in the bed of a traveling
grate pelletizing machine during magnetite oxidation, these kinetics
must be known. To be sure that the kinetics used in this investigation
were the same as those used in the pot tests to be simulated, kinetic
data were obtained using ore balls of two magnetite concentrates.

As pointed out in the Literature Search, heated air must flow
past the ore balls while the kinetic data are obtained. The ;Elbgity
of the .air must be great enough so that diffusion of oxygen from the
surrounding gases to the SUrface of the sphere does not become rate
limiting. This.éémplicates both the experimental equipment design
and procedure. In‘this'investigation the kinetic data werezobtained
isothenmally; SemiCOntinupu35WEighing of the sample while oxidation

was taking place was used to-determine‘the‘améunt.ofﬁaxidatign,

Equipment

kS

The equipment used in this investigation was that required to:

(1) preheat a measured amount of oil- and water-~free air or
nitrogen to the desired test temperature,

(2)  provide @ reaction chamber' in which the preheated gas

would remain at.a constant temperature and in which the

sample could be oxidized, and
(3) allow the sample to be weighed while held suspended
inside the reaction chamber. |

(13




Figure 1 illustrates schematically the way in which the equipment
was set up to meet these requirements,

A compressor was used to supply air. Water and oil 1in the air

were removed using a Beach Sta-Dri filter, Air pressure was main-

tained constant with the use of a preéssure regulator. The air flow

rate into the heater was measured by a Dwyer flowmeter with a range
- of 0-40 SCFH. The nitrogen used was commercial grade nitrogen

supplied in cylinders by Air Products and Chemicals, Incorporated.

It had a dewpoint of approximately -90°F and contained about 15 ppm

of oxygen. Nitrogen from the cylinder was used directly without any

further purification. The nitrogen flow rate was measured using a

flowmeter attached to the pressure regulator on the cylinder. The
nitrogen also.yaSSedfthrough a Matheson flowmeter with a range of

0-2 SCFH which was located on the panel board. This flowmeter was

used only to indicate whether or not nitrogen was flowing to the

heater. Both the nitrogeqaand the air passed from the flowmeter on

the panel board into the arms of a "Y" gas mixer. The "Y" was of

brass construction and a flow regulating valve was ineluded in each

darm of the "Y". The "Y" was never used to mix the two gases.

fRather, the valves were tused to admit-either1nitrdgénAor air to ‘the
R}

Figure 2 shows azﬂrawihEVOf‘the‘gas'heater and reaction chamber

.aSSembly; All parts shown on Figure 2 were of _Inconel. 600w 1lloy

L-l-v

A tube bundle was used for the heater rather than a spiral w1nd1ng

because of the geometry'of the available furnace. Air was trans-




side the two end Pleces. The tubes and the end Pieces were made

separately. Assembly was accomplished by screwing the tubes into one
end piece. The other tube bundle end was then Placed on top of the
tubes and the tubes screwed part way out of the one tube bundle and
into the other. After testing, it was found that the tube bundle was
not air tight. Attempts were made to seal the tube bundle by oxidiz-
ing the entire assembly at elevated temperatures. This Procedure
helped, but did not give an air tight heater. For this reason, the
flow of heated air intb'thérreaction‘chamber was measured frequently
during the testwork. ’The-procedure USéd;iS-included~invthe section on
Operational Techniques.

As shown in Figure'Z, thé'reactian,chamber-was_madhiﬁed.intOane
of the tube bundle ends. A 1id for-the.neadtionrchambéf-was=machined
from.Lavitex This Lid-COveféd the tép of ‘the chamber and prbvided for
entrance of the wire used to support the sample holder. It also filled
ﬁhe top 1 1/4 inches of the reaction chamber. Tests using this 1id
indicated that themairﬂtemperature within the Chamber'was constgnt to
Wgtﬁin‘IO°C;

TﬁéM;;ﬁpIe‘holder'wés:a~one.inch diameter mullite tube, two ‘inches

long. TFour holes weie;cuttiﬁ,the.side-df'the'tubé to allow the sample

| holder to be connected to thé_suspendiﬁg-wire, ,Ihfee'holEwaere‘also»

¢ut near the bottom of the tube. Nickel wirefwas:placﬁﬂfthrough thése

Scregn,“wihe-ofé balls used for: the sample were held in the sample

holdér'by'the-screen‘ The grid and‘screéﬁ:combination~was‘used»to

allow the fs:sampﬁlaeﬂ to be easily put in or taken out of the sample holder.
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The screen was woven on a loom made during this investigation.
Mullite cement was used to seal the holes cut near the bottom of

the sample holder after the wire was inserted.

The furnace used wag heated with silicon carbide rod heating
elements. A Wheelco controller was used to control the furnace

temperature. The fﬁrnace‘was-mountéd;on wheels so that: it could be

reaction chamber, and:sample'hcider-in p1ac€, Figure 4 shows a. photo-

graph of the experimental setup during a run.

Materials

ﬁﬂre balls Of‘tﬁozdifférent:magﬁetite;Qré concentratés.wepe used

in this“investigation, - Both were. mined andfbenéficiated.inftheﬂUnited

'States.”mE0£wthewpurposewof“thisinvéstigation; thE>tw0'ore concen-

trates wilIfbé hamed Ore 1 and bfé 2;'fSeven'analyseS*for the concen-

tratesdaﬁ’ﬂﬂed.in,making the,¢0ncentrate>ore;balls are included in

€

Table I.
16
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The concentrate ore balls were made from the ore concentrates
using an airplane tire procedure (24). The airplane tire and balling
equipment were located at the Homer Research Laboratories of Bethle-
hem Steel Corporation. The procedure consisted of two steps; the
first was to Prepare seeds of the material, and the second was to

combine these seeds with more concentrate to make balls. The follow-

]

ing procedure was used to make the seeds:

(1) The dry iron ore concentrate was screened to obtain
the -16 mesh material,

(2) The inside of the tire was cleaned and dried.

(3) With the tire rotated at about 10 rpm, material was
added until a tear drop.shape of material was formed
in the tire. A fine mist of waterwasssrqyedon,the
material to help develop this shape.

(4§?iWhén'some of the seeds were larger than the othensiiq
the tire, the seedswére,taken‘outOE the tire and
screened, Theﬁ%6'm63h,v+16‘mésh,fractiohfwas;returned

to the tire. 'MorE%materiél,andnwﬁter~mi3t-werefadded,

(5) Step (4) was repeated with the -6 mesh, +8 mesh and
+6 mesh, -4 mesh fractions being returned to the
tire. When thef+6tmeéh,--4 mesh fraction returned

to the tire seemed large enough, it was removed from

. the tire and +4 mesh, -1/4

< s

L o The following procedure was used to make ore concentrate balls

using the seeds:




(1) The following were weighed out for making approximately

2000 grams of balls:
(a) 80-90 grams seeds
(b) 2000 grams of -16 mesh concentrate
(c) the appropriate amount of bentonite for 2000 grams
of the concentrate to be balled
(d) about 20 or 30 grams less than the appropriate amount

of water for 2000 grams of the concentrate to be

balled.
(2) The concentrate and bamonite-wéreiplaged on a rubber
mat and mixed by folding the corhers of the mat.
(3) The mixed material was added to%éymd11Er. With the
muller on, the water was added and mulling continued
for about 40 seconds.
(4) The water bottle was weighed. The mulled material was
fluffed in a fluffer ‘and the tire sWitche&'onxat'ZS‘rpm;
(5) The seeds were added to theatire-aqd_the flﬁfiedWmaterial
added slowly. Enough water mist was added~as‘required7to
keep the balls growing. | | ,
(6) BallingAwaﬁastopped;éfter 2 1/2 minutes had elapsed,
The balls were~sc§eened:an& separated into differént

size fractions. The smallest size fraction was returned

to the tire and more material and water mist added, . .
(7) Wheh it appeared that the balls in the tire had grown

to about the same size as the next larger fraction, the
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next larger fraction was added to the tire, This
process continued until all of the balls and material
had been added to the tire. The balls were then left
in the tire for 30 seconds and removed. The total time
taken for balling was about four minutes,

(8) The water bottle was weiéhed so that the per cent

water in the ore balls could be calculated,
The amounts of seed concentrate, bentonite, and water used in balling.
concentrates of Ore 1 and Ore 2 are included in Table I. No bentonite
was used in preparing the seeds for either concentrate.

After being prepared, the ore concentrate balls were stored in
canning jars. The balls used as samples for test runs were sized to
insure reproducible test results. Sizing was done using an aluminum
templaté.drilléd‘With(h01EijrOm,1/4 to 5/8 inch in diameter. One
hole was drilled for each 1/64 inch intervals Ore balls bfl+35/64?
-9/16 inches diameter were used for tests with Ore 1. Ore balls of
=+17/32, -35/64=in¢hésvdiamEter“Were:u;éd‘fbr‘Qre 2, It was noted on

- sizing the balls that they seemed to be spherical within 1/64 of an
inch diameter.,

To make sure ‘that the sized balls were completely dry before
testing, they were &;ied in an oven at 110°C OVéTnight,"iThéinifiél

.Fé+2‘conténtiof:the-concentrate~balls was determined using the wet

*.analysiﬁprncedu;gmgutlinedwinTthg“sectionjon operational techniques.

Theainitial;Fe+21cont6nt fbr,the,dried’balls of Ore 1 was analyzed as

19,9~wﬁpCt?Fé+2'énd;for'Ore_Z‘gs 20.2 wt pct Ee+2; These values are
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about 1 wt pct Fe+2 lower than the normal analyses for Ore 1 and Ore 2.
It is thought that the lower analyses resulted either from the long
period during which the concentrates were stored before balling or

more probably from drying the ore balls in the drying oven overnight,

Operational Techniques

kinetic data in order to verify the technique. These are pointed out

when they occurred in the section on verification of experimental

technique.

A. Weight Versus Time Measurement

The following procedure was developed to take the weight
versus time.data;during,an_éxperimental run:
(1) The sample holder and screen with and without
the sample:Were=Weigheﬂ?outside:the‘fﬁrnagﬁ,
The weights were recorded. Two ore balls were
used for the sample. .
(2) Both air andnitrogeniflqmetersWere‘adjusted.
so that the amount of air or nitrogen flowing
intp»thé’reactiQntChémber“was close to 18 SCFH.
All air flow»to;the.tUbeébundlé was shut off.
Nitrogen wasApasséd'tﬁrOﬂgh.thetheater for at
_1éﬁst~fhrEevminuteS;

(3) Power to the furnace was :shut off. The Lavite

-

lid of the reaction chamber was removed and the




(4)
(5)

(6)

(8)
(9}

(10)

(11)

”

lower segment of the connecting wire was pasged
through it. The Lavite 1id ;nd sample holder were
placed in the reaction chamber.

Power to the furnace was turned on and the furnace
was moved underneath the analytical balance.

The two segments of the connecting wire were

snapped together.
The balance and/or furnace were moved until the

connecting wire held the sample holder so that it

was not constrained by touching the side of the

reaction chamber. The lack of constraint was tested

by‘trying to make an' initial weight measurement as

outlined in steps (7), (8), (9), and (10).

An initial estimate,ofithe=weight;of'the sample

was made and the balance set up for that weight.

Nitrogen flow was shut off and the balance allowed

to swing three times.
Nitrogen flow tas turned'an'énd'aQOther estimaté;df
the weight made.

Steps (7), (8); and (9) were repeated until the

correct weight was’ found. Thig weight was then

’rEQOrﬂed. )

Once the initial weight—was determined; niitfogen =~ T

floﬁvwas Shu;'off:andithe;air'flow and time

indicator turned on. | .
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(12) After two minutes had elapsed, the air flow

and times were turned off, nitrogen flow tufned'
on, and'a,weight meésurement made as outlined
in steps (7), (8), (9), and (10).
(13) Steps (11) and (12) were repeated until measure-
ments had been made for 0, 2, 4, 6, 8, 10, 12,
and 14 minutes of air flow.
(14) After the 14 minute measurement, power to the
furnace was shut;off, the two segments of
connecting wire unsnapped, and the sample
holder removed from the reaction chamber.
Note that in no case was less than 10 minutes or ‘more than 30 minutes
allowed to.QIaPSe between putting the sample in the reaction chamber
and taking the initial weight measurement. If more.than 30 minutes
was required for the initial weight‘measurement,tthejrun'Was aborted.

B. Calculation of % 0Ox UsinELWeight Versus_iimeiMeasurements

In order to allow the results of each test to be compared
and also to.allow the data to be used in'thEermputerﬂmOdel;sthﬁ

weight gain measurements were converted to % Ox. The percent of

ﬂoxidation,‘WhiCh»will.hereafter.be:referred to as 7 Ox, is-defined

.as 100 timESfthe'ratiO'Of'tthweight gained during oxidation to the.

welght whiéhfwouldvbeggained'by”the sample if .it-was completely

R A S

oxidized. The following procedure was used to convert weight measure-

(1) The weights of the sample holder and screen with

N 22 o
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and without the sample measured outside the

furnace were subtracted. The result was taken

as the sample weight.

(2) The weight which would be gained by the sample
if it were completely oxidized was found by |
multiplying the sample weight by the weight

fraction of magnetite in the concentrate before

8.00
oxidation and 531.55 -

(3) The weight gain for each weight measurement
during a test was determined by subtracting the
weight recorded from the initial weight measure-
ment made inside the reaction chamber.

(4) The weight gain was divided by the weight which
would be gained by the sample if it was completely
oxidized, THis result was multiplied by 100 to

_givé'Z'Oxh

C. iMéagurement of theFIQWRaté_Intb tBegReaCtion Chamber

The following procedure was developed to allow the measure-~

ment: of the flow rate-into;the‘reactignzdhdmbef_at elevated tempera-

-tures'beforecand-afterany run:

(1) An approximately five foot long stainless steel

b @

tube.of.O;ZS-inqh-diameter:was attached to a

Ilowmeteriusing-rubber,tubing,_.w

(Z) A one tOftWO inth,long:piece‘of~tanvas reinforced

_Yubber tubing with .an insidéfdiameﬁerqéf‘OEZS inches

X ,




(3)

(4)

(5)

was slipped over the end of the stainless steel

tube.

With the furnace at temperéture and air flowing
through the heater, the power was turned off, and
the Lavite 1id removed.

The stainless stéel tube was jammed down the hole
from which heated air entered the reaction chamber.
The highest reading on the flowmeter was taken as
the gas flow entering the reaction chamber.

The tube was taken out, cap replaced, and current

turned on.

At higher temperatures caution:mustAbepusedjas-the.rubberiignites

after a short time in contact with the reaction vessel.

D. Measurement of Air Temperature in the Reaction Chamber

The air temperature in the reaction chamber was measured

using an uncalibrated Alumel-Chromel thermocouple with a bare bead.

The air temperatureqwas measured before eaeh'testama&e=afeaidifferent

\ temperature. The'furnace*temperature:was~withih¢i2°c of the desired

temperature.

E.  Ferrous Ton Analysis

‘The;analytical procedure;usedwfor:determining the:wﬁ.pgt

Fet2 yas similar torthat;usedlby the Homer Research Laboratories of

" Bethle hemSte«elh—Gerperatxeﬂ——ErrorsTrlthe“analYSISWil]?reSlllt from

metallic iron being‘preseﬁt in the sample, aS’WEII-aS"by the presence

Qﬁ-ﬁﬁékidized'vanadium_and organic materials other than#graphitic
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carbon (25).

(1)-

The procedure is as follows:

Two glass tubes with 90° bends were placed in a
rubber stopper. One of the glass tubes was
constructed so that only a short length of glass

poked through the stopper; the other, so that

about three inches of tubing were beneath it. The

stopper and glass tubing were placed in a 250 or 300 ml

Erlenmeyer flask. This procedure was repeated until
a flask complete with stopper and glass tubing has
been made for each sample to be analyzed. One addi-
tional flask was made up using a two.hole rubber
stopper and one of the long glass bends.
The flasks were connected with rubber tubing to
form a flask train. This was done by connecting
éach“short;glass;bend'to the long glass bend on
the next flask. The flask having only the Igngj.
glass bend was filled with enough deionized water
to immerse theignd-qf;théfglass tubggéi It was

. »
connected to the end of the flagk train to serve
as a bubbler,“ |
A predétérmined.amount ofndry:gamplg_was ngghed

w

into the flasks.

With the use of rubber tubing, the first flask- . —

‘was comnected to a regulator of a gas cylinder

containing dry COp. CO, wasibubbied through the

flask train for at least 5 minutes.
25




(5)

30 ml of 1:1 HC1 and 10 to 12 drops of 489 HF

were added to each flask containing a 1/2 gram

sample. For larger samples an additional 10 ml

.0f 1:1 HC1 was added for each additional 1/2 gram

(6)

(7)

of sample.

fann )

The flask train was heated on a hot plate with CO,
passing thfough it, close to, but not at the boiling
point, until all of the sample dissolved.

For each 1/2 gram sample to be analyzed, a solution

of 15 ml of 1:1 H3PO4 and 6 to 8 drops of

p-diphenylamine sulfonic acid sodium salt solution

(8)

(C6H5NHC6H4-4-SO3Na) was prepared, For larger
samples an additional 5 ml of 1:1'H3PO4 was used
for each additional 1/2 gram of sample.

One of the flasks was removed from.the:flaskjtrain,
The phosphoric 4dcid and indicator were .added. Tt
was titrated immediately using 0.1 N IKZCrz-.Oj;s‘ollul't‘-ion,

The end point was purple. This procedure was repeated

until aII-Qf‘the;flaSRS'in,the:flask.train;hadfbeen

titrated,

F. Verification of Experimental Technique

The procedure and some of the equipment used for measuring

I S

deVEleed~dﬁring this investigation.

to determine the‘érror inherent in the eﬁuipment'andAprocedurér

- were made for ¢t

For this reason tests. wére made

he following purposes:

26
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. (1) to illustrate the reproducibility of the testwork,
(2) to determine the amount of error in determining % Ox

versus time data using the procedure for taking
weight versus time measurements and calculating % Ox
from these measurements outlined in the section on
operational techniques, and
to confirm that the air flow rate used in the tests
was high enough so that diffusion of oxygen from the
air to the surface of the ball was not rate limiting.

All of the tests were conducted with ore balls of Ore 1 and were run

at 800°C.

Three tests were run to illustrate‘the:fEPrOducibilitnyf

the testwork. 1In these tests the procedures used to take weight

versus time measurements and to calculate 7% Ox were the same as out=
lined in the section on operational techniques with the e;ception-thatﬁ
in .each test a différent.number‘offore:ballS‘were used. In test CO-1,
only one ore bail'was'USEd, in ‘test CO-2 two ore balls were'usedz and
in test CO=3 three ore bdlls were used. A different number of balls
was used for'each:test:so'that‘&QY-effeet:ofchnveetion currents on
the reprdducibility=of‘weigpingswould'be shown. Table II lists the
resultsfofTEhéSe_tests, 'Figure 5 shows a plot of % 0x versus time: for

-~

Vthesethzee-tests— ~The- ftgure shows that the procedures glve results

for % Ox which are reproduc1b1e to w1th1n 1 to 2 pct

Seven tests, CO-4 thro ugh CO- 1105, were run to determine the

-etfor'infebtaining kinetic data. 1In these tests the procedures out-{

lined in the sectlon on operational technlques were followed with ‘the

- mmsmemmsage 0 AT




-
4

following two exceptions:

(1) Each test was made for either two, four, six,

eight, ten, twelve, or fourteen minutes. No
intermediate weighing was done during these tests.

(2) After oxidation the sample was cooled with nitrogen

flowing past it.

One ore ball from each run was used to Prepare a sample for wet

analysis of the wt pct Fe+2. The other ball was mounted and ground

so that the width of the hematite shell could be measured. A photo-

graph of the ground ball was enlarged, and the shell width was measured

directly and with the use of a planimeter. The results of the weight
measurements, wet analyses, and shell width measurements are listed in
Table III, and are plotted together with the rﬁsults_of.test}CQAQ;in:
Figure 6. Three facts apparent from Figure 6 .are:
(1) The results of measuring the hematite sheldl wi dth
‘to determine % Ox do not agree well with the results
of either weight measurements or wet analysis.
(2) The results of the chemical analyses and the results
of the weight measurements agree to within 1 or 2% 0x.
(3§ As shown by'compatisOn of the results of test CO-2 and
the results of these tests, some oxidation does occur

while taking weight measurements duringma run. This

.
ox1dat10n, however, causes usually only a 1 or 2% Ox

”"and at most a 5% Ox error

Four tests, CO L1 through CO- 14, were made to conflrm that

the flow rate used was hlgh enough SO that dlffu51on of oxygen from
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the surrounding air to the surface of the ball was not rate limiting.

!
The procedures used were those outlined in the section in operational

o
techniques except a different flow rate was used for each test. The

results of the testwork are listed in Table IV. Figure 7 is a plot
of the 7 Ox versus time curves obtained for these tests and test CO-2.

If diffusion of oxygen from the air to the surface of the ore ball is
rate limiting, the test results should change for each flow rate used.
As Figure 7 shows, the results of the tests made at 15, 18 and 21 SCFH
were the same within experimental error. A flow of 18 SCFH is, there-
fore, enough to insure that diffusion o£foxygen.from.the air to the

surface of the ore ball is not rate limiting.

Experimental Results

The results of the .experimental testwork done to determine the

kinetics of magnetite oxidation in ore balls of Ore 1 and Ore 2 are

Iisted‘in Tables V and VI, TestﬁdrkﬁWas done at 100°C intervals from
300° to 1000°C. Testwork was attempted above 1000°C; however, it was
found that at this tempéféture'the-aluminum.braid'usedwtg.carry~cunrent
to the silicon carbide heating elements in the furnace melted. For
this reason no runs were made at temperatures above 1000°C.

In all of the testwork, the procedures outlined in the section on

i

operational techniques were used. The 7 Ox VersusftimEzcﬁfves which
resulted for Ore 1l are plotted in Figure 8 and for Ore 2 in Figure 9.

- M

e . As EhOQn'BV‘]igureng_andﬂ?,_;héftests-made-ugwfg;hgthigféfifandf“f:i5‘“mm .

mOfe_Z at:QOOand;10009C gave results above 100% Ox. "Thé~améunt of

error inherent in the experimental procedures and equipment (as dis-

'8 )
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.cussed in the sections on verification of operational techniques and
equipmegt) allow the results taken at 900°C using Ore 1 to be explained.
The other high resuIZs cannot be dismissed so easily. There are two

) possible explanations. The first of these depends on the fact that
magnetite has been reported to be nonstoichiometric at temperatures
above 1075°C (f). The calculation of % Ox is based, in part, on the

weight fraction of magnetite originally in the ore. This was determined

in this investigation from the wt pct ferrous iron obtained for the

chamber. For both cases, the original weight fraction of ‘magnetite
would be low and the % Ovaaiues'high.

The form of the % Ox versus time curves recorded for Ore 1 and
i(f)_ir?':e: 2. resemble those of Zetterstrom (5) .mor_-é closely than thios_e‘ of
Edstrom (6;7),. As pointed out in the literature search, Edstrom
showeéd that his data obeyed the parabolic rate law as applied to a
sphere,

If the parabolic rate law is obeyed, the following equation would

be satisfied (6, 7)
.

.3

e e R g [ Ty =) L& 3

)3

A
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where:

tg = time from the start of oxidat%on,
radius of ore ball,

=
1l

% 0x/100

o
"R
]

constant for oxidation of a ball of a given

'
=
il

concentrate at a given temperature.

The data taken in this investigation, and the data obtained by Zetter-
s;rom‘on Babbitt ore concentrate, were analyzed to find k/R2 for each
data point. The scatter in the k/R2 values found using data points
taken from the same 7 Ox versus time curves was large. The shape of
the curves, predicted by the=parabolic law using the different k/R2
values, differed by about 10% Ox.

It is believed that the parabolic rate law did not work for these
data becéuse-sqme unreacted magnetite probably was present in the
hematite shell surrounding the unreacted magnetite core. The fact
rthat % 0x values as calculated by méasuring~the-width.ofithe,hématite
shell 4in runs CO-4 through CO-10 was much higher than that obtained by
;WéightﬁmEasurement or Wetjanalyses-suppqrtsithis.hypdtﬁesis,

Data were obtéinedonthelkinetiCS‘of~magnétite-oxidationgdﬁ ore
balls of Ore 1 &and Ore Zﬁnot.thexplainfthé;kinetics) but rather: to
test the mathematical model developed.dufing this investigation. In
:érdertO-allowthe:data;to'beUSEd in-the’mathematiéalﬁmddelg’thyﬁwereuh_,__

B L T SO S

fit to the following expression: ,. [

%0X=A§H¥DWHHV_X..ﬁﬂmW;W

i

where:
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Appendix B.

A, B, C, D = constants for a particle of are axidized

at a given temperature, and

]

TI = a linear function of time.

This expression was used because it fit all of the % Ox versus

time data to within 4% Ox. Other equations were tried, but none fit

the data as well using as few coefficients. A computer program was

used to find the values of the coefficients for each dgga_set. The

program listing, along with instructions for its use, is included in

The values of the coefficients which best fit the data

aré:iiStédiin“Table.VII,




DEVELOPMENT OF THE MATHEMATICAL MODEL

Differential equations which mathematically express the physical
situation in the packed bed of a traveling grate pelletizing machine
were developed during this investigation. Using these differential
equations, the thermal profiles developed at different depths in the
bed while magnetite oxidation was taking place were simulated. The
differential equations were derived usiné the shell balance method
discussed in detail by Bird, Stewart, and Lightfoot (15). Each of
the variables in the equations were evaluated so that only the air and
solid temperatures were unknown. These differential equations were

then solved on a digital computer using an analogue simulator.

Development of the Fundamental Differential Equations

Differential equations describing the packed bed of a traveling
grate pElletizing,machine were derived.using_an;infiniteiy thin slice
of the bed. The slice had the width and the depth of the traveling
grate machine. During the*heatihardening~prcgess,?it_mOVé@:ffbmithe
beginning to the end of the machine. The slice wds considered to
consist of two distinet and separate parts=-an air lump containing

only the air in the slice, and a pellet 1ump:containing-qnly'the

préllets. A mass and an énergyzbalanceAwerezused'to-develop;differential
equations for each lump. The balances were made for an element z deep
iﬁ.éaéh:lumpi SThewdiffereﬂ@i&iTEQﬁatiOnSfresn%tng“fTomftheseA?HIHHCES”““”T“"”

W%Wéféuéimplified and combined.ﬁ0 giVe one equation for ‘each lump. Be-

‘cause these two equations succinctly describe heat and mass transfer
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to and from each lump they have been referred to during this investi-

gation as the fundamental differential equations. Figure 10 illustrates

the slice used, how the slice was divided into the air lump and the

pellet lump, and the differential elements used for the mass and

energy balances. 1In the mass and energy balances, both air and

pellet temperature were assumed to vary only with time and depth in

the slice,

Also, the temperature of the pellets was assumed not to

vary within a pellet. The temperature measurements made by Ban (26)

inside oxidizing ore balls seem to substantiate this assumption,

The mass balance done for the air lump element follows:

mass in at z in At  [At SCF pa],

mass out at z + Az in Af [At SCFPAlz 4+ pz

mass out to pellet lump for k FA Az At
oxidation in At

mass at time t [Ay &z Pp (T;P)T

mass at time t + At [Ag Az Py (T,P)] At

where:;

(¥

SCF

PA -

standard ¢m3/min of air flowing through the element 4

density of air for 1 standard cubic centimeter,g/std -cm37f;i

rate of reaction in gréms-oﬁ,FeZO3sprOdu¢ed‘per"unit time

and area of the pellet lump, g FepO3/cm’ pellet lump;

stoichiometric ratio oﬁ;gramlez;used pef“gram'offFe2O3

produced;

cross-sectional ared of air lump, cm?; and

pA'(I}P)v=-d6nSity Of-the:ai;fat‘tﬁeétemperature and pressure in

the element, g/cm3.
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The mass balance yields Eq. (8):

[At SCF oAl _. - [ At SsCF pA]z
zZ + Az |

+ [Ap Az p A (T,P)] e+ ac - [ AA 22 pa (T,P)] . (8)

+ k F Ap ANz Nt = 0

Rearrangement of Eq. (8) gives:

[SCF ] - [A4 pa(T,P)],

- [SCF QA]Z [AA P A (T)P)
+

JAY~ ' At

2 + Az t+AL

| (9)
+kF A =0

On taking the limit as Az> 0 and as At 0, Eq. (9) becomes :

SO, 2laea @)
Y oo - ~+ k F Ap = O

The thermal balance done for the air lump element follows.:
thermal energy in at z in At [At SCF p ALH T,

thermal energy out at z + A % [At SCFpp A HA lz + Az

thermal energy out by air k F Ay, Az [Hp Ot
used for oxidation in At |

" thermal energy out at z to [At q¢] z
the pellet lump in At i

thermal energy out at z + Az [t qel 2z 4 pz
to the pellet lump in At

thermal energy at time t [AA'QA(T}P)'AHQA@Jt

thermal energy at_ tlme S AN R | AA p AﬁT,PQ_A~AZ} ry At S

4

where:




Tp = air temperature in °K;

= enthalpy of air, cal/gm air; and

P,

L0
0
]

heat transferred to the gir lump from the pellet lum

cal/min.

The thermal balance yields the following expression:

[ At SCF p , AH, ] - [ At SCF o, AR
A A zZ+ ANz [ A A ]z

+[ AA OA(T)'P_)' AHA Az] t + At [ AA Pa(T,P) AHA Az] t ()

-[@at g, az” (Bt dc) 1 + kF A, Azally At = 0

Upon rearranging Eq. (11), we get

[ SCF o, AH, ] - [ SCFop, aH,]

zZ+ Az Z

Nz

[ Ay o a(T,P) AH, ]
A T )

At

[4c] LT [:-q.'C‘;:], ” |
- A - + Lk F Ap Ay = 0
d A & |
AN.Z

On taking the limit as At >0 and AZ+0, Eq. (12) becomes:

9 (SCF p 4 AHy) 3 (B 0 4 (T,P) AH )

oz | | 3t

.0 o A AR
.ol kFapy |

o Z




oxygen withdrawn from the air is about 6 vol, pct. By making this

assumption Eqs. (10) and (13) reduced to:

3 (SCF p ) 3 (Ap pa(T,P))

(14)
J 2 ot

and

d (SCF QA AHA) + p (AA pA(T,P) AHA) J qC
Jd 2

I
o

(15)

Jt 0 Z

By using the product rule on Eq. (15), we get:

. %4c . QHy 3 (SCFpy) . SCFoa o(AHp)
3 2 3 2 3 2 e’

A

L QHp 3 (A.A oa(TB)) Ao A(T:P) B (aHy)

dt Jt

=0

Eq. (14) was substituted into Eq. (I6)-t0tgive:

Pdc  QHy 3(SCF p,)  SCF g4 o (AHy)

R | , +

2 2 3 2

J Z
.az 7: =

(17)

99 ©, SCF a3 (AHA) Ay 0 a(T,B) 3 (AH,)

i = 0
A 0z ot

The last term in Eq. (17) was assumed negligible in this development.
Calculations were made which showed that it was about two orders of
magnitude smaller than the other two terms in the equation. These

Making this asSumption Eq. (17) reduced to:

9c , SCF p 5 3 (AHy)
5 z | oz
37

= 0 y : . (18)




The mass balance done for the pellet lump element follows:

Mass in at z in At 0

Mass out at z + Az in At 0

Mass in by reaction in At Az At k F A

Mass at time t [ pAp AZ]t

Mass at time t + At

where

g/cm3

From the mass ba lance, it can be shown that:

Lodp od -l oA, 89 - Azat kFAp =0

t + At t

AT ]

At

a t .

h

- k F Ap = 0

P

[ p'AP 47] t + At

density of pellet lump, g/cmts’l = density of a

t

pellet,

(19)

(20)

(21)

The thermal balance done for ‘the pellet lump element follows:

Thermal energy in by conduction At d

from pellet to pellet at z in.At

.The;rma 1}..""e;'r1';,e‘rsgy} bu’t b,y; conduction [ At Qk] 7 & An

from pellet to pellet at z + Az in At

Thermal energy in by radiation ] AE Gpy -

“from pellet to pellet at z in At

from pellet to pellet at
Z + Az in At
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Thermal energy in from-oxygen . .
. t k .-
entering the pellet lump A | ¥ Ap Oz AHy

*Thermal energy in from air
t
lump at z in At [& del,

Thermal energy in-from air
. At
lump at z+ Az in At [ dc] Z +A 2z

Thermal energy in hy reaction A
in At - Ax Ap AzAL

Thermal energy at time t [Ap &z o AHp ] .

Thermal energy at time t + At [Ap Az ) AHp, ] £ + At

where: qk = heat transferred by conduction from particle to
\

p-art'icfle; cal/min;

9y = heat transferred by radiation from solid particle
to solid particle, cal/min; and

qx = heat generated by oxidation of magnetite,

3

cal/min cm® of pellet lump; and

.Aﬁb: = enthalpy of the pellets, calltnpfpglietflump.
The thermal balance yields

Lot g ) 1At ql, +[AE g ] Az~ LDE Q]

z4+ Az

T *From Figure 10b it mlght appear that ‘the heat transfer from the air

lump to the pellet lump would occur along the boundary between the
two. The air lump and pellet lump were divided into two separate
sections to give a conceptual picture. 1In reality, hot air flows in
through the top of the element and out through the bottom.
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Eq. (23) is obtained by rearranging Eq. (22).

qk - [9k qr [9r] n
[**] 2+ nz 7 [Tklz | [97] z 4 Az z-kFApAHA
Az Nz (23)

q T AH S A o Al
R L N e R R LAl
Az At

i
o

On takiﬁg the limit as Az-+0 and At ~0, Eq. (23) becomes:

29k, ar, dac : A : o
+ + - AH, T qy A 9 ( p P AHP) _ (24)
3 2 3 3z k F Ap OH, & 5% “p - 0 (24)

The amount of heat transferred from pellet to pellet by conduction
was assumed negligible. With this assumption and the assumption that

the amount of air transferred to the pellet lump by oxidation was

negligible, Eq. (29 reduces to:

29 4 2de 4 Ay qq+ pap 2@ - (25)

dz 0z - ot

The area of the pellet lump and that of the air lump are related
by €, thé~ffa¢tiQﬁVQidS in the packed bed. For a unit volume of
bed:

Ap/Ar = 1 - ¢ (26)
AA/AL-=~TE 4 (27)
where ¢ = fractional void volume. Substitution of Eqs. (26) and

(27) into Egs. (18) and (25) gives

Z

These are the fundamental differential equations.
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(28) and (29), oA, o » (I-e ), and Ay are constant,

Each of the other quantities inp the equations depends upon either air

temperature, solid temperature, time

» OT @ combination of these. TIp

order to solve Eqs. (28) and (29), it was nNecessary to evaluate each

of these quantities So that the temperature of the air and pelletsg

were the only unknowns In the equations,

o AHp

A. Evaluation of 77

In order to evaluate —a- C

8z 2 UpA must be calculated by multiplying the

vol. pct. of argon, nitrogen, and oxygen by their respective heat

capacities at constant préssure and adding the results.

equations used were: =
’CPNz = 6.6 +1.02 x 1073‘IA, cal/gm mole °K (31)
Cpop = 7.16 + 1.00 x 10#3%TA-* 0.40 Xj105‘TA‘Ztal/gm‘mple °K  (32)
Cpar = 5/2 R = 4,96 cal/gm mole °K (33)
where:

"

CpN, = heat capacity at:constantfpressureof'niﬁrcgena
- cal/gm mole °k; |

“poy = heat capacit
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™~

; - pct. 0,,

Tp - 0.084 x 1051"A"2 (34)
lr, cal/gm mole °K.

CpA “as found by dividing the right-hand side of Eq. (34) by 28.97,

the molecular weight of air. The result was:

~

‘pA = 0.2314 + 0.03469 x 10731, - 0.0029 4 1097, ~2 (35)

Therefore: |

dAH, 14+ 0 02ca - a3 ) 0026 < 1n5m <2« AT,
"oz - (0-2314 + 0.03469 x 10737, - 0.0029 x 10°T, "%y

r dz

B. Evaluation of ——— P

WherE.Cpp'=SPGCific heat.atcconstant.ppeésunezof tﬁe'peilets,
- cal/gm °k,

| | dAH, o
fInvordqr to evaluate —P Cpp;mﬁst be evaluated. @
ot " P

“op X SET5 = Gprego x Tt CpFe03 x £33

Whﬁre.CpFe3Q4 = specific heat at constantvpressuré‘of magnetite

o cal/gm °K, and

5épFe303 = specific heat at Cdnstant;pnessure'of Hématitgi
o cal/gm °K, |




Eqs. (31) and (32) were determined by the U. s, Bureau of Mineg (27).

Eq. (33)Fwas derived by assuming argon to be an jideal] monatomic gas
(28). The Composition of air yas assumed to be 2] vol. pct. 0,,
78 vol. pct. N2, and 1 vol, Pct. Ar. The result of the calculationg
was :
i a=3 5., =2

CpA = 6.7046 + 1.005 x 10 Tp - 0.084 x 10 Ty (34)
where CPA = heat capacity at constant Pressure of air, cal/gm mole °K.
Coa was found by dividing the right-hangd side of Eq. (34) by 28.97,

the molecular weight of air. The result was:

>

CpA = 0.2314 + 0.03469 & 1073T4 - 0.0029 x 10°T,~2 - (35)
Therefore:

7 = (0.2314 + 0.03469 x 10~ TA = 0.0029 x: 10- TA- ) —— (36)

. 0 AH
B. Evaluation of ——P

i)
=3
©
~
oL
D
=
=t
@]
(g»)
<
8]
ot
(o
fAb}
ﬁ
0]
L:;
\o
(@)
o)
Lo
Tt
D
<
Q
QJ
ot
o
a
>
=
.
.
n
e
o

time,"éb was calculated;using:
p :

:&1 x-E-EiélEE = Cpra.n, x 5 Fe304 &. _~ . & Fe03 (38)
°P - cm- PFe304 | em> ¥ pF§293;% __cmI ~ ( 7)

fWthe CpFe3O4'= specific.heat at Constéhtipfessureof-magnetite2
éppé303*= §becifig heat‘at;constantp;essurejof~hématite;
7 7 cal/gm °k. ’ |
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It was assumed that the density of magnetite and hematite in an ore
concentrate ball were close enough so that the density of the pellet

did not vary with time. With this assumption, Eq. (38) becomes:

n 3 .
n : g Fe304/cm g F8203/cm3 (39)

Cp, = ChFeq0, X + CpFer0. x
Pp presyy o preuU3 .

In order to find how g Fe304/cm3 and g Fe203/cm3 varied with time, it

was necessary to use kinetic data. In this model, a k value was

calculated from the kinetic data which was dependent on time and

Eemperature.

It was assumed that the oxidation kinetics were affected only

>

by time and temperature and that the amount of oxygen taken up by
oxidation did not change the partial pressure of oxygen enough to
affect oxidation kinetics. This assumption is discussed in the

section on Discussion of Results. The k was such that:

[t

o A
8 FesO:s - - o
| — ;2 3_ = 1 k(t,T)dt (40)

| cm3 -

N g Fey04 e .3 T
where: 3 = gm of hematite ‘per cm produced.smnce-tlmg;zero;

Cm
t>o

. | | o A g FepO3
k(t,T) = instantaneous rate of reaction, 3
: | cm min

The chemical equation for magnetite oxidation is:
.4.Fe304 +:02=:6fFé2Q3 (41)

By using Eqs. (40)'and (41), it can be shown that
| | - r ]

~ gm moles Fe304“%T%gm@leasmEe3O4 |gm moles Fep03

3 | 3 d @}667 z —
Cm - cm”™ i t=0 : B cm oo

231.55 159.70 |
v 43




| where CFe3O4(t=0) ='orig1nal concentration of magnetite in a pellet,
g F8304/cm3.

Dividing both sides of Eq. (42) by the molecular welght of Fe30, gives:
r t
g Fe30, (231.55)

37— = CFes0,(t=0) - (0-667) RS k(t,T) dt (43)

cm

> )

Substitution of Eq. (43) into Eq. (39) yields Eq. (44)
)

= CpFe30, (CFe3O4(t=o) (0.667)

Cp, =
p -
231.55 159.70
o/

0

t .
C \
| pFe504 : N

p 159.70

(44)

where:

original concentration of hematite in a pellet,
g F8203 /cm3 3

CF6203(t=O)

heat capacity at constant pressure af;magﬂétité,
cal/g mole °K; and

\
heat capacity at constant pressure of hematite,
Cal/ g mole OK. .

CpFe03

Eqs. (45) and (46) both of which were determined by the U. S. Bureau
of Mines (27) are listed below: |
CpFep03 = 3L.71 + 1.76 x 1073 T » L@
CpFé304 = 48.0 ' : (46)
These were substituted in Eq. (44) to give: |
48.0 CFeq0, (t=0)  0.667

ap =. . —
P 0 231.55 159.70

ho—

(47)

4




therefore, (¢

SAH  _ [48.0 (CFe304(t=0)_ 0.667 k(t,T) dt)
3 ¢t ; 231.55 159,70 ©

31.71 + 1.76 x 1637 t T
+ - C 0 = k(t.T dt) A (48)
( 159.70 o )(Fez 3(t=0)+ (t,T)

g t

C. Evaluation of d0qc/y; '

The amount of heat transferred from the pellet lump to the gas

lump, d., was evaluated from Egs. (1), (3), (4), and (5). The

viscosity of air, M , wvaries with temperature and is included in

Eqs. (4) and (5). This viscosity was evaluated from a formula

recommended in National Bureau of Standards Circular #564 (29):

Tp+ 110.4

where n = viscosity in poise. Eq. (49),gafﬁer being ‘put into units
of gm/cm min, becomes:

s 3/2
o= (8.65x lofé)'IA

' (50)

where y = viscosity, gm/cm min.
Substituting Eq. (50) into Eq. (5) gives: ;

Gy (Tg + 110.4)

Re = —
T 2 G a0k 17372

where;Tfy#:arithmetic average of T, and TS, in °K. PUttiﬁggEqs. (51)
and (4) into Eq. (3) aﬁdétranssting gives:
Va (8.65) (10-4) Tg3/2 - PR

Qdc"‘ - (’%iﬂi :>z/3

k

]
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. 2/3
C
It was assumed that the Prandt] number, (—-P-E-) , did not

vary with temperature. A value of 0.827 was used for this dimension-

less number,

Also, since pellets are approximately spheres, it was

A

assumed that VY = 1. With the use of these assumptions, Eq. (52)

reduces to:

hi = (0.61) 3/2
°¢ 0.827 a (8.65) (107%) T¢ /

(53)
-0.41

. 0.59 0.041 - T¢ + 110.4
= (0.0407) G,  a Con- 7

T¢

Substituting Eq. (53) into Eq. (1) and rearranging terms:

-0.41
aqc 0.59 0.41 . ( Tf + 110.4

. (G a gy 22 a A (1-Ty) (54)

Note that T, pellet temperature, in this equation and all further

equations is equivalent to Tg.  Substitution of Eq. (35) and the

definitionwoffif,ipt0~Eqﬁ (52)-givg§ - =0.41

. (T + TA) o4
| . . )
8 . Y. - l‘ .
aqc = (0.0407) Go 27 Apal-4l ?
Z :

377 (T-Ta)-
L (i 2 ‘) j (55)

L R “n5. =2
(0.2314 + 0.03469 X'lO-BTA-O.0029 X'lOSTA )

\

D. Evaluation of qy

The amount of heat_praduced,by oxidation at & given instant in

time, qyx, is such that:

where:
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k(t,T) = 58 Fe203 produced at the given time and
cm~ of pellet-min. temperature, and

A

AH = heat required to produce one gram of Fe,04 ‘from magnetite.

was calculated using thermodynamic data taken from Kubaschewaski and

Evans (30). The data used are shown below:

(o]

Compound AH298°K | Cp, cal/gm mole-°K Range (°K)

QFe30,  =266,900 cal 21.88 + 48.2 x 10=3T 298 - 900

BFe30, 48.00 900 - 1800

0, 0 7.16 + 1.00 x 10-3T= 298 - 3000
0.40 x 10°T~2

aFep03  -196,300 cal 23.49 + 18.6 x 10-3T 298 - 950
| -3.55 x 105T-2

BFe,03 36.0 | 950 - 1050

YFe03 31.70 + 1.76 x 10-3T 1050 - 1750

. o N  ao  0.000416 x 105
AH = -110.2 - 0.01058T + 0.005 x 10-372 . — T = (57)

-0.000416 x 105]
T

E. .Evaluatibn-of;qr

The amount of heat transferred by radiation from pellet to
pellet, qp, WaSiCﬁlﬁﬂlétedfusingjthe}Damkohier'expressionAwhiCH
"fQIIOWSf?)fgwﬁwfimm4¥wwum““_w. - -

30y {Ijﬁf_. DPC T%]~ T, o (59)

d Z. 3z 3z

where:
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= emissivity of pellets, dimensionless

= 0.8 (see Ref. (31));

D average particle diameter, ‘cm; and

P

Stefan-Boltzmann constant.

o

F. Evaluation of k(t,T)

The instantaneous rate of oxidation of magnetite to form

hematite in concentrate ore balls, k(t,T), was evaluated from the

s

% Ox versus time curves determined experimentally. As discussed in

the section on Experimental Data, these data were fit to the form:

CTI ,
7%0x = AB + D | (7)

bl

By differentiating this expression, one obtains:

éEOX) =-ABC: ctl 2n (B) ¢n (C) ~é§§12 (60).

From the definition of %Gx, it ‘was shown that:

8 23 = (0.010345) (%Qx};;(gt %.FeBQACt;o)) (61)

cm3 pellet
where wt % Fe304(t=05.=aweight;percent:magnetite:of the pellets before

firing. By differentiating both sides of Eq. (61), it ié seen. that

em”_pellet 7 - ,010345, (wt?% Fe 0 (t=0)) -3.8.:/ (62)
- B

Since k(t,T) is equal to the left-hand side of Eq. (62):
o 3 %0x @
ot

In order to BOIV§.fOr?k(th) using Eq. (63), ithwas7ne¢essary to calcu-

" late the values of A, B, C, and D for any temperature between 300°C and

1000°C, The method used to do this is discussed in the section on
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Method of Solution of the Differential Equatiqns.

G. Evaluation of G, and SCF

The mass flow rate per unit cross-sectional area, G,, and volume

flow rate per unit cross-sectional area, SCF, vary with time during

the heat hardening process.

taken into account are also discussed in the section on Method of

Solution of the Differential Equations.

Final Form of the Differential Equations

In developing the final form of the differential equations,

Egs.

(29); this gave the following two expressions:

r : -0.41
o T + Ty :) "
-(0.0407) Gy~ Apa 4 (T-Tp) (0.2314

('1‘+ TA) 3/2

2

-

+0.03469 x 1077 1, - 0.0029 % 10° T,"2)

°T, - 0.0029 x 10°T, 2

'+'SCF}I%_(9523I4'+ 0.03469 x 10 \

0°Z

and /

4 € 03] @ oo« . 0.59
o [Z“; Dp 0 T°[ <=1 + (0.0407) Gy A

.

1,

(T + TA
0 + 110.4

[2+ 1) - -

Tt

x 10° Ty™") + (1-€ ) A(-110.2-0.01058T 40,005 x 10-3 T+2
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The way in which these variations were

(56), (48), (55), and (59) were substituted into Eqs. (28) and

ﬁ  (T-Tp) (0.2314 + 0.03469 x 1073 T,-0.0029




0.00416 x 105

T

¢

0.667

: e,y d§+ i

159.70

J

f

o ... 0.59
-2(0.0407)'G0

and

9 be
3z

0.59

+ (0.0407) G,

. _“t_ﬁfzu
-0.0029 x 10° T, )

+ (1-e ) (-110.2 - 0.01058 T + 0.005 x 13 T2 . -

A _a

b-¢ At

- |
1.41 (T + TA) + 110.4
a

(T + :l."A)372r

)

| 48.0 7 ¢ _ .
JEET) + 5 (1-€) a = ( Feq0, (t=0)

31.71 + 1.76 x 1037

3 231.55

d T

t ~—
+ k(t,T) dt) =0
<

Jd t

1.41

159.60 ,

Q
o
—
L w

o |

.

2

Sy

2

_ 0.667

o CF6304(t=0)
+ (.1\-8 ) 48.0
231.55

159.70

159.70

.71 + 1.76 x 1037\ [t
* CF6203(t=O)‘+' ;

50

) “Fe303(t=0)

(64) and (65); these are as follows:
[ ‘7
(I'Z'TA) + 110.4

T + Tp)>/%
i 2

-0.41

A o e 9T
(F-Tx) + SCF o A 5—;5- =0

(66)

-0.41

(T-T5) (0.2314+0. 03469x10°,

-l

0.00416 x 109 |
. ) k(t,T)

¢ |
j ldgT)d9
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METHOD OF SOLUTION OF THE DIFFERENTIAL EQUATIONS

The final forms of the differential equations, Eqs. (66) and

(67), describe the heat and mass transfer which take place in a thin

slice of the bed while magnetite oxidation occurs. These equations

4

must be solved in order to simulate the thermal profiles developed in

the bed during oxidation. To solve the equations, the slice was

divided into 10 cells as shown in Figure 11. The air lump equation,

Eq. (66), was solved analytically for each cell. This solution, |
together with the pellet lump equation (Eq. (67)) and the calculated
value for the air temperature at the upper boundary of the cell were
301ved?u31ng an analogue simulator progfamonia‘digita1~computer.

The results of the program were plots of the air and solids tempera-

B o f - .
ture versus time at different levels in the bed.

\ The -air lumpﬁequation,qu.v(66),:dOGS§not seem tractable. In

order to make analytical solution possible, the term

I | -0.41
(T + TA)+ 110.4 |

7
(T+' TA) 3/2
L 2 ]

was assumed constant with respect to z. Table VIIT lists the results

t .
bl

 tab1e, |

of calculations for this term using different values. From the

'“““““W“””"“Mit*is‘¢1é&erhatj'aSjlongﬁas'each'cell is small Enough so that the &
| air temperature does not vary by more than 300°C within the element,
this assumption is reasonable. In: order to s implify the equation,

it wds also assumed that:




r , ! 'O.‘l-].-.1 _0.41
(T + Tp

> ) +110.4 T, + 110.4
' 373 | " (70)
(T -+ TA) /" ﬂ T, 3/2

L : 10z/2

where:

- C-0.41 | -0.41
/(T F TA)+ 110.4\ | /(T'; TA) + 110.4

2

72 t: 372 )
\ (TT ; TA) ,/ | \\' (jlj;glo z
) Jdoz/2

evaluated in the center of the cell being considered; and Tn = pellet

temperature for the cell being considered. This assumption also seems

reasonable as long as the air and pellet temperatures do not vary by

more than 300°C, By making these assumptions, substituting

SCF = —— , and solving for 4Ty/ 3t, Eq. (66) becomes:
PA ’

-0.41

dZ T Goti 41 Tn3 /T

9Ty (0.0407) a -4 (Tn + 110.4)
(71)

s = K (T - :'TA) ) 41

where: K = (0-0407) a T + 110.ﬁ)

T0.41
GQU,4. L 372

tEQuation.(JI)'was integrated as follows: ‘

(T-T4a)

Koz ‘ | (72)

-9 (T-Ty)
(T-Tp)

© 52




R CR R e N,

tn (T-Tp) = -Kz +C (74)

With the use of the following boundary conditions (see Figure 11):

z2=0, T=Ty, Ty =T

Eq. (74) becomes:

£n = =K

(75)
(T - TAO)

/

The solution of Eq. (75) for Tp gives:
_ n

o L. =K-Az/2 ﬁ. .

Eq. (76) was used in the analogue simulator for all of the cells.

Tp for the first element was the temperature of the air entering
0

the bed for the time being simulated. For the:othgrwélemen&siiA. was
As

\ calculated;usinngq. (74) and the boundary conditions:

z=0z/2, T= Th-15 Ta = TA-n‘-l

N-
|

where. z = as defined for the cell immediately above the cell for

:WhiCh~TA_ is required;
“o -

TnalA=‘pellet»temperature'for'the:cell‘immediately'ange-thaﬁ

" for which Ty is required; and
Tan.q = 8ir temperature at the center of the cell immediately
An=1 : _ ely

above that for'which Tp - is Tequired,
- C '0 -

‘The result was-

Tho = Tqp s Tpop =Ty e 2 (77)
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The pellet lump equatioﬁlwas solved for g% in order to allow

it to be used in the analogue simulator program, It was further

.assumed that

(0.231% + 0.03469 x 10-3T, - 0.0029 x 105T, °) =
A A (78).
(0.2314 + 0.03469 x 10-3T)

It can be shown that this is a reasonable assumption if the pellet and

air temperatures do not differ by more than 300°C. Making this

assumption and solving for gl , one gets:
t

a1 s ffae o o T3] > T
ot Aer 3 b4-¢€ P Jd z
-0.41

0.9 1,41 /T + 110.4 -
¥ {0.0407 e a (=37 (0.2314+0.03469 x1073T)
' \ n

- 5
+'i(1'€ ) k(t,T) (-110.2-0.01058T + 0.005 x 10~312" : }

T
p

- | |t i S

CRe0, (£=0)  0.667
231,55 159.70 | -

r -
| ¢ |
-3 . 1

k(t,T) dt ? (79)

4 .

159.70

y
The digital analogue simulator program used to solve Egs. (76),

(77), and (79) was LEANS (32). A COpy»of}the,programuaﬁd'a user's
manual .are available, on request, from Dr. W. E. Schiesser, Department

'{\

of Chemical Engineering, Lehigh University, The program is written so

that subroutines written in FORTRAN IV can be used with the program.

————Twenty=five subroutinés were used to solve the equations, simplify the

block diagram, and allow the temperature-ﬁf*ﬁhéfaif and solids to be
S 7 . _ | N
- plotted at the end of the program. The Calcomp plotter and subroutine
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package was used to plot the results. The plotter allowed the results
of the simulation to be plotted so that virtually continuous plots

were obtained. Information on the Calcomp plotter and subroutine
package is available from the Lehigh University Computer Center. An
analogue block diagram showing the way in which the simulator was used
to simulate the thermal profiles is included as Appendix C of this

\

thesis. A listing of the program and subroutines used, along with the

names of the input variables which must be supplied to the program,
are included in Appendix D. The program was run on a CDC 6400 computer.
An approximately 100 K memory core was required to run the program
with. the plotting capability. Each computer run,cost'fromdslb to $15.
The subrOUtinés.are'selfiexplanatory except for those which

calculated k (t’T)’IAin*andG°° The subroutine used to calcu;ate
jk’(t;Tﬁ received the‘temPEraturéand‘amount‘of'magnetite oxidized at a
given simulation time. Using this temperature, it was possibléfto
search the tables listing A, B, C, and D until the two temperatures
which were closest to the given temperature éndffor‘Which«value; of
the Goeffigients were known were found. The value of the coefficients
fbr,the=temperature.reeeived by the subroutine was found by linear

interpolation using these known values. From the calculated values

PRI S e < e —

of”theseacbefficiéntsiand the amount ofﬁmagnetité oxidized up to the
present simulator time, the time at which the pellets would have been

Loxidizing if the;oxidatian¢had'bEen isOthermaI;wa&waaléulated; This

value, along with the current values of the coefficients, was then

~substituted into Eq. (63) to. find k (t,T).
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Thin 1s varied during the heat hardening process. This 1s

done, as discussed in the Introduction, to permit the most economic,

yet successful, heat hardening process. The data used to test this

each second during the test was constructed. The table was included
in the subroutine which calculated the current value of TAin' The
simulator time for which the value of TAj, was required was received
by the subroutine from the main program and the corresponding value
of TAiﬁ found by searching the table.

The air flow rate through the pellet bed isg measured only once
a minute during a pot test. For the purposes of this model, it was
assumed that the flow rate was the same as each second of the minute
as the measured flow rate. With this assumpti0n; a'tablésgiVing-the
flow rate through the bed for ‘each second during testing was con-
Structed. G, for a given simulator time was obtained from this table

in the same way in which TAln was. found .
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RESULTS ~

»d
)

The mathematical model was checked by simulating the temperature- !

time profiles developed during magnetite oxidation for pot tests made
Industrially and comparing the measured and simulated profiles. The
simulations were performed-by using the same flow rate and temperature
of air entering the bed versus time profiles as for the pot tests.
Three pot tests were simulated for Ore 1, and three for Ore 2. 1In all

cases the simulation was started when the pot test seemed to indicate

that the ore ball drying was complete and ended when cooling commenced.

Data=oniball.size, hood profile, and initial temperature for each cell

were determined from pot test records.

The results of the simulation in the top, middle; and bottom of
the bed‘were\fompared with pot measurements of the thermaliprafile.at
approximately the same location. Figures 12 through 29 compare the
simulated and measured results. The exact location of the simulated

profile'andithe~measureﬂ;pfafiie for“eaCh-run.are:ineluded on each

figure. Data used for each test for both simulation and comparison

is included in.Appendi% E, s

:In'all-af-the=simﬁlationsz the radiation term was calculated,

but was not used in finding the solids temperatures.

LY
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DISCUSSION OF RESULTS

¥

Several assumptions were made in the development of the mathe-
matical model with which the thermal profiles were simulated. The
more important of these assumptions were:

(1) There is no temperature gradient within the pellets.

(2) The Prandtl number for air to the two-thirds power

does not vary with temperature.
(3) The amount of heat transferred from pellet to

pellet by conduction is negligible.
. VY

(4) The term Ay pp (T,P) o AHA 4n Eq. (17) is
d0 t

negligible when compared with the other terms in

the equation. .
-0.41

e

(5) The term (( - A'-) )+ 110.4

((T + TA)) 3/2
2 -
is constant with respect to z and is equal to

-0.41
T + 110.4
T 3/2

(6) The Az used was small enough so ‘that ‘an accurate

pro—

estimate of the thermal.ppbfilesfWaS'obtained.

@3] 'Theiamauntéqf'0xygen'taken-fr0mtheaif.flowing

e | past the pellet§'bynoxidation'is-nggligiblgwwhgan@m@Mwwn._WA.HJ.

~compared to the total flow rate.




(8) The amount of oxygen taken from the air flowing past

'_'P/
the pellets by oxidation does not cause enough change

) in the partial pressure of oxygen to significantly

affect oxidation kinetics.

Of these assumptions, numbers (4),‘(5), (6), (7), and (8) can be
checked only by using the results of the simulation. The terms in
Eq. (17) can be evaluated using data from any of the test runs.

Looking at the results of Test 1-1, T-Ty seems to be about 20°C as a

g.% = 10°C/cm as a minimum, and g—%‘- = 2000°C/min as a maximum.

For these and the data presented for Test 1-1 in,AppendixﬁE,.it is

minimum,

found that:

yaqg~'=:69.3fcal/min cm

dz

3 (AHY) o

o (e Tr) | L
Ap pA (T,P) — Pa 8) 0.244 cal/min ¢m.
3t .

From this calculation it is clear' that the -assumption that the term

o 3(Cps Ty T
Appp (T,P) Aa,KiPA “A) is negligible is wvalid.
Jt

As discussed in the<Segtion.oanethodiQf”Solupiﬁn,and illustrafe&

in Table VITII, the assumption that the term

T+ TA ) + 110.4

2
3/2

| ( T + Igj)

T + 110.4 )

r( | — -0.41

."is"constant with z and equal to

3/2 i —
T N

long as the air and pellet temperatures do not vary by more than 300°C.




None of the eighteen thermal profiles simulated show this great a dif-
ference between air and pellet temperature. The usual difference

exhibited by the profiles is between 50° and 100°C. This assumption

is, therefore, also valid.

The assumption that enough cells had been used was checked by
comparing the simulated temperatures obtained for identical positions
in the bed when the normal z and half the normal z value were used.

The results of both simulations near the middle of the simulation time
agreed to within 40°F. It was decided that this small amount of vari-
ation showed that enough nodes had been used to obtain a good estimate
of the thermal profile and that thg addition of more nodes was uneco-
nomical.

The results given by the computer program included the amount of
magnetite which_haﬂ;beenioxidized to hematite from the beginning of the
simulation to the current simulator time. These values were used to
evaluate the validity of assumptions (7) and (8). From the values tne
amount of oxygen takern from the air flowing;past the pellets by oxi-
dation for each minute of Test 1-1 and the partial pressure of oxygen
at the bottom of the green pellet bed were calculated. Table IX shows
the results of the calculations. The results indicate that the. assump-
:ticnfthat'ﬁhe-amQUHt‘of‘bxygen'takenﬁfrcm thé-air’fIOWing‘paSt'thé
'pe11Ets by»oxidation:is.negiigibie_when.compare¢ to the total flow rate

is reasonable. At most thesflcw'rate'leaving‘the'bqttom of the bed is

- —about 6% lower-than.that entering the top. The results-listed -in—=-
Table :IX also ‘indicate that the partial preSSurehof,qXYgen;in~fhé-air
leaying the bottom of the bed is in some cases significantly lower than

e i:




that at the top of the bed. It was impossible to evaluate the extent

-

to which this difference affects oxidation kinetics in ore concentrate
balls since neither experimental data using different partial pressures
of orygen or a mechanisﬁ describing the oxidation kinetics for ore
balls ef the two concentrates used were available. From the partial
pressures of oxygen listed in Table IX, it is apparent that the assump-
tion that the amount of oxygen taken from the air flowing pQEt the
pellets does not cause enough change in the partial pressure of oxygen
to significantly affect oxidation kinetics is the weakest assumption
made in developing the mathematical model.

The results of the simulations done for pot tests 1-1, 1-2, 1-3,
2 - -1, and 2-2 a1l give.an;acceptayle estimatevof'actual,pOt:testfPerfbrme
ance, Theireaults‘oﬁ’the Simulation of test 2-3 are not this good.
When compared with.the'measureﬂ‘pot test profiles; the calculated
results showtheifbllcwinglChatéﬁtﬁristiCS$

(1) The CHICulaézd results compare excellently with pot test

measurements for Figs. 12, 15, 18, 21, 24, and 27 in

which both the simulated and measured results were made

(2) Near the end of the simulation the calculated results

for the"mlddle-and-bottom-af'tﬁe-bed;are usually lower
than tHéameasured values.

(3) The calculated results obtained in the middle and bottom

Offthe:bed.for.allfafffhe_pot,tests'are-higherxth?n the
measurEdrvaiues:frgm;theibeginning to near the middle of

the simulations.




. \
taken above 1000°C. The printed results of the computer program

showed that the top few cells in the bed usually had completed oxida-
tion when their temperatures rose above 1000°C. This was not true for ~
nodes lower in the bed. The program assumed that the oxidation kinet-
ics were the same ag at-%OOO°C when this temperature was exceeded. A
faster rate of oxidation would liberate heat quicker and would cause
the thermal profiles to be closer to those measured. It is thought
that oxidation isg probably faster above 1000°C and that it was for this
Treason that the calculated results were lower than those measured near
the end of the simulation.

There are two possible explanations for the third observation.
The first explanatiog'is that,the.qre1balls:may not'have=beenicgmp1etely
dry when the simulation was started. Incomplete drying could cause a
difference between the simulated .and measured results in two ‘ways. The
firSt-of_these is thaf some Heat;Which would otherwise be used to raise
the ﬁemperaturé‘cf the balls would be required for drying. The second

is that,*ifjdryinggand;magnetite.Qxidétion occurred:simultane9u31y,‘the

;ox1dat10n k1net1cs might be affected by the need for'waterﬁvapor to be

transported through the hematite shell. Both of these effects would

result in the calculated proflles belng hlgher ‘than those measured.

t.

It is thought ghg;mthemdlsagreenmmm ------ -between—the simulated and medsured
resultS-er,Iesti2~3 can bé;explained in this manner. It'waégnoted on

the pot test records that the balls used for Test 2=3 were extremely
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The second possible explanation is that the measured thermal
profiles may have been influenced by partial pressures of oxygen lower
than 0.21 atm. being present during oxidation. This could have oc-
curred because‘of oxygen consumed by oxidation above the depth for
which the profi&é was measured. The mathematical model.assumed that
all oxidation occurred in air with a partial pressure”of oxygen of
0.21 atm. A lower partial pressure should cause a slower reaction
rate. For this reason, if lower partial pressures of oxygen were
present in the bed during oxidation, the simulated profiles would be *
higher than those measured.

The agreement between the mathematical model and measured results
is actually quite good considering that published correlations were
used to formulate the final differential equations and no adjustment
of any kind was made to the data used for the computer runs. It is
the opinion~of the:aﬁth0f that this model is good enough to allow
systematic evaluation of the effects of changes in variables affecting

oxidation kinetics on the traveling grate process.

-
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¢
CONCLUSIONS X

The following statements can be concluded from the results of
this study:
(1) Measurements of weight gain during oxidation can be

used to find the kinetics of magnetite oxidation

for ore concentrate balls.
The parabolic rate law as applied to a sphere does

not necessarily apply to oxidation of magnetite ore
concentrate balls.

Using the model developed in this study, a systematic
evaluation of the effects of changes ;ffecting the
kinetics of oxidation of magnetite in balled ore
concentrates on the traveling grate pelletizing
process should be possible,

In order to obtain a more exact agreement between

the mathematical model and measured results, datsa

on the Oxidation‘offballed«magnetite ore concentrates
at temperatures above IOQO§C-andnsing;different=oxygﬁn

partial pressures should be obtained.

Lz




APPENDIX A

NOMENCLATURE
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CFe)03(t=0)

CF3304f§;0§

Cpar

NOMENCLATURE
solid particle surface area per~un1t bed volume
coefficient used in the expression which fit
the kinetic data
cross-sectional area of air lump
cross-sectional area of pellet lump
cross-sectional area of bed
coefficient used in the expression which fit
the kinetic data
coefficient used in the expression which fit
the kinetic data
original concentration of hematite in a pellet,

g Fey05/cm]

g‘F3304/Cm3

heat. capacity of air at c onstant pressure y

cal/gm mole °K
heat capacity at constant pressure of argon,
cal/gm mole OK

specific heat at constant pressure per unit

mass for the fluid, cal/gm °K

heat capacity at constant pressure of

.,hgmétite,wggljgﬁmglem?K_,U.Mf%w,mw_.“,;W%@@“mmmw,m__wwmmew_w, -

specific heat at constant pressure of
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= heat capacity at constant pressure of .

magnetite, cal/g mole °K

specific heat at constant pressure of

O
©
Py
9]
W
O
&S
i

magnetite, cal/g °K

heat capacity at constant pressure of

nitrogen, cal/gm mole °K

heat capacity at constant pressure of

oxygen, cal/gm mole °K

specific heat at constant pressure of

®) >
I

the pellets, cal/g °K

coefficient used in the expression which

(]
I

fit the kinetic data

average particle diameter

o
.
I

f = subscript denoting that these properties are
evaluated at the average of the air and
packing surface temperatures

stoichiometric ratio of grams O, used per

REs|
I

gﬁamjofiEezog produced

grams of hematite per cm3*producedzsinte
cm3  t50 ; L
time Zzero. |

mass-veﬁacitYVéf'fluid just before entering

&
Il

the bed S .

||

from magnetite
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="heat‘transferred'byjconductian4from:particle

= enthalpy of air, cal/gm

= enthalpy of the pellets, cal/cmd pellet

lump

local heat transfer coefficient for a Cross-

sectional area in a packed bed

Colburn analogy

thermal conductivity of fluid

constant for oxidation of a ball of magnetite

concentrate at a given temperature as used in
the parabolic rate law
= rate of reaction in grams of Fey03 produced

Per unit time and area of the pellet lump

€0.0407) al.41
| 0.41

/T, + 110.4\ ~9-41

Go Tn

2y

instantaneous rate.cfireaction,5g'F¢203/cm3 min

Zi ox%/100

= 100 times the ratic of weight gdined during
oxidation to the weight which would be gained
by the sa@ple if it was chpIefer'Qxidized

heat transferred by the flowing fluid to the

packing by convection

heat transferrediby'radiatiOn;from~sglid
particle to solid particle, cal/min
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A N T e e e, .

Re

SCF

T1

_wt% Fe304 . ..

heat generated by oxidation of magnetite,
cal/min cm® of pellet lump
radius of ore ball

packed bed Reynolds number

Go/a uf

standard cm3/min of aif flowing through the bed
time

time from the start of oxidation

pellet temperature in °K

air temperature in °K

air temperature at the center of the cell

‘immediately above ‘that for which TAd is required

temperature at the boundary between the cell

under consideration and the cell immediately

above: it

variable which has a linear relationship with

‘sample number and is a function of time--used

in the equation which fit the kinetic data
surface temperature of particle

pellet temperature for the cell being considered
pellet temperature for the cell imme diately above

thefcell for which TAo is required

_percent magnetite of the pellets before. .. ..

Az

'l 'Y

firing
axial distance

increment in axial distance -
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Greek Symbols:

€

1}

n

emissivity of pellets
shape factor
viscosity of fluid
viscosity, poise

density of pellet

density of air for 1 standard cubic centimeter
density of the air at the temperature and

pressure concerned

Stefan-Boltzmann constant
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APPENDIX B

COMPUTER PROGRAM USED TG CURVE FIT

THE KINETIC DATA
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The kinetic data obtained experimentally were
fit empirically in order to allow its use in the

mathematical model. The expression,

CTI
% Ox = AB + D (7)

where A, B, C, and D coefficients for a given data set

TI variable which is a linear function

0f the sample number and a function
of the time at which the sample
was taken, .
was found to fit the data adequately.
The coefficients A, B, C, and D for each
isothermal set of data points were obtained using a

computer program. A listing of this program is part of

this appendix. In the listing the input variables are:
Q = number of data points/3 (must be an inteQELQ
J=-numbér0f;dataipoints
FX = last D value to be used in the program

ANDIC

set of data

| D = D value (s) to be tried

X(I)= time, minutes

" Y(I) = % ox

of the data point number and is also

a function of time

The program listi ng follows:
. | 3 +6 o




DIMENS]ION X(BO)'Y(JO)07(30)vSl(lO)052(10)053(10)9YCALC(30)OERROR

1(30) 9 YM(30)yYZ(30)

000003 103 READ 994QeJsFXyaANDIC

000017 99 FORMAT(F]O.E.IIO.ZFxo.Z)

000017 M= /3

000022 N=E2 &M

000023 LeMe]

000029% KuNe]

000027 DO 5 I=],J

000030 READ Lo X(I)oY(I)eT(])

00004) 1 FORMAT (3F1065)

000041} Y{I)=Y(])®0,01

000043 S CONTINUE

000046 66 READ 719D

000054 Tl FORMAT(F10.7)

000054 SUM=0 , 0

000055 SAME( .

0030055 SOH@OQO

000057 DO 7 I=]1,M

000060 S1(1)e2AL0Gl0(Y(])=D)

000066 7 SUMaSuM+S1 (1)

0006072 DO 8 I=L,N

000074 S2(1)zALOGL1O(Y(]I)=D)

006102 8 SAMBSAMSS2(])

000106 00 9 iaK,eJ

666116 - ~53¢1)2AL06Gl0(Y(])=D)

00011¢g 9 SOM=aSOMeS3(])

000122 PlmSym

000123 P2=mSAM

000125 P3s8S0OM

000126 Cl((PZ-PB)/(PI-PZ))"(I./Q)

0003137 8-10000(((Pl-Pz)'(l.-C))/(1.-C**Q)"2)

- 000154 AllOe@O((l./Q)'Pl-((1./0)'(P1-P2))/(l.-C'*Q))

000173 AVERAG=0,0

000174 DO 17 I=ledJ

000176 YM(I)zsC®eT (])

000202 YZ(])=B2aYM(])

000207 YCALC(]I)=A®YZ(]) ¢ D

000213 ERROR(I)BY‘I)-YCALC‘I)

000215 17 AVERAGBAVERAG*ABS(ERROR(I))

000222 FP=y

000223 AVsAYERAG/FP N

000225 PRINT g8

000230 88 FORMAT(goXo1HA.19Xo1HBolexc1Hco22x,1HDv13X'13uAVERAGE ERROR//)

000230 PRINT 899A089CoDvAVY

000246 89 FORM&T(SXQFIO.S.loX.F10.9.IOX.F10.6,lox,Fll.S,lox,F10.4///)
é 000246 PRINT 100 .
: 000252 100 FORMAT(loXo%HK(I)v11X94HY(I>911X'4HT(I)o TX98HYCALC(I) o 8X 9 BHERROR
£ 1(1)77) ‘
v 000252 00 77 Islod
i 000254 77 PRINT 7SoX(I)eY(I)sT(1)yYCALC(I) +ERROR(])
] 000274 75 FORMAT(5%9F10-205X,F100595X9F100495XQF100505X.FIO04//)
’ 000274 IF(D=FX)66,68,66

000276 68 CONTINUE :

000276 IF (ANDIC) 10341039102 , S

000300 102 CONTINUE | , <

000300 END - | S
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APPENDIX C

ANALOGUE/BLOCK DIAGRAM USED FOR

N\ S e
SOLUTION OF THE DIFFERENTIAL EQUATIONS
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The following block diagram illustrates the method used to

solve the differential equations describing the packed bed of a

traveling grate pelletizing machine. The diagram illustrates the

/

solution of Equations (66) and (67).
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APPENDIX D
COMPUTER PROGRAM USED
TO SOLVE THE DIFFERENTTAL EQUATIONS
» 3 _. /,,f h
W |
87
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The differential equations describiﬁg the temperature profiles

developed in the packed bed of’a traveling grate pelletizing machine
during magnetite oxidation were solved using the computer program
included in this appendix. The computer program is LEANS, the Lehigh
Analog Simulator modified to allow the use of subroutines and to
allow plotting with a Calcomp plotter. Information on LEANS is
available from the Department of Chemical Engineering, Lehigh Univer-
sity. Both LEANS and the subroutines are written in Fortran IV and
were run on a CDC 6400 Digital Computer.

The method used to solve the equations is explained in the
section on method of solution. It is outlined more precisely in the
block diagram included in this thesis as Appendix C. The program
solves the differential equations using this block diagram. Because
of the way in which LEANS is written, in order to use the program the
iﬁput data must be entered into~the-variQus subroutines or into the
LEANS data. The places at whichrdata~muSt;Be%inse£§ed:in;the sub-
rOUtineé.are‘marked'with;a'row of stars in the program~Iisting; The
subroutine or block number in which the value of the~input'varfabie
mﬁst?be entered is included ig'the list qf'requiredsinput-daﬁafwhich
follows:

Al (J) = Values of A as determinedlby-fittinggthe equation

L2t - o o
Loxa='A-BC + D to the experimental data obtained

at”difféfent ithherma1“tempetaturesﬁ‘.The values
obtained for thE-lQWeSt.temperéturetmust be entered

first (Subroutine SO 6).
.88
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ABAR =

Bl (J)

Cl (J)

COREK

L 3y = =

- 0xX-= AR

Pellet bed surface area per unit bed volume,

cm? /cm3 (Subroutine SO 8).

Values of B as determined by fitting the

2t
equation ox = AB® + D to the experimental

3

data obtained at different isothermal temperatures.

The values obtained for the lowest temperature
must be entered first (Subroutine SO 6).

Values of C as determined by fitting the
equation ox = ABCZt + D to the'experimental data
obtained at different isothermal temberatures.
The values obtained for the lowest temperature

must be entg}ed first.

g Fep03

Factor to convert ox% to
cm3 pellet

(Subroutine SO 6).
Temperature at a given .second during the test run.
The temperature for each SEéénd-during;thé test
run must be entered in this D1 array. D((L) is
the temperature at a time of 0 seconds........
D (1201) is fhe'température‘at.aztimerf

1201 seconds (Sﬁbrautine:SQ 5).

Values of D as determined by fitting the equation
2t

P #'.‘

at.different isothermal temperatures. The values
toﬁbe~usédifbr-BOOpéimust.be entered as D1 (1),

89

—+-D-to-the-experimental data obtained




D1 (J)

FRACT

JDUM

o Rﬂdﬁuiwﬁﬂh

ll |
i
i

for 400°C as D2 (2), ......., for 1000°C as
D8 (8). (Subroutine SO 6),

Flow rate at a given second during the test
run. The temperature for each second during
the test run must be entgred in this D1 array.
D1 (J) is the flow rate of 0 seconds.......

D (1201) is the temperature at a time of

1201 seconds (Subroutine SO 7).

Fraction solids in the pellet bed, dimension-
less (Subroutine SO 0, SO 6).

Number of Pot Test Temperatures to be ‘plotted

for each plot, dimensionless (Subroutine SPL).

(0.0407) al.4l

~0.4T Az
GO

where a = solid particle surface area per
unit bed volume, cm®/cm

= gas mass velocity, g/min ¢m?

o
0
I

Az = distance between nodes, cm (Block 051)

oz

where € = emissivity of pellets, dimensionless
D@ = average particle'diameter, cm.
0 = Stefan-Boltzmann constant
)

/

.ﬁéﬁgity Qf~a'dr§ pellet, gm%bm3 (Block 011)

90-




T1

THETA (J)

TIMEO

TR1 (J)

TR2 «(J)

TR3 (J)

XHEM

Temperature of a given node when the simulator

time is zero.

(Node 1 - Block 057, Node 2 - Block 093,

Node 3 - Block 153, Node 4 - Block 190,

Node 5 - Block 230, Node 6 - Block 271,

Node 7 - Block 321, Node 8 - Block 366,

Node 9 - Block 403, Node 10 - Block 115)

Value of time for which a pot test temperature
value is to be plotted (Subroutine SPL).

The pot test time corresponding to zero
simulator time (Subroutine S11).

One of the first group of pot téSt.temperatures
to be plotted. The'value-must:CQrEESPGndito;a
value in the THETA array. (Subroutine SPL),

One of the second group of pot test temperatures

to be plotted. The value in the THETA array

(Subroutine SPL).

One of the third_gxgup=df*pot test temperatures

to be plotted. The value must correspond to a

value in the THETA array (Subroutine SPL).
Weight fraction of hematite in the ore prior to
oxidation (Subroutine S00).

'Wéigﬁt,fraction of magnetite in the ore prior

to oxidation (Subroutine $00).

Distance between nodes, cm (Block 038).




Nz /2 = One half of the distance between nodes, cm

(Block 083). Note that this value is used only

for radiation calculations.

/

The program listing follows:

Pages 93 through 132 are on file in the Office of the

Department of Metallurgy and Materials Science.
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APPENDIX E

DATA USED FOR POT TEST SIMULATION
AND COMPARISON OF PREDICTED

AND OBSERVED RESULTS




\
The data used for the simulation of the pot

test temperature versus time profiles during magnetite
oxidation were made using the data tabulated in this

appendix. This data follows:
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Data For Simulation Of TeSt l=1

4 2 = 1.73" = 4,39 cm

6 (1-€) 3.60

~ D, = 10.312)(2.527 = 4-54

ABAR

0.0

Kr

3.90

RHO

FRACT 0.60

8 min., 42 sec.

TIMEO

Program Flow D1(J)
THETA(J) Time Rate (SO7) TR1(J) TR2(J) TR3(J)

522 sec. O 560 20.83  — — S
9 min 18 sec 470 17.48 850 210 180

10 78 425 15.81 1500 360 210

11 138 395 14.69 1630 630 330
12 198 360 13.39 1650 1020 500
13 258 ﬁ 355 13,21 1650:. 1340 750
14 318 2305 11.35 2030 1700 1100
15 378 295 7 10.97 2420 1840 1320
16 438 265 9.86 2440 1970 1570
17 __‘498 260 -9-63’ 2450 2090  1820ﬁ

18 - 558 260 9.67 2460 2180 1970

19 618 260 9.67 2460 2250 2060

20 678 280 10.42 2450  =23ic 2130
21738 295 © 10.97 1770 2360 2210
22 798 295 10.97 1430 2400 = 2260

23 858 465  17.30° — -
: - . | | ' 135 o LTy B




Test
Time

13:40

19:53

22:22

Temperature

Data For Simulation Of Test 1-1

Dl(J1:§9§ Data

Program

Tim

e

%

1

1

1

573

673‘

973

273

0
74
298
671

820

e

Hood
_zgggerature

o)
o Temperature

Hood

1500
1600
2450
1300

60

Kinetic Data

AL(JT)

0.22889

Oo56766

2.46975

50.84186

50.95296

51.02125

41.05629

B1(J)

C1(J)

1088.56
11424,.11
1616. 3
977.44

288.56

D1(J) SO

©k

6

0.467866313
0.450653640
0.572731312
0.782768734
0.984716929

0.982586149

0.980448206

0.974990911

136

0.792681
0.550524

0.474257

0.612815

Oa565025

0.491935

0.483693

-0.1000

~0.2000

;él{QO‘O

*SOMQOOQ
~*50pOOOO

-50.0000

-40.0000




Node
Numbe;

10

I (Temperature At Test Time

.Data For Simulation Of Test 1-1

O Data )

Degth

0.432
2.16
3.89
5.62
7¢ 35
9.08
10.81
12.54
14.27

137

Temperature

Temgerature

530
507
452
362
262

195

150

150

550

536.9
506.1
456.1

401.1

363.8

344.0

339.0

P S
e .




/

4 2

ABAR

Kr

RHO

FRACT

TIMEO

THETA (J)

P

Data For Simulation Of Test 1=2

6 (1-¢)

D
P

0.0
3.90

0.60

8 min., 56 sec.

rogram
Time

Flow
Rate

536 sec.

9 min

10

11

12

- 13

14
15
16
17

18

. Hig'

20

21

0

4 sec
64
124

184

540
450
415
365
335
305
250
265
255
250
245
550

265

330

D1(J)
(SO7)

20.09
16.74
15.44
13.58
12.46
11.35

'lOg79

9.86
9.49

9.30

9.11

: 138

»,

TR1(J)

TR2(J)

TR3(J)

750

1280

1730

1870

1910

196@

2180

2300

2350

2390

2370

2310 .

SEnEE——

CEEEE——

250

550
1030
1500
1800

1960

2070

2150

2220

2290

2340

190 -
250
410
650

1350

1680

192b;
2080
2180
L2250

2360

2310




Data For Simulation Of Test 1=2

D1(J) SO5 Data

Hood Hood

Test Program o o
Temperature "F Temperature K

Time Time

8:56
10:12
14:02
17:52
18:02
18:12
18:22
18:32
18:42

18:52

19:02

19:12

19:32

19:42

19:52
20302
20:12

. 2022

20:24

20:25

0
76
306
536
546
556
566

576

586
596
606
616
626
636

646'

656 -

666

686

689

139

1500
1800
2400
2400

2337

2265

2194

2122

2051

1979

1908

1836
1765
i693’
1622
1550
1407

1300

60

1089
1255
1589
1589

1553.8

1513.8

1474,2

1394.6

1315.4

1275.3

. 1235.8

1156.1

1036.9

997.3
977.0

288.6




Data For Simulation Of Test

Kinetic Datg_.

°k A1(J)

B1(J)

1-2

Cl(J)

D1(J) SO6

——

. Temperature

573
673
773
873

973

1073

1173

1273

Node
Number

0.22889
0.56766
0.41748
246975
50.84186
50.95296
51.02125

41.05629

T (Temperature At

0.467866313
0.2450653640
0.572731312
0.782768734
0.984716929
0.982586149
0.980448206

0.974990911

Test Time =

0

0.792681
0.550524
0.474257
0.612815
0.571198
0.565025
0.491935

0.483693

Data)

Depth

O. 38

9.44
10.95

Temperature

-0.1000
~-0.2000
-0.2000
-1.9000
-50.0000
-50.0000
-50.0000

-40.0000

°F Temperature

530
530
510
462

190

180
o 180 -

140 e

550

550

539

390.1

361.0

355.0
355, 0
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ABAR

Kr
RHO
FRACT

TIMEO

THETA(J)

Program

Data For

3.99

6 (1-€)

D
P

0.0
3.90

0.60

3
O.

60 _
794

8 min., 56 sec.

Time

Flow
Rate

536 sec.

S min.

10
11
12
13
14
15
16
17

18

0
4

64

124
184

244

304

364

424

484

544

555
435
420
400

365

325

290

285

285

D1(J)
(SO7)

20.65

15;62

14,88

13.58

10.60

12.09

Simulation Of Test 1-3

4.54

TR1(J)

TR2(J)

TR3(J)

570
1660
1810

1890

2050
2410
2470

2480

11.16

’12528

141

2180

330

670

1110

1580

1870

2020

2150
2280

2350

190
340
550
820

1130

1500

1820

2200




e e TR
i

e e
i
N

Test
Time

8:56
11:28
12:44
15:16

15:26

15:36
15 :46

15:56

16:06

16:16
16;26

16:46

16:56

17:06
17:16
17:26

m17;3émwﬁ

',17:46’

17:47

17:48

Data For Simulation Of Test 1-3

Program
Time

_D1(J) SOS5 Data

Hood

zpmgerature

Hood

Temgerature

152

228
380
390
400

410

420
430
440
450

460

470

,@8@

490

500
510

1700
1800
2450
2387

2315

2243

2171

2099

2027

1955

1811

1739

1667
1595

1523

1451

1246
1255
1616
1580.9
1541.8
1501.7
1461.6
1421.0
1380.9
1341.8
1301.7
1261.6
1221.0

1180.9

1141.8

1101.7

106116

e
530
531

532

| “1579f<‘

1307

60

- 98Qf9

288.6




Temperature

o

573
673

773

873
973
1073
1173

1273

Node
Number

Kinetic Data
—_———C dtd

Al(J)

B1(J)

0.22889
0.56766
0.41748
2.46975
50.84186
50.95296
51.02125

41.05629

T (Temperature At

0.467866313

0.450653640

0.572731312
0.782768734
0.984716929
0.982586149
0.980448206

0.974990911

Test Time =

Data For Simulation Of Test 1-=3

_C1(J)

0.792681
0.550524
0.474257
0.612815

0.571198

0.565025

0.491935

0.483693

O Data)

Dgpﬁh

0.38
l!gg
3.40

4,91

6.42 ’

793

10

9. 44 -

10.95

12.46

13.97

@)

D1(J) SO06

-0.1000
-0.2000
-0.2000
-1.9000
-50.0000
-50.0000

=4:0. 0000

“F Temperature

Temgerature

520
540
490
430
365
320
282

260

240

230

1ﬁ3

v

555
555

527

457‘8»~

433
o 412.1

400

389




Data For Simulation Of Test 2-1

4z 3.99 cm

ABAR =5 11-6) _ _3.60 _, .,

Kr

RHO

FRACT

TIMEO

THETA(J)

Program

D
b

0.0
3.90
0.60

8 min., 23 sec.

Time

Flow
Rate

503 sec,.

9 min.

10
11
12
13
14
15
15
17
18
19

-0

0
37
97

157
217
277
337
37
457
517
577

637

570

345

315

‘;295
285

272 .
275 |
282

Lk A

D1(J)
(S07)

21.20
18. 79

15!62

12983

10.97

10.60

9.86
10.12
10.12
10.23

10.49

TR1(J)

TR2(J)

TR3(J)

600

1240

1790
2190

2370

2430
2350

2160

1900

1640
1460

270

460

950

1450

1960

2200
2380

2420

2410

2250

170
200
370
620
970
1410

1960

2180

2290

2400

24 30

e ETEe

144




Test
Time

8:23

10:39

14:02

19:07

Temperature

Data For Simulation Of Test 2-1

D1(J) SO5 Data

Program Hood

Time

O
Temperature

0 1200

68 1800

136 2500

339 1200

644 60

Kinetic Data

% A1(J) B1(J)

573
673

773

0.16435 0.606131610

0.29608 0.452912160
0.46437
0.61703 0.228535831
0.73698
0.94572 0.152951022
7.05184

0.296582763

0.192385976

0.850740955

0.979168478

145

_C1(J)

Hood

F Temgerature K

922.0
1255.0
1644.0

922.0

288.6

D1(J) S06

—

0.808889

0.452583

0.540299

0.486170

0.491075

0.540247 ¢

0.469176

0.436195

-0.1000
-0.1000
~0.1000
-0.1000
-0.1000
=0+.1000
-6.0000

-50.0000




Node
Number

10

Data For S%mulation Of Test 2-1

T (Temperature At Test Time = 0 Data) _

Degth Tgmgerature OF Te@perature oK

0. 38 400 477
1.89 400 477
3.40 358 454,14
4.91 290 416
6.42 220 377
7693 182 356.1
9.44 J 159 344
- 10.95 150 339
12.46 150 339

13.97 150 339




ABAR

Kr
RHO
FRACT

TIMEO

THETA(J)

Data For Simulation Of Test Q=2

6

1062" =

(1-€)

41,12 cm

L

Program

P
0.0
3.90

0.60

8 min.,

Time

3.60

O. 794

33 sec.

Flow
Rate

D1(J)
(S07)

513 sec.

9 min.

10
11
12
13
14
15
16’
17“
18
19
20
21
22_

23

0
27

87

327
387

5@71

Nwmmfﬁgg*f,u

747

”

807

867

605
520
480
420
375
282

275

244

275

M@282 

290

305

315

420

22.51

19. 34

13.95

9.37

9.11

TR1(J)

TR2(J)

TR3(J)

540

1000

1350

1750

2020
2270
2380

2420

2420

2370

230

410

660

960
1360
1750
2050
2240
2350

2420

200
250
350
500
680
870
1150

1600

2200

13
1850

1470

T B
2440

2400

2310

R

2420

2440

2450




Test
Time

8:33
10:27
11:24
12:21
17:06

22 :48

Te@Eerature

\

Data For Simulation 'Of Test 2=2

_D1(J) SOS Data

Program

Time

0
114
171

228

513

855

“x

573

673

773

 51.08035

Kinetic Data

Hood
Temperature

°p

R

1300
1750
2000
2450
1300

6@

A1(J)

0.16435
0.29608
0.46437

0.61703

O. 73698
‘¢94572

7.05184

__B1(J)

Hood o
TemEerature K

Cl(J)

977.0

1227
1366

1616

977.0

288.6

D1(J) SO6

0.606131610

0.452912160

0.228535831

0.192385976

0.152951022

0.850740955

0

.979168478

0.808889

0.452583

Op540299

0.486170
0.491075
0.540247
ﬁ.469176

0.436195.

148

-0.1000
-0.1000

-0.1000

-Q@lQQQ

-0.1000

?Q)IQOO

~-6.0000

_=50.0000




Data For Siﬁulation Of Test 2=2

T (Temperature At Test Time = 0 Data)

N

Node - .
Number Degth Temperature OF Temgerature

1 0.41 500 533

Ok

2 2.03 430 494
3 3.65 340 444
4 5.27 230 383
5 6.89 200 366
6 8.51 200 366
7 10.13 200 366
8 11. 75 200 366
9 13.37 200 366

10 © 14,99 200 366

R P

~:1_49_f




Az
ABAR

Kr

RHO

FRACT

TIMEO

THETA(J)

Data For Simulation Of Test 2=3

1062" =

= 6 (1-€)

4.12 cm

D
p

0.0

3.90

= 0.60

Program
Time

Flow
Rate

8 min., 6 sec.

D1(J)
(S07)

486 sec.
9 min.

10

11

12

13

14

15

16

17

18

0
54
114
174
234
294
354
414
474
534

594

525

424

380

340

255
240

225

215

245

N
n
O

19.53

, 15.77

~

X}

14.14

8.00

8.74

2
=

W
D@

TR1(J)

440
830
1260

1750

2120

2300

2400

2420

2400

2350

ND
~d
S
O

TR2(J)

TR3(J)

160
190

250

440

710

1080
1520
1920
2160
2&10

24 30

140

170
200
260

350

700

1000

1360
T

19

21

22

2.3

714

7

834

894

10.49 -

9.86

10.12

150

2020

1800

1610

2390
21360
2330

2100
12280

2360




Data For Simulation Of Test 2-3

D1(J) SO5 Data

Test Program Hood Hood o

Time | Time - Temperature °F Temperature K

8:06 0 1300 977
9:54 108 | 1750 1227
10:48 162 2000 1366
11:42 216 2450 1616
16:12 486 1300 | 977

22 :30 864 ; 60 288.6

Kinetic Data

__B1(J) _Cl1(J) _ D1(J) SO6

Temperature % Al1(J)
573" 0.16435 0.606131610 0.808889  —0. 1000

673 0.29608 0.452912160  0.452583  -0.1000
773 0.46437 0.296582763  0.540299 ~0.1000
873 0.61703 0.228535831  0.486170 =0.1000
973 0.73698 = 0.192385976 0.491075  -0.1000

1073 0.94572 0.152951022  0.540247  —0.1000

@)
®

D
D
@)
D

1173 7.05184 . 0.850740955 04469176

1273 '“’51:08035”"f"0.979168478. 0.436195 -50.0000

B i R




Data For Simulation Of Test 2-3

_T (Temperature At Test Time

o) Data)

Node

tNumber Depth Temperature Temperature
0.41 300 422
2.03 240 389
3.65 200 366
5.27 200 366
6.89 200 366
8.51 200 366
10.13 200 366
11.75 200 366
13.37 200 366
14,99 200 366




TABLE T

Properties of Cre Balls Made From
Ore 1 And Cre 2

Screen Analyses of Concentrate Before Balling

Ore 1 Ore 2
(% ind.) (% ind.)

0.05
0.05
0.05
0. 05
0.05
0.10
0.15
0.50
3e 7
95. 4

..O?,,

DINVvVOOoOO
o
OO OVUV W

00

Properties of Ore Concentrate Balls

o Ore 1 Ore 2
Commercial This Commercial This
Practice Investigation Practice Investigation

Bentonite 14 - 15 14 - 15 - 11.3
(1b/wet LT)

Free Moisture 9.5—10 9.7 9.5 - 10
(wt %) | | ﬁ

Fe't 21.6
- (wt %)

" Fe Total .. & E
(wt %)

&
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TABLE TT

"‘

Results of Test 'uns CO-1, 2, and 3

RUN (=1

")DQ)P\

(Sample Weight = 4.2880 g, Temperature = 800°C)
(Flowrate = 18 SCFH)

Time Weight Gain (mqg) % Ox
(Min) | (From Time = 0

0 0.0
63 51.5
85 69 .5
99 8l.0

108 88.2

10 112 ) 91.6
14 116 94.8

ol 0) NN S ')

RUN CO-=2

(Sample Neight = 8.6200 g, Temperature = 800°C)
(Flowrate = 18 SCFH)

Time deight Gain (mg) % Ox
(min) (From Time = 0)

O 0.0
123 50,2
167 68,2 »
193 78 .7
, 211 1 86.2
12 226 92.4
14 " 229 ; 93.5

DO O

RUN CO-=3

(Sample weight = 12.540 g, Temperature = 800°C)
(Flowrate = 18 SCFH)

Time Weight Gain (mg) % Ox
(Min) o /(From Time = 0) o w
| | 0 o 0.0
179 |  50.5
241 o C 67.9
279 . 78.7
” 304 . 85.7
10 315 | . . 88.8
12 322 . | ﬁ 90,7
o 326 . 92.0 .
14 | 2¢ |

[ N .
» e . - P

OO N O




Results of Tes

Weight (SCFH)

(gm)

8. 7370 18 800

8.6/000 " 18 800

7.9610 18 800

8.8280 18 800

9.3830 18 800

9.0150 18 800

8.6790 18 800

Temp. Time
zoc§ Zmin)

_TABLE IIT

t Runs CO-4, 5, 6

Weight Gain (mqg)

2 122

6 117

8 252
10 231
12 226

14 232

from time

9, And 10

% Ox

49.0
69.4
78.0
81.0

86.8
87.9

93.9

% Ox

% Ox

50.7
68.2
76.4
82.0
83.8

86.8

90.6

57.0
75.2
89.7

92.8

96. 2

by Wt. by analyses by shell width




_TABLE IV _

Results of Test Runs CC-11, 12, 13, And 14

Run CC-~11

(Sample Weight = 8.7660 g, Temperature = 800°C)
(Flowrate = 10 SCFH)

Time _Weight Gain (mg) % Ox
(min) (From Time = 0)

0 - 0.0
114 45,7
158 63.2
187 74.9
206 82.5
217 86.8
12 222 89.0
14 225 90.0

-
OO NN O

Run CO-12

(Sample Weight = 9.0710 g, Temperature = 800°C)
(Flowrate = 12 SCFH)

Time Weight Gain (mg) | ;%»Ox

(min) (From Time = O

0 0.0
116 44,8
163 63.0
193 74,5
212 " 82.0
10 224 86.5
12 229 " 88.5
14 234 ~90.5

00O D N O

\

Run CO-13v

6,:

(Sample Weight = 8.6920 g, Temperature = 800°C)
- (Flowrate = 15 SCFH)

T Weight Gain (mg) % Ox
(min) | - (From Time = 0) - |

0 L '" 0.0
163 : + 66.0
190 . 77.0
208 : | 84,2
10 . 220 - 89.0
12 o . 225 o -~ 91.2
14 - S 228 - : 92.4




TABLE IV (CONTINUED)

Run CC-=14

(Sample Weight = 9.1700 g, Temperature = 800°C)
(Flowrate = 21 SCFH)

Time Weight Gain (mgqg) % Ox
(min ) | (From Time = 0)

0 0 0.0
2 122 46 . 8
4 171 65.5
6 205 78.5
8 223 85.5
10 236 90.5
12 2472 | 92.8

14" 245 94.0

= 157




-t

_TABLE V

e

Results of Tests Using Ore Concentrate Balls of Ore 1

Run 1-300

(Sample Weight = 8.6620 g, Temperature = 300°¢)
(Flowrate = 18 SCFH) i

Time Weight Gain (mg) % OX
(min) (From Time = 0)
0 0) 0.0
2 7 2.83
4 12 4,86
6 15 ; 6.07
8 17 6.87
10 19 7. 70
12 22 8.91
14 23 9.32
Run 1-400

(Sample Weight = 8.7870 g, Temperature = 400°¢)
(Flowrate = 18 SCFH)

Time Weight Gain (mg) % Ox
(min) (From Time = 0)
0] 0 0.0
2 40 16.0
4 48 19.°2
6 50 20.0
8 51 20 . 35
10 52 20.75
12 53 21.15
14 54 2155
Run 1-500

(Sample Weight = 8.8580 g, Temperature = 560°¢C )
(Flowrate = 18 SCFH)

Time Weight Gain (mg) % Cx

(From Time = 0) '

0 O - ; O.0

2 57 - 22.6
4 | .13 | | 29.0

6 . -8 31.0

* 8 - 81 o 32.2
10 85 . 33,7
12" 88 | - 34.9

14 91 - 36.1
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TABLE V (CONTINUED)

Run 1-600
(Sample Weight = 9.2300 g, Temperature = 600°C)
(Flowrate = 18 SCFH)
Time _Weight Gain (mg) . % Ox
(min) | (From Time = 0)
Q
o) 0 0.0
2 66 25.1
4 96 36.5
6 117 44,5
8 127 48, 3
10 134 51.0
12 139 52.8
14 144 54,7
Run 1-700

(Sample Weight = 8.8020 g, Temperature = 700°C)
(Flowrate = 18 SCFH)

Time | Weight Gain (mqg) % Ox
(min) (From Time = 0
0 o) 0.0
2 112 44,6
4 151 60. 3
8 190 75. 8
10 199 79. 4
12 204 8l.4
14 - 207 82.5
Run 1-800

Thé-RGSultsaOf CO-2 Were Used For The 800°¢

Run 1-900.

(Sample Weight = 8. 5180 g, Temperature = 900°C)
(Flowrate = 18 SCFH) | |

% Ox -

Time Weight Gain (mg)
T__—dw, ~—A(From-Time =-0) -
0 | 0 ' 0.0
2 136 | 56.0
4 187 o= 77.0
6 | 216 - ) 89.0
8 - | 235 96.7
0 | 1243 | 99.9
12 | o . 245 : L 100.8
14 247 | B ~ 101.5
: a 159 -




_TABLE V (CONTINUED)

_Run 1-1000

(Sample weight = 9.1940 g, Temperature = 1000°¢C)
(Flowrate = 21 SCFH)

Time Weight Gain (mg) % Ox
(min) (From Time = 0)
o) 0 0.0
2 156 59.5
4 . 211 80.5
6 242 92.4
8 , 263 100.5
10 272 103.8
12 274 104.5
14 275 _ 105.0
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(Sample weight = 7.5050 4, Temperature = 300°C)
. (Flowrate = 18 SCFH)

Time Neight Gain (mg) % Ox
(min) (From Time = 0

0.0
0.923
1l.84
2.76
3.23
3.69
4.15
4.61

O
2
4
6

8
10
12
14

CV®IO AN

(-

Run 2-400

(Sample Weight = 7.8860 g, Temperature = 400°)
(Flowrate = 18 SCFH) .

Time Weight Gain (mg) % Ox
(min) (From Time = 0)

0 " 0 0.0
2 35 15. 35
4

| 4.0 . 17.55
6 41 18.0
8 42 18. 4
10 i 43 | 18.9
12 43,5 19.1
14 44 19, 3

. | Run 2-500

(Sample Weight = 7.8690 g, Temperature = 500°C)
(Flowrate = 18 SCFH) |

Time Welght Gain (mg) a % _Ox
(min) e (From Time =00 — =

5 S E— -

o

2 - 44 | o 19. 35
-6 . 67 T 29,4
, 8 14 | 72/‘" - ' 3 1 Ps 6 |
10 h 75 33.0
12 : N 78 S 34.3

14 o 8L ﬁ 35.6




TABLE VI (CCNTINUED)

Run 2-600

(Sample Weight = 7.9960 g, Temperature = 6OOOC)
(Flowrate 18 SCFH)

Time Weight Gain (mqg) % Ox
(min) (From Time = 0)

0 0.0
66 28.5
88 38.0

102 44,0
107 46,1

10 111 4749
12 - 115 £9.6
14 117 “ 50.5

OO

Run 2—700 .

(Sample Weight = 8.3040 g, Temperature = 7O@QC5
(Flowrate = 18 SCFH)
Time . Weight Gain (mg) % _Ox

(min ) (From Time = 0)

0 0.0.

78 | 32.5
106 44,2
123 51.3
~ 137 - 57.0
10 143 59.5
12 147 6l.2
14 150 62.5

N E NN O

Run 2-=800

(Sample Weight = 7.8660 g, Temperature = 800°C)
(Flowrate 18 SCFH)

Time | Weight Gain (mg) ! . % Ox
(min) ) (From Time = 0) ‘.

0 - 0.0
80 B 35.2

]

- bel1.0°

162 - 710

- ' 172 | | 755

12 | - 181 © 79,4
14 ) | 188 | 82.4 -

f—a
W
WO




TABLE VI (CONTINUED)

Run 2-900

(Sample Weight = 7.7850 g, Temperature = 900°C)
(Flowra}e = 18 SCFH)

Time Weight Gain (mgqg) % _Ox
(min) (From Time = 0)

0 0.0
123 54.5
180 79.6
209 92.5
227 100.5
10 232 102.8
12 235 104.0
14 236 104.5

DL MNO

Run 2-1000

(Sample Weight = 7.9130 g, Temperature ::IG@@QC)
- (Flowrate = 18 SCFH)

Time Weight Gain (mg) % Ox

(min) (From Time = 0)

0 0.0
148 64.6
197 86.0
225 | 98.2
240 104.9
1 244 106.5
12 245 1 107.0
14 u ; | 247 | N 107.9




TABLE VII

-

Coefficients for % Ox Versus Time Curves

For Ore 1 And Cre 2

Temperature

Test (oC) A B C

1-300 300 0.22889 0.467866313 0.792681
1-400 400 0.56766 0.450653640 0.550522
1-500 500 0.41748 0.572731312 0.474257
1-600 600 2.46975 0.782768734 0.612815
1-700 700 50.84186 0.984716929 0.571198
1-800 800 50.95296 0.982586149 0.565025
1-900 900 51.02125 0.980448206 0.491935
1-1000 1000 41.05629 0.974990911 0.483693

Ore 2

1-300 300 0.16435 0.606131610 0.808889
1-400 400 0.29608 0.452912160 0.452583
1-500 500 0.46437 0.296582763 0.540299
1-600 600 0.61703 0.228535831 0.486170
1-700 700 0.73698 0.192385976 0.491075
1-800 800 0.94572 0.152951022 0.540247
1-900 900 7.05184 O.850740955 0.469176
1-1000 . 1000 51.08035 0.979168478 0.436195

D

-0.1000
-0.2000
-0.2000
-1.9000
-50.0000
-50.0000
-50.0000
-40.0000

-0.1000
-0.1000
-0.1000
-0.1000
-0.1000
-0.1000
-6.0000
-50.0000




TABLE VIII

Te + 110.4
Tf3/2

Variation of With Temperature

° | 3/2
Te, K T + 110.4 T,

31,600
36,400
41,500
47,000
52;400
58,100
64,700

70,000




Minute

10
11

12

13

14

TABLE IX

Partial Pressure Of Oxygen In The Bed

SCFM
O2 Use
per Ft

1.92
7.63
14.57
19.43
20.65
18.57
13.63
9.50
6.61
4.62

3.22

2422

1.52

O ° 9

SCFM
total

per Ft 02 Orig.

2

SCFM

As Determined For Test 1-1

SCFM
O2 at

bottom

SCFM

total at

botto@_ % ?OZ

470
425
395
360

305

295

265

260

260
295

295

98.7
89. 3
83.0
75:6

74 .6

64.0
62.0
55.6
54.6

54,6

54.6

58.8

62.0

96.7
8l.7
68.4
56.2
54.0
45.4

46.1

50.0

56.6

468
417
380
340
334
286
281
256

253

257

293

294

166

99.6
98.1
96 .2
94.4

94.1

93.8
95.3
96.6
973
98.1
98.8
99,3
99.3

0.207
0.196
0.180
0.165
0.162

0.159

0.172°

0.180

0.190
0.196
0.200
0.204
0.206

0.207
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FIGURE 2

CROSSECTION OF GAS HEATER AND REACTION CHAMBER
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| CROSSECT!ON OF FURNACE WITH GAS HEATER REACTION

FIGURE 3

- CHAMBER AND SAMPLE HOLDER

A-SILICON CARBIDE HE

B-LAVITE LID

ATING ELEMENTS

C,D,E-TRANSITE WASHERS |
F-GAS HEATER AND REACTION CHAMBER
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PHOTOGRAPH OF EXPER IMENTAL SETUP
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100 ~

% O X

/T

12 13 14
TIME, MINUTES

FIGURE 5-RUNS MADE "Tb ILLUSTRATE REPROD UCIBILITY




% 0 X

100

TIME, MINUTES

| 'FIGURE G‘RU'-NS MADE T0 CHECK ACCURACY OF WEIGHT MEASUREMENTS




% O X

€LT

XE 7T-RUNS MADE AT DIFFERENT FLOWRATES

i

100
Ao 3
90- 8 ©
80
70}
60}~
50~
40
SO~ O RUN CO-|1,125¢CFK
20l O RUN CO-12,I155¢FH
& RUN CO-2,I8SCFH
o) 0O RUN CO-13,21SCFH
0 | | l ! l | | | | | | | | | 1 |
0 l 2 3 4 5 6 7 8 9 10 ) 12 13 14 |15 g
TIME,MINUTES |




100, 0 O ©
o O ©
o 0
0O —O
”0/00)( 70
3 o —©
© =)
© ©
1 | 1 ! l |
I 213 14 5 g
TIMEMINUTE S
FIGURE 8-DATA TAKEN ON ORE BALLS OF ORE |
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FIGURE 9-DATA ON ORE BALLS OF ORE 2
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FIGURE . I I %

DIVISION OF THE THIN SLICE INTO GELLS




TIME .MINUTES

36.000 + ;

32.000 +

28.00 +

AR AIR

B SOL10S
24.00G +

20.000 +

16.000 +

12.000 +

a POT TEST

)

—

N

4

7.000 11.000 15.000 5. 000 23 000 27.000
TEHPEQHTURE DEGREES F(X 10

J

FIGURE 12-COMPUTER SIMULATION TESTl 1
POT TEST TEMPERATURES TAKEN 1. OINCHES
BELOW THE TGP OF THE BED, SIMULATION

- «43 INCHES BELOW THE ToP
- 178 .

OONE F OR




TIME . MINUTES

36.000 T

TEMPERATURE DEGREES F(X10 2)

FIGURE 13-COMPUTER SIMULATION TEST1-1
POT TEST TEMPERATURES TAKEN10.OINCHES
BELOW THE TOP OF THE BED.SIMULATION
DONE FOR10.81 INCHES BELOW THE TGP

’ 179 . . - |

32.000 +
268.000 +
a POT TEST
A AIR
B SOLIODS
24.000 +
20.000 +
a
a
a B
16.000 + a
a 4
a
' a
a
- 8.000 +—m} 4 : B—
1-000 6 .000 11.000 16-000 = 21.000 26 .000




TIME ,MINUTES

36 .000 +

32.000 +
28.000 +
& POT TEST
A AIR
| B SOLIDS
24.000 +

8.000 +—m ¥ —¥ —4 — —_—

1.000 6.000 11.000 16,000 21; .000 26 .000
TEMPERARTURE DEGREES F(X10 ) '

FIGURE 14-COMPUTER SIMULATION TEST1-1
POT TEST TEMPERATURES TAKEN16.OINCHES
BELOW THE TOP GF THE BED.SIMULATION

- DONE FOR16-00 INCHES BELOW THE TOP

180 -




22.000 +
18.000 + A
| & POT TEST
A AIR
& B SOLIDS
L 16.000 + \_
-
<
=
L
= 14.000 +
— 4
N 12.000 +
10.000 +
-,; ‘
}; 8.000 +—— 4 — B
; o, 6.000  10.000 14.000  18.000 22000 26-000
3 . ) TEMPERATURE DEGREES F(X10 °)
i - FIGURE 15-COMPUTER SIMULATIOGN TEST1-2
j - ~ POT TEST TEMPERATURES TAKEN 2.0INCHES
- ' '~ BELOW THE TOP OF THE BED.SIMULATION

- DONE FOR 1.89 INCHES BELOW THE TOP
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TIME.MINUTES

22 .000 T —
' B A
16.000 + A
A AIR
B SOLIDS
16.000 #- Ty
‘
14.000 + a /
a
12.000 +
A
10.000 +
A
8.000 ———m—m—m————4 —i -4 —e]
2 -.000 7.000 12 ..000 17 000 222.000 271 .000

TEHPERHTURE DEGREES F(X10
FIGURE 16-COMPUTER SIMULATION TEST1-2

POT TEST TEMPERATURES TAKEN 8.0INCHES

BELOW THE TGP GF THE BED.SIMULATION.
OONE FOR 7.S3 INCHES BELOW THE TOP
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22 .000 'T ‘X

(
20.000 a
A
8 A
18.000 + a
a POT TEST | A
A AIR
lcﬁ B SOLIDS
W 16.000 +
-
<
b2
L
= 14.000 +
.—

112.000 +

© 10-000 +

8.000 +—m—— } —+ —+—
1.000 6-.000 11.000 16 -000 21.000 - 26.000

TEMPERATURE DEGREES F(X10 2)

FIGURE 17-COMPUTER SIMULATION TEST{-2

POT TEST TEMPERATURES TAKENL4.0INCHES

BELOW THE TGP OF THE BED.SIMULATION
'DONE FOR13.97 INCHES BELOW THE TOP
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22.000

20.000 +
16.000 +
a POT TEST 6 A
A AIR _
% B SOLIOS
L 16.000 + a
= |
=
E la
W
= 14.000 + a
=
12.000 + /
10.000 + , a
a
8.000 ——m8 | -+
6 .000 10 -000 14.000 18000 222.000 26 .000
TEMPERATURE DEGREES F(X10 ©) |

FIGURE 18-COMPUTER SIMULATION TEST1-3

~ POT TEST TEMPERATURES TAKEN 2.0INCHES
BELOW THE TOP OF THE BED.SIMULATION
DONE FOR 1.83 INCHES BELOW THE TOP
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22.000 +

20.000 +

18.000 +

a POT TEST g\ A
A AIR
p) B8 SOLIOS
Ll 16.000 + a
—
D
=
E a
L] ﬁ
Z 14.000 + a
(SN
& /s

12.000 + &
N\

10.000 + a

6.000 +—m —_—

3.000 8.000 13.000 18.000 23 .000 28 .000

TEMPERATURE DEGREES F(X10 2)

- FIGURE 19-COMPUTER SIMULATION TEST1-3
POT TEST TEMPERATURES TAKEN 8.0INCHES
- BELOW THE TOP GF THE BED.SIMULATION
- DONE FOR 7.93 INCHES BELGW THE TOP
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TIME.MINUTES

2.000 +

20.000 +
|
18.000 +
a POT TEST ». | . B
A AIR -
B SOLIDS
16.000 | | | a
A
14.000 + | A
a
12.000 + a
10.000 +
8.000 _
2.000 7-000 12.000 17.000 22.-000
TEMPERATURE DEGREES F(X10 )

FIGURE 20-COMPUTER SIMULATION TEST1-3
POT TEST TEMPERATURES TAKEN14 .0INCHES
BELOW THE TOP GF THE BED.SIMULATION
DONE FOR13.97 INCHES BELOW THE TOP

186 .

27.000




TIME.MINUTES

~ 12.000 + R

20.000 +

18.000 + R

a POT TEST .
A AIR 8 "

B SOLIDS
16.000 + .

14.000 +

10.000 +

8.000 4\{.\* _ -

4 .000 3.000 14.000 13-000 242.000 . 29.000
TEMPERATURE DEGREES F(X10 °) |

- FIGURE 21-COMPUTER SIMULATIGN TEST2-1
POT TEST TEF‘?PERQTURES TAKEN 2.0INCHES
BELGW THE TGP GF THE BED.SIMULATION
OONE FOR 1.89 INCHES BELOW THE TOP
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TIME.MINUTES

20.000 +
18.000 +

a POT TEST

A AIR

B SOLIDS
16.000 +
14.000
12.000 +

a
10.000 + a
a
8.000 i,
2.000 7.000 1

2.000 17.000 22 .000

TEMPERATURE DEGREES F(X10 °)

' FIGURE 22-COMPUTER SIMULATION TEST2-1
POT TEST TEMPERATURES TAKEN 8.0INCHES

BELOW THE TGP OF THE BED.SIMULATICN

'DONE FOR 7.93 IN

CHES BELOW THE TGP

188 .
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20.000
18..000 a
. T
a POT TEST A
A AIR 8/ a
% B SOL10S |
Lt 16.000 +
-
=
=
L
P2
=
| armo#———-———+———————+~ —t
~9.000 17.000 25.000 33; ooo 41.000
, TEMPERATURE DEGREES F(X10 ° |
FIGURE 23-COHPUTER SIMULATION TEST2-1
POT TEST TEMPERATURES TAKEN14.0INCHES

BELGW THE TGP GF THE BED.SIMULATION
OONE FOR13 87 INCHES BELOW THE TOP
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TIME,MINUTES

&0000 T
28.000 +

24.000 +

16.000 +

- 8.000 +

3% .000 T ' .. | *

TEMPERATURE DEGREES F(X10 2)

- FIGURE 24-COMPUTER SIMULATION TEST2-2
'POT TEST TEMPERATURES TRKEN 3.0INCHES

»9IMULATION

BELOW THE TOP OF THE BED

DONE FOR 3.65 INCHES BELOW THE TGP
- 190

& POT TEST
ARIR
B SOLIDS
a
20.000 + a
. a
a
B8Y A
a
a4
a
; a 7
12.000 + A -
a
A
a
3.000 8.000  13.000  18.000  23.000  28.000




TIME,MINUTES

36 .000

& 0000 T

28.000 +

24.000

24.000

16.000

12.000

8.000

r
~\.
a POT TEST
A AIR
+ B SOLIODS
A
. a
T . a
a
' a
. B A
.ir. A
A g
A 4
a
-4 a
a
a
A _ | 4
+ : } + ~
2.000 7.000 12.000 17.000 222 -000 27.000

TEHPERHTURE DEGREES F(X10

FIGURE. 25-COMPUTER SIMULATION TEST2 2 o
- POT TEST TEMPERATURES TAKEN 9.0INCHES
BELOW THE TOP GF THE BED.SIMULATION

"DOONE FOR 8.51 INCHES BELOW THE TOP
191




TIME,MINUTES

B SOLIDS
24.000 +

20.000 -+

16.000 +

12.000 4

8.000 - } ———— ——f— -  — —
| 34 -000

2.000 10-000 18.-000 26000 ]
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OONE FOR 8.51 INCHES BELOW THE TOP
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