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Reduction of Single Particles and Packed
Beds of Hematite with Carbon Monoxide

M. A. OSMAN, F. S. MANNING, and W. O. PHILBROOK

Carnegie Institute of Technology, Pittsburgh, Pennsylvania

Sintered spheres of reagent grade hematite and particles of vermilion ore were reduced by
carbon monoxide-carbon dioxide mixtures over the temperature range 820° to 920°C. If aoll
the weight loss were assumed to occur at a single hematite-iron interface, then the early
stages of reduction could be correlated by a series combination of the individual resistances
due to boundary-layer transport, transport through the reduced iron shell, and interfacial chem-
ical reaction. Sintering and cracking offected the reduction at later stages. Particle reducibility,
measured as rate of weight loss, was independent of particle porosity.

Packed beds of similar sized vermilion ore particles were reduced with carbon monoxide-
carbon dioxide mixtures at temperatures between 820° and 920°C. Barner’s and Spitzer's methods
of estimating fixed-bed reduction rates and exit gas compositions were modified to include
the multiple-step, single-particle kinetic models. The resulting predictions of fractional re-

duction agreed closely with the present data; however, theoretical and experimental exit gas
compositions differed considerably.

Due to the great industrial importance of pig iron pro-

duction, there is intense economic interest both in optim-
izing current iron ore reduction processes, for example,
blast furnaces, and in developing more economical reduc-
tion and smelting techniques. Often, reduction of iron
ore lumps with hot reducing gases containing carbon

monoxide, carbon dioxide, hydrogen, and water is in-
volved.

Egl;'d't A. Osman’s present address is 16 Menes Street, Heliopolis, Cairo,
pt.
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The present work had three goals. First, single-particle
reduction data were taken in order to elucidate the roles
played by industrially controllable variables such as re-
duction temperature, reducing gas composition, and intra-
particle porosity. Second, isothermal reduction runs were
made with fixed beds of vermilion ore particles. A better
understanding of fixed-bed reduction was desired as a step
toward evaluating the considerable economic potential to
be gained by optimizing the temperature, flow rate, and
composition of the reducing gas and the size, porosity, and

Page 685



composition of the ore particles or agglomerates. Finally,
the above data were used to improve Barner’s and Spitz-
er'’s methods (12, 17) of predicting packed-bed reduction
rates from single particle kinetics.

THEORY

Hougen’s model (8) of gas-solid reaction is applied to
reduction of single hematite spheres and the resulting
mathematical rate expressions are presented. Finally,
Barner’s (1, 2) and Spitzer's (17) models of fixed-bed
reduction are summarized.

Single-Particle Reduction
The heterogeneous reaction:

Fey0; (s) + 3CO (g) =2Fe (s) + 3CO; (g)
involves the following steps:

1. Transfer of reactant gas from the bulk gas stream
through the gas boundary layer to the exterior particle
surface and the reverse transfer of the product gas.

2. Inward diffusion of reducing gas and outward diffu-
sion of product gas across the reduced outer shell to the
interior unreacted core surface.

3. Chemical reaction at the interface between the re-
acted outer shell and the unreacted inner core.

The specific case of hematite reduction to iron involves
the successive reactions FeqQ3 - FegO, » FeO —» Fe if
the reaction occurs at temperatures above 560°C. Below
560°C. the reduction proceeds as FeO3 = Fez04 = Fe.
At present, the additional complexities due to varying
physical properties and inhomogeneities in the ore are
usually neglected. When a partially reduced hematite pel-
let is split (4, 6, 13 to 15) concentric shells of all lower
oxide phases are usually observed. The magnetite and
wiistite layers are often quite thin.

Hougen’s (8) model can be applied to hematite reduc-
tion if the following additional assumptions are made:

1. Thicknesses of the magnetite and wiistite layers are
neglected, thus reducing the system to a hematite core
surrounded by an iron shell.

2. All oxygen removal, and consequently the entire
weight loss, occurs at the wiistite-iron interface.

3. The spherical shape of the particle and the spherical
symmetry of the reduction process remain unchanged dur-
ing reduction, that is, no cracking and/or sintering.

Mathematical description is further facilitated by as-
suming that (1) reduction proceeds isothermally, and
(2) reduction is pictured as being quasi steady state.

Hematite reduction rates may be defined by

N anean _ 1 dnco . 1 ane . 1 dnc02
dt 3 dt 2 dt 3 dr
(1)

or by the weight loss, that is, the oxygen removed:
AW, ( —48g.0 > (an9203)

di mole Fe,O3 dt
_ (-—16g.0 (dnco)~< + 16g.0) (dncoZ)
" \ mole CO dt /  \ mole CO, dt
(2)
or by the rate at which the unreduced core radius recedes:
DV o (amx2) (52) (3)

Hematite reduction has now been simplified to three
distinct processes: boundary-layer transport, mass transfer
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through the reduced shell, and chemical reaction at the
oxide-metal interface. These processes may now be de-
scribed mathematically for the special case of a binary
mixture of carbon monoxide-carbon dioxide as the reduc-
ing gas.
Inward gas transfer:
_dWo (—-16g.0
dt mole CO
Inward gas diffusion:
_dWo_(—ngO)DeffP4 (yo’_yil)

dt mole CO RT o%i %o — X
(5)

) h 4mx? P(yf — yo') (4)

Chemical reaction:

dWo (-—16g.0

) k4mx2 P(y/ — yi”/K,)

dt atom O
(6)
Outward gas diffusion:
dWo ( 16g.0 ) Deul yo’ =y’
- = 4axox; 7
dt mole CO,/ RT o Xo— X; (7)

Outward gas transfer:
dWy . ( 16g.0
dt mole CO,

By combining these individual resistances in series and by
using Equation (3) one obtains

_ (do/16)x2 dx; 1 Xo— X; }

) h dax® Py — yo) (8)

P dt h x,? + Dy
RT

XoXi

1 ) 1 yf”
(1+Ke +kx,-2] yf K, (9)

Integration of Equation (9) for the special case of negligi-
ble accumulation of carbon dioxide in the bulk gas phase
yields

- -(2)
Pt B Xo + (1 + 1 ) Xo
doxo  k K, 3L

xo{l——3<%)2 +2(£‘0—*)3 }
+ 6 (Dege/RT)

Various simplifications of this general model may be
obtained by assuming which resistance(s) controls the
overall rate. A brief summary of prior use of these sim-
plifications to correlate data now follows.

Kawasaki et al. (9) concluded that the reduction rate
of porous hematite pellets with carbon monoxide and hy-
drogen, in the temperature range of 850° to 1,120°C., was
controlled by the gaseous diffusion through the boundary
layer and the reduced iron shell.

McKewan (13, 14), using both carbon monoxide and
hydrogen, has shown that the reduction of hematite
spheres can be described by surface reaction mechanism
which may be obtained from Equation (10) by neglecting
the boundary-layer transport and the shell diffusion terms.

48 k Pt X b

Xo
McKewan (13, 14) reported that reduction by carbon
monoxide at 760°C. was characterized by a high initial
rate which decreased slowly with time until the pellet

(10)
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was reduced approximately 30%. The rate thereafter re-
mained constant up to 70% reduction. However, at a
higher temperature of 1,120°C. the observed rate re-
mained substantially constant. McKewan reported an ac-
tivation energy of 8.5 kcal./mole for reduction of hematite
spheres with carbon monoxide.

Themelis and Gauvin (19) correlated within = 30%
deviation the data of fifteen investigators on the reduction
of hematite ores with carbon monoxide and hydrogen.
They used the single-step surface reaction mechanism.
Both hydrogen and carbon monoxide reduction exhibited
an activation energy of 4.2 kcal./mole but reduction by
hydrogen was approximately six times faster than by car-
bon monoxide.

If boundary-layer transport offers negligible resistance,
then Equation (11) simplifies to

Xi
e
%o {1-—3(%)+2(—:-)3
(12)
6(Dere/RT)

Lu (10) derived a rate expression equivalent to Equa-
tion (12) for an irreversible reaction, while Seth and
Ross (16) correlated their hematite reduction data by
similar equations. Warner (20, 21) discussed the inter-
acting effects of boundary-layer transport, diffusion
through the reduced layer, and interfacial reaction.
Warner’s data on the reduction of hematite cylinders by
hydrogen illustrated the influence of gaseous diffusion.

Packed-Bed Reduction

El Mehairy and Philbrook (7) showed that the overall
isothermal reduction rate of a fixed bed of hematite parti-
cles under constant pressure drop depended on two vari-
ables: (1) The supply rate of the reducing gas. As indi-
cated by the Carman-Kozeny equation, the mass velocity
varies as the square of the particle diameter for the low
Reynolds number and constant pressure drop which pre-
vailed in their study. (2) The total interfacial area avail-
able for surface reaction. For the constant bed volume,
this varies inversely with the particle diameter.

An optimum size for maximum reduction rate existed,
because increasing the particle size would gradually
change control from the rate of supply of reducing gas to
the surface area available for reaction.

Barner, Manning, and Philbrook, (2) using a digital
computer, predicted the optimum particle size which cor-
responded to the maximum conversion rate. Particle re-
duction rates were obtained from McKewan's correlation
of isothermal single-particle data. Reduction was postu-
lated to stop when the reducing gas concentration reached
the equilibrium pu,o/pu, ratio for the ferrous oxide/iron
reaction. The following simplifying assumptions were
made: flat velocity profile, negligible temperature gradi-
ents, and negligible axial diffusion.

Spitzer, Manning, and Philbrook (17) extended Barn-
er's work and considered all three reduction steps (hema-
tite-magnetite, magnetite-wiistite, and finally to iron), thus
permitting additional use of reducing gas beyond the
equilibrium value of ferrous oxide-iron. Three theoretical
cases were considered.

Dense Particle Model. This model allowed reaction to
continue by the gaseous reduction of magnetite to wiistite
when the gas concentrations were less reducing than the
ferrous oxide-iron equilibrium value, and similarly by the
gaseous reduction of hematite to magnetite when the gas
was too lean to produce the lower oxide. Transport re-
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sistances were neglected and only one surface reaction
was assumed to occur at a given time. The reducing po-
tential of the surrounding gas determined which reaction
occurred.

Porous-Particle Models. Here interdiffusion of reducing
gases was not restricted to the outer reduced shell but
was allowed to proceed further into the other oxide
phases. Thus the reducing gas, while diffusing into the
pellet, may produce layers of magnetite or wiistite and
may be almost completely depleted at the hemetite-mag-
netite interface. However, the gaseous products diffusing
outward may reoxidize any wiistite or iron layers formed.
Thus, two cases were considered: (1) porous model “A”:
where reoxidation is fast enough to produce stepwise re-
duction of the entire pellet. (2) porous model “B”: where
reoxidation is slow enough to be neglected and hence
concentric cores of all phases will proceed inward by
direct chemical reaction at the respective interfaces.

SINGLE-PARTICLE REDUCTION EXPERIMENTS
Equipment

The spring-type, thermogravimetric apparatus, which is
shown schematically in Figure 1, consisted of a 42-mm, ILD.
fused silica tube heated by an electric furnace. Furnace tem-
perature was controlled with a chromel-alumel thermocouple
situated between the silica tube and the furnace lining. The
ore sample was placed in a wire basket which was attached to
a nichrome spring by a fine chain. In turn, the spring was
suspended from the top of the silica tube. The reducing gas
flowed upward and was thereby heated by the furnace, then
passed the ore basket and finally was let out of the silica tube
through an opening just above the furnace. A second chromel-
alumel thermocouple measured the temperature just below the
ore sample. The spring was kept cool by forcing a cold stream
of nitrogen around it. Spring extensions were followed with
a cathetometer capable of reading extensions to 0.001 in., that
is, to 0.01 g.

Procedure

The ore particle was weighed, placed in the basket, intro-
duced into the furnace, and heated to the desired temperature.
The cathetometer was adjusted to a mark on the spring. Then

NITROGEN
INLET
CONTROL
GAS
THERMOCOUPLE oUTLET
3.‘4
< - 18 fi
5/ T
@
Q
[+4
-
[5)
w
-
w
ISINIRIN]
42 mm. i.0.
SILICA TUBE CO INLET
THERMOCOUPLE

Fig. 1. Single-particle reduction equipment.
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the reducing gas was passed at a metered rate through the
silica tube while the cool nitrogen flowed downward. The
weight loss was measured by following the decrease in ex-
tension of the spring.

Raew Materials

Vermilion ore particles and reagent grade ferric oxide spheres
were used throughout. The ore was first crushed, sieved, cal-
cined at 950°C, for 6 hr. in an electric furnace, and then sieved
again before being used. The ore had the following analysis:

Untreated ore Treated ore

Iron 62% 64%
Phosphorus 0.1% —
Manganese 0.07% —
Silica 6.0% 4.65%
Alumina 2.7% —
Water — 0.033%

Results and Discussion
The scope of the single-particle data is:
8.7 mm.
10 =1 mm. in diameter

0.63 to 1 g./(sq.cm.)

Ore particle size
Hematite spheres
Carbon monoxide flow rate

(min.)
Time of reduction up to 90 min.
Fractional reduction 0 to 1009
Porosity of ore particles 1 to 18%
Porosity of hematite spheres 16 to 22%

820° to 920°C.

Although cracking was observed in both partially re-
duced single particles and those reduced in packed beds,
it was more pronounced in single-particle runs. In the
later stages of reduction, the reaction rate decreased mark-
edly, and sometimes the process stopped entirely. This
effect was more pronounced the higher the carbon monox-

Temperature

TEMPERATURE 820°C.
100% CO Igm./cm2min.
© HEMATITE SPHERES
® ORE PARTICLES
x AV. VALUE OF ORE
.-8,— olo | lo /0'0/ ]
e Ad—x—e] T 50 MIN
_GZT_‘J l —]
el o
ot )
6 o | o /6 -
Q
S ‘i)/z BO MIN.——
E 4 / 0 PY -
= .3"""—- I‘
(o] (]
s /‘/ .
(&) Jso
24 ° g 20 MIN.
® - [ By T .
5 2 v /o'°
ko3 | —
g o Oo/o/
« .2 ] 10 MIN—/
o ipeas — 11 ° i
G L
2= l / -
o ] 5 MIN.
= b

5 10 15 20 25 30 35 40
% POROSITY

OO

Fig. 2. Single-particle reduction data at 820°C.
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Fig. 3. Fractional reduction-time curves for single particles.

ide content of the reducing gas. This may be explained by
increased carburization of the iron shell, thus forming
austenite in place of part or all the ferrite. The resulting
recrystallization could well aid, if not induce, cracking.
Sintering of the outer shell could explain the observed
decreases in the reaction rate. However sintering involves
reduction in porosity of the iron shell and hence a net de-
crease in volume of the iron phase. It is therefore reason-
able to expect the space occupied by the original hema-
tite to be filled by a more massive iron phase, that is,
closer to theoretical density, plus gross fissures or cracks
rather than by an iron sponge with half its volume as
widely distributed small pores. Unfortunately the above
explanations are closer to postulations than proven facts.

Apparent particle porosities were observed to increase
from 10.6 initially to 40% after 90 min. of reduction at
920°C. Sintering of the entire shell of reduced iron would
decrease the apparent particle porosity; however, the in-
crease in porosity could be explained by the higher true
density of iron to that of hematite. In addition if the
particle either retained its original shape or underwent
swelling during reduction, then the oxygen weight loss
must produce a decrease in apparent particle density. The
reduction rate could be decreased markedly by the sinter-
ing of a very thin layer of iron.

Reproducibility of results for single particles was
poorer than for fixed beds. Irreproducibility resulted
trom the wide dissimilarities in shape, purity, and porosity
among different particles and from variations in cracking
and sintering patterns during reduction. Individual parti-
cle variations were hidden in packed-bed runs because
several hundred particles were used at a time. Packed-
bed weight losses were reproducible within = 29% com-
pared with = 7% for single hematite spheres. Reproduci-
bility in ore particle runs was still poorer owing to the
difficulty of obtaining particles of identical weight, shape,
and porosity.

Figure 2 shows typical reduction data for both ore
particles and hematite spheres of different porosities as a
function of time. Some scatter was observed even at the
beginning of reduction when cracking and sintering ef-
fects were minimized. In the later stages of reduction
the scattering became more pronounced due to nonuni-
form cracking and/or sintering of the particles. This il-
lustrated the difficulty of correlating porosity and reduci-
bility (measured as fractional reduction rate). Figure 3
shows typical variations of the fractional reduction with
time for hematite spheres and ore particles at 920°C. To
minimize the variation in ore particle results, the average
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Fig. 4. Shell penetration rates for single particles with carbon
monoxide.

of values for several ore particles was used. Figure 4
shows the penetration (xi/x,) of the reduced shell, as
computed from the weight loss, with time. The data were
now fitted to the general three-step model as follows: the
boundary-layer transfer coefficient h was first estimated
with the Steinberger and Treybal formula (18). The dif-
fusion resistance was assumed negligible during the first 5
min. of reduction and, therefore, Equation (10). Equa-
tion (10) may be simplified by omitting the shell diffu-
sion resistance, that is, the

{1 _3 (;‘_i)z +2 (;"—)3 } %0/6 (Dest/2T)

term. The kinetic constant for this model was then deter-
mined by fitting the experimental data of the first 5 min.
of reduction to this simplified form of Equation (10). The
experimental effective diffusivity was then determined by
trial until a single value yielded a close fit. No attempt
was made to fit data taken during the later stages where
sintering effects were considerable.

Figure 5 plots the kinetic constants for three-step model
against the reciprocal of the absolute temperature, thus
yielding the temperature coefficients as shown in Table

T(°C)

1000 900 800 700 600
T T 1 1 11 1
® HEMATITE SPHERES AH=10k cal/mole
O ORE :PARTICLES AH= |‘4.6 kcol/lmole
|
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g 10°®
s Y
e N
)
“-
£ \
L AN
o
o
2
(-]
£ \
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o .
&L
10°¢
0.7 0.8 0.9 1.0 I.1 1.2
1000/ T(°K)

Fig. 5. Temperature coefficients for single-particle rate constants.

1. Differences between values for the ore particles and
hematite spheres may be attributed to differences in the
area available for reaction and to impurities. Reported
kinetic constants depend on the actual surface area ex-
posed to reaction rather than the theoretical spherical area
(47rxi2).

Table 1 also presents the diffusivities obtained by fit-
ting the data with the three-step model. The fitted diffu-
sion coefficients for hematite spgeres vary uniformly with
temperature, while those of the ore particles show more
scatter. This may be due to the greater variation in shape
and purity among the ore particles. These fitted values
are compared with the binary carbon monoxide-carbon
dioxide diffusivities as estimated from Gilliland’s equation
and with the theoretical effective diffusivities as calculated
from Dipeo. = (Dage)/8, (5) where 8§ was set equal to
2 (22). Good a%reement was observed between Do, and
Deyp. at the low temperature of 820°C. [Dexp =
2(Dineo.) 1. At the high temperature of 920°C., where
sintering and cracking were appreciable, agreement be-
tween Dineo. and De,p, was poor [Dexp, = 10(Dineo.) 1-

It cannot be overemphasized that the fact that the
three-step model can be fitted to the reduction data does

TasLE 1. KINETIC AND TRANSPORT COEFFICIENTS FOR SINGLE-PARTICLE DATA

Mass trans.
Kinetic constants kexp., coefficient h,* ‘Binary diff. Shell diffusion Experimental shell
Reduction  g.-mole carbon monoxide/  g.-mole carbon  coefficient, coefficients, diffusion coeff.
temps. (sq. cm.) (sec.){atm.) monoxide/ (sq. Das,t Dtheo.,} sq. cm./sec. Dexp., sq. cm./sec.

T, °C. Ore Hematite  cm.)(sec.}(atm.) sq.cm./sec. Ore Hematite Ore Hematite
820 14 x 106 7.0 x 10—6 6.7 X 10—5 1.12 2.0x 1071 25 x 101 2.0 % 10-1 28 x 10—t
870 2.0 x 106 9.0 x 10—¢ 6.7 X 10—3 1.14 22 % 1071 27 x 10—1 1.5 x 101 6.7 % 101
920 2.7 X 10—8 10.8 x 10— 7.0 % 10—5 1.25 24 % 1071 3.0 x 101 1.0 x 10—t 114 x 10—1

® h estimated from the Steinberger and Treybal formula.
$ Dap estimated from the Gilliland formula.
§ Dtheo. = (eDan)/é.

VYol. 12, No. 4
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not confer uniqueness or physical reality on the model.
For example, the linear rate at which the unreduced core
receded in the early stages of reduction indicated that
these data could be fitted also by the single-step equation
for interface reaction control. Obviously, this fit should
not be interpreted to mean that boundary-layer transport
offered no resistance. The boundary-layer mass transport
coefficient was not infinite, as indicated by the magnitude
of the estimated values (18) in Table 1.

FIXED-BED REDUCTION

Equipment

The flow diagram of the equipment is shown in Figure 6.
The reducing gas (carbon monoxide) flowed from the storage
cylinder through a pressure regulator; through a drying tower
to a calibrated rotameter, the flow in which was controlled by
a needle valve; and finally to the reducing capsule. Nitrogen
gas was used to provide an inert atmosphere in the capsule
while cooling the reduced bed and to displace air before ad-
mitting carbon monoxide, thus eliminating explosive mixtures.
The nitrogen was passed over heated copper foil at 300°C: to
remove any residual oxygen impurity. Anhydrous calcium' sul-
fate was used as drying agent. The reduction capsule, which is
shown in Figure 7, was made of type 304 stainless steel seam-
less pipe and contained a gas-preheating section which was
fillled with %-in. ceramic pellets. The length of the preheater
was designed so that the reducing gas could be heated to
within 10°C. of the wall temperature if the gas mass velocity
was less than 0.3 g. carbon monoxide/(sq. cm.)(min.) (12).
The section enclosing the ore bed, which was supported by a
stainless steel wire screen, was placed above the preheater
section. A layer of refractory cement sealed the upper edge
of this threaded joint, thus ensuring no loss of the premeasured
reducing gas before it flowed through the bed. The cap was
secured in place over the fixed bed by eight bolts. A small
hole in the cap permitted direct measurement of the bed tem-
perature with a chromel-alumel thermocouple. Two tappings,
one just before the ore bed and the other just above it, per-
mitted the pressure drop across the bed to be measured by an
inclined manometer with a range of 0 to 1 in. of water in
graduations of 0.01 in.

The gases leaving the bed were passed through a Ranarex
gas analyzer before being burned. This Ranarex reading en-
abled the calculation of the carbon dioxide content within
*2%.

Procedure

The ore bed was weighed and mounted on the capsule,
which was then put in the furnace. A stream of nitrogen was
passed through the ore bed while it was heated. When the
temperature reached the desired value, the carbon monoxide
was turned on at a premeasured constant flow rate and passed
through the bed for the desired time. During reduction, the
gases leaving the bed were passed through the Ranarex gas
analyzer, which was read periodically. At the end of a run,
the bed was flushed with nitrogen for a few minutes and the
capsule removed from the furnace. The nitrogen stream was
kept flowing through the capsule until it cooled down to foom

1. Np CYLINDER 5. DRYING TOWERS 9. FURNACE

2. CO CYLINDER 6. PRESSURE GAUGE 10. DIFFERENTIAL PRESSURE
GAUGE

3. PRESSURE REGULATOR 7. FLOW METER Il. GAS ANALYZER

4. OXYGEN REMOVAL TOWER 8 REDUCTION CAPSULE 2. EXIT GAS BURNER

Fig. 6. Flow sheet of reduction equipment.
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Fig. 7. Reduction capsule.

temperature, at which time the reduced bed was weighed to
get the weight loss and fractional reduction.

Results and Discussion
The scope of the present packed-bed work is:
Average ore particle porosity 10.6%

Average ore particle size 8.7 to 7.14 mm.

Bed height 7.8 cm.

Bed diameter 8.9 cm.

Bed void fraction 05

Temperature 550° to 920°C.

Reduction time 20 to 90 min.

Fractional reduction up to 75%

Gas flow rate 0.3 to 0.4 g./(sq.cm.)
(min.)

Figure 8 shows the variation in exit gas composition
with time for two temperatures, 760° and 920°C., and
three particle sizes, 3.1, 6.0, and 8.7 mm. High tempera-
ture results were emphasized because carbon deposition
was appreciable in experiments carried out below 760°C.
Initially the carbon dioxide content in the exit gas was
greater than the ferrous oxide-iron equilibrium value.
These high carbon dioxide contents indicated that reduc-
tion of fresh ore particles was considerably faster at the
beginning and that carbon monoxide was used to form
some mafnetite and some wiistite when the reducing gas
was too lean to produce iron. Reduction rates decreased
rapidly after about 25 min. The pressure drop across the
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Fig. 8. Packed-bed exit gas compositions.

bed increased during reduction, for example, a 50% in-
crease after 30 min. reduction at 870°C. was typical. This
increase could be attributed, with the Carman-Kozeny
equation, to a decrease in interparticle void fraction from
50 to 46%, and thus could illustrate swelling phenome-
non frequently associated with hematite reduction.

Predictions of Fixed-Bed Reduction Rates

Barner’s method (I, 2) of predicting fixed-bed reduc-
tion rates was modified to include the general, three-step,
single-particle rate expression, that is, Equation (10). Fig-
ures' 9 and 10 present the resulting predictions of overall

R D A B R I 1 1
| — — PREDICTIONS FROM MODIFIED -
~ BARNER'S PROGRAM.
=~ .80 —— PREDICTIONS FROM MODIFIED
3 SPITZER'S PROGRAM. /’o
= P
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S .40 A2
5 7/
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100 % CO - 0.3 gm. /cm.2 min.
B ORE BED 8.7mm. PARTICLES m
) S T N |
20 40 60 80 100
TIME {min.)

Fig. 9. Comparison of packed-bed reduction rates with Barner's
and Spitzer's predictions.
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bed reduction rates and exit gas composition and com-
pare them with the experimental data. The modified
program used three rate coefficients: h, Deyp., and kexp..
The boundary-layer transport coefficient A was reesti-
mated for the packed ore bed (3), while kexp, and Dexp.
were evaluated as described previously from the single-
particle data and Equation (11). Predictions of the re-
duction rates agreed closely with the data, but apprecia-
ble deviation was observed between the predicted and
experimental exit gas compositions. This failure to predict
exit gas compositions, especially the initial values, sug-
gested that Bamer’s simplifying assumptions were inade-
quate. Hematite reduction could not be considered as
merely the reduction of wiistite to iron, and reduction
should not be assumed to stop when the carbon monoxide
content approached the ferrous oxide-iron equilibrium
value. )

Accordingly, Spitzer’s dense-pellet model (17) was not
modified. Spitzer's model treats the FeyO3-Fe304, FeyOy-
FeO, and FeO-Fe steps separately and therefore involves
seven rate coefficients: h for the boundary layer and a
separate pair of Dess and k for the iron, wiistite, and mag-
netite layers. Unfortunately all of these seven rate coeffi-
cients could not be obtained from independent sources,
and hence some curve fitting to the fixed-bed data was
required. In order to reduce computer time the boundary-
layer transfer coefficient was omitted. This simplification
reduced computation time considerably and separate cal-
culations showed that including h as the seventh constant
did not improve the fit significantly. Six constants still
remained to be evaluated:

kl’D 1
3 Fe;03 + CO = 2Fe304 + CO,

k2,D2
Fe304 + CO = 3 FeO + C02

k37D3
FeO + CO = Fe + CO,

Transport coefficients for the iron layer Dy and k; were
obtained by setting D3 = Dy, and k3 = kexp.. In turn,
Deyp. and kexp. were obtained as previously described from
the single-particle data. The effective diffusivities of the
wiistite and magnetite layers were estimated with the ex-
pected variation of diffusivity with void fraction:

100 | | | l
. ’-:':5——4
g 9 o= |
C b =T —
~ L — =
= 60 M
i 870°C.
= L ORE BED 8.7mm. PARTICLES —
S 100% CO 0.3 gm./cm.2min.
40
3 o DATA
w — — BARNER MODEL
g 20 SPITZER MODEL
— —
0 | ! { l [
20 40 60 80 100

TIME (min.)

Fig. 10. Comparison of packed-bed exit gas compositions with
Barner’s and Spitzer’s predictions.
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Di/e; = Ds/es = D3/ es

The void fractions were computed from the theoretical
densities of hematite, magnetite, wiistite, and iron and
the known initial porosity of the hematite particle. Finally
ks and ks were varied independently until a.good fit of
the experimental reduction. rates and exit gas compositions
was obtained. .

Figures 9 and 10 compare the fixed-bed data with the
predictions resulting from Spitzer’s modified model. The
reported predictions were obtained with

Kexp. = ks = L5 ks = kg

Again the predicted bed reduction rates agreed quite
closely witﬁ the experimental rates, while significant
deviation was observed between the predicted and ex-
perimental exit gas compositions. - However, Spitzer’s
model, with its six constants, was able to reproduce the
general shape of the exit gas composition if not the ob-
served values. '

Many explanations could be found for the deviations
between the packed-bed data and the model predictions.
The behavior of each particle in the packed bed was as-
sumed to be similar to its behavior if reduced individually.
Particle interactions, that is, the effect of the neighboring
particles on the mass transfer to and from any one par-
ticle, have not been included. Care was taken to pack the
bed uniformly, but the absence of channeling of the ris-
ing reducing gases with the resulting local hot and cold
spots could not be guaranteed. Isothermal reduction was
assumed but temperature fluctuations, while kept small
(less than 10°C.), could not be eliminated. Even the par-
tial a%reement of multistep reaction models with single-
particle results does not exclude the argument that these
models may not be the correct ones, or if they are, the
complete set of rate constants and material properties may
not yet be correctly known. Deviation from the experi-
mental results may also be attributed to cracking and
sintering. None of the models considers these complica-
tions.
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NOTATION

A = surface of particle or pellet, sq. cm.

D = %as diffusivity, sq. cm./sec.

Dyp = binary gas diffusivity as estimated from the Gilli-
land formula, sq. cm./sec.

do = oxygen content of pellet, g. oxygen/cc.

h = mass transfer coefficient for boundary layer sur-
rounding particle - (g.-moles carbon monoxide/
(sq. cm.) (sec.) (atm. carbon monoxide)

K, = equilibrium ratioc of carbon dioxide to carbon
monoxide for wiistite-iron equilibrium at reaction
temperature

k = surface reaction rate constant, g. atoms of oxygen
removed from oxide core/(sq. cm.)}(sec.) (atm.
carbon monoxide)

M = molecular weight

n = g.-moles

P =

total pressure of reducing gas, atm.
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R = fractional reduction, oxygen removed/total re-
movable oxygen

R = gas constant 82.03 (atm.) (cc.)/(g.-mole) (°K.)

t = time, sec.

W = mass, g.

X = fictitious boundary-layer thickness, c¢m., in Equa-
tion (14)

x = radial distance from center of particle, cm.

y = mole fraction

Greek Letters

) = tortuosity factor

e = porosity of reduced shell

Subscripts

eff = effective value in which combined effects of
shape, cracking, porosity, and possibly sintering
are included

exp. = value obtained by fitting model to data

f = bulk gas phase property

i = value at ferrous oxide-iron interface

O = oxygen weight loss

0 = value at external surface of particle

1,2,3 =

%y

magnetite, wiistite, and iron layers, respectively

Superscripts

’ = reducing gas, carbon monoxide

” = product gas, carbon dioxide
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