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| RN CARBI DE BACKGROUND OF THE | NVENTI ON Field of the Invention pres

i nvention relwbgi,dzgz‘,a met hod for controlling the processi ng pEr/us9oi/osiss
i ron-containing.reactor feed into a formwhich is useful in the direct

preduction of, st.eel . More particularly, the present invention relates to a

met hod for controlling the Wﬁb@ﬁ-g&iﬁ@ﬁﬁﬁs ﬁgdcbl@vﬁzﬁdﬁ di zed bed
reactor into a product opOfidN-doNGaRRING YREAGIOK #ERbIENTOLERIN Rir¥ipel -t he
Reldated Art Typically, iron ore is converted to steel through a
BACKGROUND OF THE INVENTION
Field of the Invention
The present invention relates to a method for
controlling the processing of iron-containing reactor feed
into a form which is useful in the direct production of
5 steel. More particularly, the present invention relates to
a methbd;for controlling the conversion of reactor feed in

a fluidized bed reactor into a product comprising mostly

iron carbide.

10 Description of the Related Art
Typically, iron ore is converted to steel through a
basic process that has been in use for many years. This
process involves the conversion of iron ore to pig irﬁn in
a blast fhrnage using coke pfoduced in a coke oven and the
15 subsequent conversion of the pig iron'to steel in an open
hearth or basic oxygen furnace. However, this process has
a number of drawbacks, some of which have been brought
about by realities of life in the late twentieth century.
For example, due to environmental standérds, capital costs
20  involved with the constructibn of a steel mill which meets
pollution standards of the modification of existing plants
" to meet pollution standards would now be prohibitive. Wwhen
the capital costs are factored into the price that must be
charged for the steel produced by such a steel mill, the
25 price of that steel would simply not be competitive on the

?orld market. Additionally, the traditional stéel-making
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basi c process that has been in use for many years. This process involves

the conversion of iron ore to pigiron in a blast furnace usi

produced in aVORBOBHen and the subsequent conversion of the %‘Frgmigrkggﬁtsg
steel in an open hearth of basic oxygen furnace. However, this process has
a rmnunber of drawbacks, sone of which have been brought about by realities
of life in the late twentieth century. For é?%hple, due to environnent al

standards, capital_¢o iV ' he. canst EHEL ; Y
i Ch oot s pol | ut PERCTS 10 pREEdy ricdnifer 8 BHEtf Rogelil iedbien
nmeet pol I ution stapgdrifs Woaiddd Ny bengr obidditivgal Wininidle Gl abe€ofié S

are factored into the price that nust be charged for the steel produced by
such a steel nill, ekbessive. With the availability and cost of energy in the
near future being unpredictable, the traditional manner of
5 manufacturing steel faces an uncertain future.

Accordingly, a demand has been created for relatively
clean, energy efficient and less expensive methods for
producing steel. 1In this regard, a great deal of effort
has been directed to the elimination of the blast furnace
10 and the coke oven in steel-making. Blast furnaces and coke
ovens are inefficient, ceonsuming large quantities of
energy, and are responsible for a large portion of the
pollution involved with steel-making. In this effort, some
attention has been directed to the conversion of iron ore
15 directly to iron carbide followed by the production of
steel from the iron carbide, thereby eliminating the use of

the blast furnace and the coke oven.
In this regard, U.S. Reissue Patent No. Re. 32,247 to
Steéhens, Jr. discloses a process for the direct production
20 of steel. Iion—containing reactor feed is converted to
iron carbide, and steel is then produced directly from the
iron carbide in.a basic oxygén furnace or an electric arc
furnace. In the converting step, the iron oxide in the
reactor feed is reduced and carburized in a single
25 operation using a mixture of hydrogen as a reducing agent'
and c;rbon- bearing substances as carburizing agents. The

blast furnace step of traditional steel-making techniques
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price of that steel would sinply not be conpetitive on the world market.
Addi'tionally, the traditional steel-nmaking REPLACEMENT SHEET 0 3 MAR
1997 -2- procwe2resBner gy i ntensive, and energy costs invol v®CTVHSH/05488 ng
steel in the traditional manner have becone excessive. Wth the.
avaflability and cost of energy in the near future being unpredictable, the
traditional manner of manufacturing steel faces an uncertain future.

= - is eliminated, as steel is then é’roduced by introducing ;:he
iron carbide into a basic oxygen or electric arc furnace.

This method of directly producing steel represents a
significant advance. in the art. However, improvements in

5 the method have proven desirable. It has been found that
in the step of converting the reactor feed into iron
carbide, even minor variations in the process parameters,

which include pressure, temperature, and individual gas
concentrations in the process gas, cause inferior results.

10 That is to say, minor variations in any process parameter
can cause free iron (Fe)' or one of a variety of iron
oxides, such as Fe,0;, f‘e304 and FeO, to be included in the

iron carbide product.

15 SUMMARY OF THE INVENTION
Accordingly, one advantage of the present invention is
that the present invention provides a method for
controlling the conversion of iron-containing reactor feed
into a product that will readily produce steel. The
20 reactor feed available for conversion to iron carbide (Fe,C)
is typically a mixture of magnetite (Fes0,) , hematite (Fe,0)
and other materials, rather than consisting entirely of one
material. The reactor feed may alse include some gangue and
water. As used herein, the term reactor feed refers to any
25 material uséful in the practice of the present invention,
for example, iron ore and iron ore concentrates.
Another advantage 1is that the present invention

'Provides a method for controlling the conversion of reactor
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Accordi ngly,

great deal

a demand has been created for relatively clean, energy
ef féicient and | ess expensive nethods for producing steel. In this rﬁgard,
of WOrRHR2B24as been directed to the elinination of REEUSP

5188

furnace and the coke oven in steel-making. Blast furnaces and coke ovens

are*inefficient,

consum ng | arge quantities of energy, and are responsible

for a large portion of the pollution involve#t-wth steel-making. In this
sonme attention has been directed to the conversion of iron ore

effort,
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oven.
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real time basis.

In accordance with the present invention, a method is
provided for maintaining process parameters within a
predetermined range for the conversion of iron-containing
reactor feed into a product chiefly comprising iron carbide
in a fluidized bed reactor. The process includes the steps
of monitoring gas concentrations for at 1least two
individual gases in a reaction gas in a region substan-
tially adjacent to the fluidized bed reactor, measuring
pressure and temperature in the region, determining gas
concentrations for remaining individual gases in the
reaction gas (e.g. by thermodynamic calculation and/or by
direct measurement), determining whether the process
parameters are suitable for the production of iron carbide,
and adjusting individual gas concentrations as necessary to
permit the conversion of reactor feed to iron carbide. The
process parameters to be maintained include the temper-
ature, the pressure and the individual gas concentrations.

Preferably, the region in which pressure and gas
composition measurements are taken is directly above the
fluidizged bed and the reaction gas is the equilibrium off-
gas from the conversion of reactor feed into iron carbide.
Additionally, the gas concentrations are preferably
monitored using two different measurement techniques, with
the monitored gas concentrations being compared to

+determine if an error in measurement has been made.
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St ephens, Jr. discloses a process for the direct production of steel.
| r en- cont ai ni %

t hen produced
an electric arc furnace. |In the converting step, the iron oxide in the
reactor feed is reduced and carburized in a single operation using a

m xture of hydrogen as a reduci ng agent and earbon- bearing substances as

carburizing agents. The_bl ast, furnace step of traditional steel-making
REPL ACENVERFSSHERT accordance with e present invention, a

techni ques
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reactor feed is converted to iron carbide, and steel is

92483824 fromthe iron carbide in a basic oxygeRGIFPHLEIEY

method is provided for generating a stability phase diagram
indicative of the conversion of reactor feed. The process
includes the steps of measuring individual gas concen-
trations in a region substantially adjacént to a .fluidized
bed reactor in which the conversion is taking place,
measuring temperature and pressure in this region,
determining concentrations of remaining gases (e.qg.
thermodl;namically. and/or by measurement) and generating a
stability phase diagram indicative of whether the measured
and/or calculated gas concentrations are suitable for the
production of iron carbide from the reactor feed at the
measured temperature and pressure. |
Preferably, - the measured individual gases include at
least two gases from the group consisting of carbon
monoxide (CO), carbon dioxide ( CO,) , methane (CH,), hydrogen
(H,) and watef (H,0) . Further, the gas concentrations are
preferably measured using two different measurement
tecimiques. For the CO and the CO,, the preferred techniques
are infrared light absorptibh, mass spectroséopy and gas
chromatography. For H,, the preferred techniqueé are thermal
conductivity, gas chromatography and mass spectroscopy.
Preferab]:y, the steps of the method are repeated after a
predetermined period of time for upuating purposes.
Additionally, in one embodiment the individual gases are
preferably measured on a dry basis, the reaction gas being
dried prior to the measurement(s) being made. The volume

-of any ‘remaining gases is then determined on a dry basis
{

»

This Sheet Has Been

G-



03 MAR 1997 -3- is elimnated, as steel is then produced by introducing the
iron carbide into a basic.oxygen or electric arc furnace. Thi Qqﬁ&

directly prodM%?ﬁﬁ“ el represents a significant advance in ?,e %ﬁﬂsﬂ&
However, inprovenents in the nmethod have proven desirable. It has been
found that in the step of converting the reactor feed into iron carbide,
even mnor variations in the process paraneté?%, whi ch i nclude pressure,

temperature, and i ndlyhdNghadifitaynCceais! LRER | BnklCqRl 0CESR AR idAlSE
i=znferior results. at 1s*to say, “finor variations in-any process paraneter

can cause free iroRa0R8lafa VI Plved MaEiLIHbrOkhbl M¥asured temperature and

pressure. .

The present invention is further embodied by a method

5 for controlling the conversion of iron-containing reactor

feed to iron carbide in a fluidized bed reactor which

comprises the steps of monitorir_xg the composition of

reaction gas in a zone substantially adjacent to the

fluidize-d bed reactor, monitoring the pressure and

10 temperature in the zone, determining whether the process

parameters are suitable for the production of iron carbide

from the reactor feed, adjusting the process parameters to

permit production of iron carbide, and repeating the steps

after a predetermined period of time.
15
BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is 2;1 schematic diagram of a control system
according to an embodiment of the present invention:
. Fig. 2 is a Fe-0-H-C stability phase diagram;
.20 Fig. 3 is a Fe-0-H-C stability phase diagram at a
given temperature and pressure with a point plotted for a
given gas composition; and
Fig. 4 illustrates a flow chart of the control process
according to an embodiment of the present inveritian.
25 |
DESCRIPTION OF THE PREFERRED EMBODIMENT

The present inventors have developed an improved

, technique for converting iron-containing reactor feed to
N
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oxi des, such as |
praéduct. SUNVGRY;

invention is that the present invention provides a nethod for contro

t he conversi on of

err] and FeOQ, to be included in the iron carbide

THE | NVENTI ON Accordi ngly, one advant agepgi-,ﬁggg,(,?{@sent

i ron-containing reactor feed into a product that wll

1 ng

readi | y produce steel. The reactor feed available for conversion to iron

carbide [err] is
ot her materials,
Feactor feed may

typically a mixture of nmagdetite [err], hematite [err]
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al so i nclude some gangue and water. As uséd’ herern,

termreactor feedimedrsiorst ohavy Ifeuedi als Uské Ulpriefonbrapt aForee &f tiken
present invention,
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25

carbide which is produced. In this technique, reactor
feed, which typically comprises a mixture of iron oxides
such as magnetite (Fe;0,) and hematite (Fe,0;), along with
other materials such as gangue and water, is converted to
iron carbide in a fluidized bed reactor.

Prior to being. introauced into the reactor, the
reactor feed can be preheated in an oxidizing atmosphere to
oxidize portions of them. During the préheating, a portion
of any magnetite present can be converted to hematite,
sulfur in the ore can be stabilized and/or eliminated, and
free moisture can be reduced or eliminated. It is believed
that the oxidation of the magnetite to hematite provides
for more efficient conversion of reactor feed into iron
carbide. The elimination of sulfur is believed to increase
the yield of iron carbide in the final product. Further,
by reducing the amount of water entering the fluidized bed
readfor, the conversion of iron oxide to iron carbide is
improved. This technique is described in more detail in
commonly assigned U.S. Patent Application No. 07/561,189
entitled "Process For Preheating Iron-Containing Reactor
Feed Prior To Be.ing Treated In A Fluidized Bed Reactor". .

A system through which control of the conversion of

reactor feed to iron carbide is performed is illustrated in.

Figure 1. A fluidized bed 10 is schematically illustrated
in a fluidized bed reactor 12. The fluidized bed reactor

12 is described in more detail in commonly assigned U.S.
¥
[
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for exanple, iron ore and iron ore concentrates. Another advantage is that

the present iwwaBkdgsy provi des a method for controlling the oﬂglv 91/64188"
react or REPLACEMENT SHEET 0 3 MAR 1997 -4- feed to iron car @g In a

manner in which changes can be effected to correct deviations in process
paraneters on a real tine basis. In accordaQ%g wi th the present invention,
a nethod is

. Patent Application No. 07/561,076 entitled "Fluidized Bed
Reactor And Process For Using Same®. - Pfeferably the
fluidized bed 10 includes baffles to create a plug flow
condition. The baffles help regulate the residence time of

5 the reactor feed in the fluidized bed 10, thus reducing
problems caused by short-circuiting of unreacted solids to
the product discharge and utilizing the full area of' the
bed 10. This permits efficient use of incoming process gas
in cont:':tcting reactor feed as it flows through the

10 fluidized i:ed 10 for converting the reactor feed to iron
carbide.

The input or process gas used to convert the reactor
feed to iron carbide includes reducing and carburizing
agents. Hyﬁrogen gas (H,) is preferably used as the

15 reducing gas, although carbon monoxide or hydrocarbon gases
or mixtures of hydrogen with carbon monoxide and hydro-
carbon gases may be used. Hydrogen gas is preferred as the
reducing gas because the oxidation product of hydrogen,
watér, may be easily removed from the reaction or off-gas,

20 thereby permitting easier recycling of the off-gas than
with the other possible reducing gases. Methane is pre-
ferred for the carburizing gas, although carbon monoxide,
carbon dioxide, hydrocarbon gases and solid carbon may be
used. Additionally, the source of the methane gas may be

25 other hydrocﬁrbon gases or a combination of gases that
would crack or otherwise combine to form methane under the
conditions present in the reactor chamber 12. 1In theory,

a wide .range of carbonaceous materials may be used to
}
+
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provided for maintaining process paranmeters within a predetermnned range
for. the conversi %‘Hi ron-containing, reactor feed into a prog,,:ﬁ, {]l‘gsfé A
~conprising irYy 9%2928 e in a fluidized bed reactor. The proce H% { eél
the steps of nonitoring gas concentrations for- at |east two individual
gases in a reaction gas in a region substan- tially adjacent to the

fluidized bed reactor, neasuri ng pressure anP+ errperature I n the region,
det ermi ni ng gas concentra% remal n| | ndi.vi dual _gases,in the -
reaction gas (e.g or‘F°zfnd1/" 8"67‘?%‘&’? of iron
nmeasurenent ), detegrmyni fig. Whet her the process paranmeters are suitable for

t he production of Iron carbide, and adjusting individual gas concentrations
as necessary to Regardless of the input gas, the equilibrium off-gas

systen {or reaction gas) comprises five gases. These

5 include water (H,0), carbon monoxide (CO), carbon dioxide

(co,), hydrbgen (H,) and methane (CH,). Additionally, there

may be some nitrogen (N,) present in the system. Whatever

process or input gases are ectually used, by reacting these

gases in.rlather precise quantities with the reactor feed at

10 certain temperatures and pressures, the reactor feed is
converted to Fe,C, the preferred type of iron carbide.

Without process co_ntfol, equilibrium constraints cause

the formation of products other than iron carbide due to

even minor deviations in process parameters. Additienally,

15 at higher conversion temperatures, residual oxygen in the

product in the form of wustite can limit the efficiency of

the conversion of the product to steel. Fig. 2 is a

stability phase diagram for the conversion of iron oxide at

a temperature of 677°C. This diagram illustrates the wide

20 range- of products that may result from the conversion

| process. |

The present inventofs have developed a unique control

regimen for the conversion process described above. The

present inventors have. found that, in accordance with the

25 equili'hrium constraints for the conversion of iron-

containing reactor feed into iron carbide, the off-gas from

the reacti_on will include hydrogen (H,), carbon monoxide

{co), carbon dioxide (C0,), methane (CH,) and water vapor

§
’
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permt the conversion of reactor feed to iron carbide. The process
paraneters toyhsoifgigahai ned include the tenper- ature, the pregguih1ARsst e
i ndi vi dual gas concentrations. Preferably, the region in which pressure and
gas conposition neasurenents are taken is directly above the fluidized bed
and. the reaction gas is the eqU|I|br|un1off-1gas fromthe conversion of
reactor feed into iron carbide. Additionally, ~the gas concentrations are

preferabl y mmoni tor Qﬁfébs' NG t WeedihimiAN BRASHABIRYonsCChP AWSscetidt bRC
roni t ored gas concenfrations being conpared to determne if an error 1In
measur enment has beeangesp. dependent wupon the temperature and pressure.
Typically, the off-gas will also include nitrogen gas (N,)
or other inert gas, which is a diluent and does not react
5 with the reactor feed. By monitoring characteristics of
the off~gas and making appropriate changes to the make-up
of the process gas, temperature, pressure and other process
parameters in response to the monitored characteristics,
conditioﬁs can be maintained in the fluidized bed reactor
10 12 that will maximize the conversion of reactor feed to
iron carbide. -
In order to best regulate the éohversion process, a
process gas including CH,, H,, CO, C€O,, H,0 and N, at a
controlled temperature and pressure is supplied through a
15 windbox (not illustrated) to the fluidized bed 10. The
temperature and pressure in the bed 10 are two of the
factors which determine the composition of the reaction
product. The independent equilibria equations for the
proéess gas in the reaction chamber can be described by:
20 | ; CO + H,0 » CO, + H,; and
CH, + H,0 + CO + 3H,.
Accordingly, based on these reactions,-the off-gas will
comprise CH,, H,, CO, CO, and H,0 (in addition to inert
diluents), the edquilibrium gases having determinable
25 relationships to each other. The volume percent of CO in
the procéss gas is preferably up to about 20%, and more
preferably from about 5% to about 10%; the volume percent

\
of CO, up to about 20%, and more preferably from about 2%

{
'
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REPLACEMENT SHEET 0 3 MAR 1997 Also in accordance with the present

i nvention, a wotdamisiss provided for generating a stability phac®/UBaMsiss
i ndi cative of the conversion of reactor feed. The process includes the
steps of nmeasuring individual gas concen- trations in a region
substantially adjacent to a fluidized bed reagtor in which the conversion
i s taking place, nmeasuring tenperature and pressure in this region,

det erm ni ng concerid alboutsset thawdliuig pareentagg.of [y, Nl yra A }!o%

and/ or by neasurenent) and generating a stability phase dlagran1|nd|cat|ve
of whet her the nmea&n@ mgre preferably from about 35% to about 50%; the volune
percent of H, up to about 80%, and more preferably from
about 35% to about 50%; the volume percent of N, from 0% to
5 about 15%, and more preferably from about 1% to about 10%;
and the volume percent of H,0 up to about 5%, and more
preferably from about 1% to about 2%. The exact percentages
will be different for each combination of temperature and
pressure‘ in the reactor 12.
10 The react_ion temperature is preferably between 500°C
and 650°C, and more preferably between 550°C and 600°, and
the pressxire is preferably between 15 psia and 45 psia (100
kPa and 310 kPa), and more preferably between 15 psia and
30 psia (100 kPa and 210 kPa).
15 Stability phase diagrams for each temperature at which
the conversion occurs are different. That is to say, while
a process gas having a given composition of iﬂdividual
gases can provide equilibrium conditions that favor the
forx;tation of Fe,C at one temperature, the identical process
20 gas composition can favor the formation of free iron or an
iron oxide at a different temperature.
To effect control of the conversion, a computer 20
monitors temperature, pressure and gas composition in a
region substantially adjacent to the fluidized bed 10 where
25 the gas from the reaction in the fluidized bed 10 flows
,.following the reaction. Typically, this region is above
the bed 1(;. A memory 22 associated with the computer 20

stores data with which the computer 20 can develop a
{
1]
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and/ or cal cul ated gas concentrations are suitable for the production of

I rQn car bi dewig ¢1ypishge reactor feed at the neasured tenperat uPETAISY1/05188
pressure. Preferably, the measured individual gases include at |east two
gases fromthe group consisting of carbon nonoxide (CO, carbon dioxide
Lerr], methane [err] hydrogen [err] and watges_[err]. Further, the gas
concentrations are preferably neasured using two different neasurenent
t echni ques. For tlaeablpty phesé0@iagren pfef ethedinstedmi eafpeataturafl aaged
I-i ght absorption, mass spectroscopy and gas chromatography. For [err], the
preferred techni gpresanret neingl thenfotiowing temphnicResnat Fheappbddd tiass

spectroscopy. Pr e]:i?.gg?ala. ' fUJ}e t%eepl'se-pg-}f-%e snx?sttrza%d g‘erleage(aspe@cg € g_f ts I’abie

condensed phases as a function of .temperature and the
5 partial pressures of CH,, H,, CO and CO,. The relative
chemical potential of oxygen in the system is defined
through the use of the logarithm of the partial pressure
ratio €O, to cO, i.e. log [P(CO,)/P{CO)]. The relative
chemical. potential of carbon in the system is defined
10 through the use of logarithm of the ratio of the partial
pressure of CH‘ to the square of the partial pressure of H,,
i.e. log [P(CH;)/[P(H,)]?). The phase boundaries in the
diagram are constructed by first writing a balanced
chemical reaction between the condensed phases a‘nd the
15 gaseous species used in defining the oxygen and carbon
potentials (CO,, €O, CH, and H,). For the Fe;0,/Fe,C
boundary, the reaction is:
Fe,0, + CH, + 4CO « Fe;C + 2H, + 4CO,.
The - equilibrium constant for the reaction can then be
20 written in logarithmic form and serves to define the
equation describing the phase boundary. For the above
reaction, the relationship is

P
2 - log ___%'
PCO (PH,)?

log K = 4log

which can be rearranged to give the equation defining the

25 boundary
¢
¢
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predeterm ned period of time for updating purposes. Additionally, in one
enbodi ment the individual gases are preferably nmeasured on a g n$ﬁﬁh§1
reaction gas WOIRPMHM ed prior to the neasurement(s) being ma g¥ e

of any

-remai ning gases is then determ ned on a dry basis REPLACENENT
SHEET 03 MAR 1997 -6- thernodynam cally, and then the gas conposition is
~Calculated on a wet basis for the neasured téAperature and

10

15

20

-

PCO, 1 PCH, 1
—_—2 = = = 1 .
log FCo 2 log e + 7 109 K

The values of log K are determined from the expression

AG® (RXN) = - RTInK,

where AG® (RXN) is the change in the Gibbs Free Energy for
the rea;tion. Values of AG®(RXN) are calculated from
tabulated Gibbs Free Energy of formation data given for the
different species involved in the reactions defining the
phase boundaries. |

The Fe-0-H-C stability diagrams are particularly .
useful in determining the stable condensed iron-containing
phases under measured or proposed conditions of gas
compositions, temperature and pressure. The temperature
must first be specified since the AG®(RXN) values are a
function of temperature and thus the diagram constructed
fo£ the appropriate temperature. .Alternatively, rather
than in terms of the ratios of the partial pressures of CO,
to €O and of CH, to H,, the boundaries of the stability
phase diagram can be expressed in terms of the partial
pressures of CO-to €O, and of H,0 to H), i.e. 1log
[(P(C0))?/P(C0,)] and log [P(H,0)/P(H,)].

Fig. 3_i11ustratés a stability phase diagram developed
from this procedure for a temperature of 580.0°C and a gas

mixture at a pressure of 26.5 psia.

.
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pressure. The present invention is further enbodi ed by a nmethod for
controlling t ph4gk sion of iron-containing reactor feed topiiARstAsitsde
in a fluidize ed reactor which conprises the steps of nonitoring the
conposition of reaction gas in a zone substantially adjacent to the

fJ ui-di zed bed reactor, nonitoring the pressg&g_and tenperature in the zone,
det erm ni ng whet her the process paranmeters afe suitable for the production

of iron carbide from thgsreadeisehestovadithel EBpdIR R CPS EnAEM R 8nt O

permt production of iron carbide, and repeating the steps after a

predet er mi ned peri paodfict i prodiRfddERDERERIPUL DMz E&F HédE DRAW Nl&Ependent on
the relationships between the concentrations of the
individual gases in the reaction gas at the instant

5 " temperature and pressure. Correspondingly, the reaction gas
from the conversion must have certain relationships between
individual gas components for a conversion to iron carbide
to have occurred. The inventors have used this fact to
provide for control of the conversion process. -

10 As discussed above, a stability phase diagram for each
temperature is generated with each axis of the diagram
representing a different relationship between the
individual gases. Each point on a stability phase diagram
represents a unique gas composition in the five-species gas

15 system at a given temperature and total pressure. Only
certain relationships between the gases will have resulted
from iron carbide Seing produced. The inventors have found
that it can be determined whether iron carbide production
is .possuihle based on these relationships. Based on the

20 equilibrium constraints, these include the relationships
bétween the €O, concentration with respect to the €O
concentration or the H,0 concentration with respect to the
H, conceﬁtration and the CO concentration with respect to
the CO, concentration or the CH, concentration with respect

25 to the H, concentration. The .concentrations used are the
equilibrated wet basis gas concentrations.

Generally speaking, the relationships between the

_ gases necessary to produce iron carbide can be described in
§
*
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Fig. 1 is a schematic diagramof a control system according to an

enhodi nent of the present invention; Fig. 2 is a Fe-O H C stabjlj hase
di agram Fi gWOP%®8% Fe- O- H-C stability phase diagram at a g?’%ﬁbéﬁﬂ%l&
tenperature and pressure wi-th a point plotted for a given gas conposition;
and-Fig. 4 illustrates a flow chart of the control process according to an
enbodi nent of the present invention. DESCRFPF+ON OF THE PREFERRED

EMBODI MENT The present inventors have devel oped-.an ir’rProved t echni que: f or
sonverting iron- coread herpsrcakeBhreXe@pdey olt can be said that the ratio of

€O, to CO should be from about 1:1 to about 1:10, the ratio
of CH, to H, should be from about 1:1 to about 5:1, and the
ratio of H, to H,0 should be from about 7:1 to about 40:1.
5 However, whether a particular reaction gas will have
resulted from iron carbide (Fe;C) being produced must be
computed for each combination of pressure, temperature and
reaction gas composition, and can be plotted on a stability
phase diagram for a given temperature and pressure. The
10 partial pressure of the individual gases can be calculated
from the gas composition and total pressure using the

relationship
_f %1
Py = ( 100 )P T

where P, is the partial pressure of gaseous species i, (%i)
15 is the volume percent of i, and P; is the total pressure.
The phase field identified by the calculated x and y
coo;'dinates is the thermodynamiéally stable phase. Partial
pressures (P) used in the construction of the diagrams
shown are all in atmosphere units. It is possible to
20 translate the log coordinates from a stability phase
diagram into gas compositions, and vice versa, based on the
equilibrium constraints represented by the independent
equilibria described "above. By this translation, it is
possible to develop data indicating a triple point, in
25 terms of conversion to free iron (Fe), Fe;O, and Fe,C, as a

; *function of the gas compositions, temperature and pressure.
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iron carbide, and nore particularly, to Fe3C, which the inventors have
found is the 1.nant formof iron carbide which is produq;é(le. '

t echni que, ré@é g/raigzged, which typically conprises a mxture o lluéglr{&g(;i)g?des
such as magnetite [err] and hematite [err], along with other materials such
as -gangue and water, is converted to iron carbide in a fluidized bed
reactor. Prior to being introduced into the':'rsga'agtor, the reactor feed can
pe preheated | n ajgaxOea; 00 °hig 49 XLdiga il B alteHIAN i ng
t he preheating, a portion of any gnetite present can be converted to
hematite, sulfur ishowhayiphicanlpe ol athd | 2edbBNik0r pRAsdN B2hgtamaldr a

particular temperature and pressure whether or not iron
carbide will be the product with a given reaction gas
5 composition. For example, Table 1 below gives the measured
composition (on a dry basis) of the individual gases in a

reaction gas at a measured temperature and pressure.

TABLE I
10 Measurement Taken on Dry Basis
PERCENTAGE

GAS {BY VOIUME})

co 8.00
15 co, 5.00

CH, 50.00

H, 33.00

N, 4.00
20 The H,0 content of the wet off-gas is then measured or

calculated based on the expected amount of H,0 in accordance
with the equilibrium constraints. The sampled gas

composition on a wet basis is provided in Table IT.

25 TABLE II

Calculated Gas Composition (Wet Basis)

PERCENTAGE
GAS ' . {BY VOLUME)
30 co 7.52
: co, . 4.70
CH, 47.00
Hé 31.02
N, ' 3.76
35 H,0 6.00
i )
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free noisture can be reduced or elimnated. It is believed that the

oxi dation of the magnetite to hematite provides for nore efficient

conversi on of W84 feed into iron carbide. The elininationPEI/USAYHSY 5
believed to increase the yield of iron carbide in the final product.

Furt her, by reducing the anobunt of water entering the fluidized bed
feactor, the conversion of iron oxide to iref7earbide is inproved. This

technique is described in nmore detail in conmonly assigned U. S. Patent: No.
5, 137,566 entitled "Pr ot steRRenatige,@ndy RLeSTUESntdi by IRESECEr 1RedFe

Prior To Being Treglg n.%fF 'g%%eq Bed RgachQbs: éf) t em t hr ough \(g:\/r1ich
control - of the conver]g?%n 5 _Jrng]gc r Tzéed to itrtgéscar a;s%’(salel's p P o’%ﬁac Fs
illustrated in temperature was 580.0°C and the reactor pressure was 26.5
psia (182 kPa). Based on these data, the computer 20
5 calculates the equilibrated wet gas composition at the

reactor temperature and pressure. This composition is

provided in Table III.

TABLE ITI

10
Equilibrated Wet Gas Composition
_ PERCENTAGE
GAS {(BY VOLUME)
15
Cco . 7.56
co, . 4.60
CH, 47.16
H, 30.71
20 N, 3.77
H,0 6.20
Based on the equilibrated wet gas composition, the
appropriate calculations are made. For example, the Yy
25 coordinate for this measurement and diagi'am is
. PCO, (0.0460) (1.803)
RF et lO 2 =l° = = =-0. '
: gm(-PCO) g“( [(0.0756) (1.803)3) 0.2158
and the x coordinate is
PCH, (0.4716) (1.803)°
lo —2 _I=lo : : =0.4430.
g“( (PHZ)Z] g“( [(0.3071) (1.803)"?

The computer then plots this point on the stability
phase diagram (illustrated at "X" of Fig, 3), indicating
the relationships between the gases (on a wet basis).

30 Under the measured conditions listed in Table I, the point

i
»
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Figure 1. A fluidized bed 10 is schematically illustrated in a fluidized

bed reactor 1%V %@‘ui di zed bed reactor 12 is described in %‘rﬁ%@ﬂ@l* in
) 0 8

comonl y assi ghe REPLACEMENT SHEET 1 8 AUG 1998 Pat ent

5,118,479 entitled ' Fluidized Bed Reactor And Process For Using Sane".
Preferably the fluidized bed 10 includes baffles to create a plug flow
condition. The baffles help regulate the rest@ence time of the reactor feed

i“n the fluidized b%‘iﬂg’ itnhu&xé eflgz(b_i r-!é:-bgicm, indiéating that iron carbide
(Fe,C) should be formed from the reactor feed under the
measured parameters {i.e. temperature, pressure,
equilibrium reaction gas composition).

5 The computer 20 is preferably programmed to
independently ascertain whether or not the current process
parameteré will form iron carbide based on the data which
is used_ to create the stability phase diagram for the
specific temperature and the off-gas data used to plot the

10 point on the diagram. If the parameters are not favorable
for the conversi_on to Fe,C, the computer 20 will then
determine and implement the necessary changes to the
process so that the relationships between the individual
gases, temperature and pressure are such that the feed will

15 convert to iron carbide.

Preferably, the stability phase diagram is displayed
to an operator at display 24, which may comprise a printer
or a CRT. Preferably the computer 20 automatically
implements adjustments to the process parameters to cause

20 iron carbide to be produced or to compensate for any trend
which may result in iron carbide not being produced at a
future time. Optionally, the operator may be directly
responsible for adjusting the pafameters via the computer
20 through a computer terminal 26 after viewing the

25 stability phase diagram from the display 24. The function
of the cperator can be to input ail changes to the process
parameters based 6n the data generated by the computer 20,

,to assist the computer 20 should the programming not
J
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probl ens caused by short-circuiting of unreacted solids to the product

di scharge and utilizing the full area of the bed 10. This permts efficient
use of i ncomWM@IP0884ss gas in contacting reactor feed as it PEHNSI/AFIBEgh
the fluidized bed 10 for converting the reactor feed to iron carbide. The
Lnput or process gas used to convert the reactor feed to iron carbide

I ncl udes reduci ng and carburizing agents. -i$%«rogen gas [err] is.
preferably used as_ the reducing gas, although cdrbon nonoxi de or y

hydr ocar bon gases %ﬁr%ﬁgﬁtGFésst“ﬁ9H¥Ebéﬁ'ﬂn ﬁheaﬁﬁwﬁpﬁﬁﬁuﬁﬂnd@danathyﬁ&xr

" because the. ot datCBANI, REATSP SRS Shers XS da, hire CHHHARE chfbve

fromthe reaction amu@hfiyd3sput new process parameters depending upon the

| requirements of any given situation or the limitations of
5 the computer 20.

As discussed above, the process gas preferably

comprises a combination of hydrogen (H;) , and methane (CH,).

These gases may be provided by respective gas sources

30,32, which may be containers storing the gas. Alterna-

10 tively, and preferably, the process gas also includes CoO,

| CO, and/or H,0 and the sources 30,32 provide a make-up gas

used to supplement recycled off-gas to obtain a process gas

having desired concentrations of the individual gases. As

will be appreciated, other gases or compounds can be added

15 to provide the requisite hydrogen, carbon and oxygen

sources. Whatever the source of these materials, the

resulting equilibrium reaction gas will include H,, CO, CO,,

CH, _and H,0. In any case, the amount of each gas added to

the overall process gas is controlled by respective valves

20 40,42 'which are controlled by the computer 20. When new gas

is to be added to recycled off-gas, measuremente from ges

analyzers 56,58 can be used to determine what the compo-

sition of the recycled off-gas should be, and appropriate

amounts of the individual gases can be added as necessary

25 to obtain a process gas having a composition needed to

react with the reactor feed and result in the appropriate

off-gas. In this regard, the gas analyzer 60 can also be

*
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thereby permtting easier recycling of the off-gas than with the other

possi bl e reducin
al tthough car b¥®

ases. Methane is pre- ferred for the carb
de, carbon di oxi de, hydrocarbon gases ;ﬁgf féﬁﬁis

carbon may be used. Additionally, the source of the nethane gas may be
ot her hydrocarbon gases or a conbi nation of gases that would crack or
Ot herwi se conbine to form nethane under the ¢®nditions present in the

react or chanber

he used to

10

15

20

25

o Gased Lhegiyied visde LaN98 Q% 0520R0MRRC QLR MRLEr | 3ls o NBY

and/or the flow rates from the gas sources 30,32.

Because of the existence of N, .and/or other inert gases
in the system, the recycling system must typically include
a bleed to prevent the build-up of such gases in the
system. However, an additional a;lvantage of the present
invention is that inexpensive gas sources th;-—.\t include such
inert gases may be employed without significantly affecting
the conversion.

The pressure in the reactor 12 can be controlled by
the amount of H, added to the process gas. While other
techniques are possible, this technique is favored. One
reason is that since H, combines with oxygen from iron
oxide, there is always a need for some H, in the reactor 12,
although an increase or decrease in H, may requi:-:e adjusting
other parameters.

The process gas is supplied to a gas compressor 48 and
then heated in a gas heater 50 to a desired temperature for
the conversion. The gas heater 50 is also controlled by
the computer 20, as is a secondary heat source 52, in ordér
to control the temperature of conversion in the reactor 10.
The secondary he?,t'source 52 is preferably a kiln or other
such device that is used to preheat the reactor feed. By
changing the temperature to which the reactor feed is
heated in the kiln 52, the temperature at which the feed is
fed into the fluidized bed reactor 12, and thus the

reaction temperature, can be controlled (in combination

with the control of the gas heater 50).

{ -
h

Sheet Has Been Reﬂlaced

L




supply the carbon necessary for the formation of iron carbide. Regardles
of the input gas, the equilibriumoff-gas system (or reaction gas)
conprises fivwoga#es24 These include water [err]. carbon non®crdesyias)ss
carbon dioxide [err], hydrogen [err] and nethane [err]. Additionally, th
may. be sone nitrogen [err] present in the system Watever process or in
gases are actually used, by reacting these gages in rather precise
gquantities with the reactor feed at certain tenperatures and pressures,
reactor feed is convert®e t coRt8¢] tpmogmssf ewikll tnpe bk | descritsdid derith
Wt hout process control, equilibriumconstraints cause the formation of
products ot her tha#AtorPredr Federamee tip the flow chart of Fig. 4.

10

15

20

25

As discussed above, the reactor feéd is preferably
preheated and oxidized in a kiln 52. The oxidized feed is
then introduced to the fluidized bed reactor 12 by a feed
mechanism 14 and flows therethrough, being converted to
iron carbide when an appropriate combination of gases at an
appropri;te temperature and pressure is bubbled through the
feed in the reactor bed 10. Measurements are then taken of
the off-gas, that is, the reaction gas which has fluidized
the feed in the fluidized bed 12. As discussed above,
water vapor-is typically removed from the off-gas prior to
the composition of the off-gas being measured. The temper-
ature and pressure are measured in a region substantially
adjacent to the bed 10 (step 100 in Fig. 4). Preferably,
at least two measurements for each species in the off-gas
are taken using different measurement techniques and at
different stages of the processing of ﬁhe off-gas, as
discussed above and discussed in more detail below. When
the temperature and pressure are Xxnown and when the
concentrations of at least two of the gases are known, the
concentration of each gas in the off-gas can be determined
thermodynanmically. By knowledge of the individual gas
concentrations at a given teméerature and pressure, it can
be determined whether or not the production of irén carbide
is possible based on the equilibrium constraints. Thus, a
stability phase diagram indicating anticipated conversion

results can be generated by knowing as few as two of the

H
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even minor deviations in process parameters. Additionally, at higher
conversion tenperatures, residual oxygen in the product in the f

wustite can | WR 92834 efficiency of the conversion of the proEEE‘FU§r96%§fséel

Fig. 2 is a stability phase diagramfor the conversion of iron oxide at a
tenperature of 677[err]C. This diagramillustrates the w de range of
products that may result fromthe conversi orTZBrocess The present i nventors

have_devel oped a u% [of0) t&PI regi men for t nverSJ grocess
descri bed above. TH&VH %‘b{r}‘t" FAB 93T SORRIRSD Pﬂgtm & CHPRETEE WP h

the equilibrium Coﬁﬁhrﬁi:é‘ééuéé” s %%iﬁﬁié' Of @16}1@9”1:118085&5}{ HbrlcsagL Oor

feed into iron carbide, the off-gas from
and carbon dioxide or the hydrogen, water and methane con-

centratibns are determined, then the concentrations of the

5 ‘ remaining gas species can be calculated thermodynamically.
However, a small error in the measurement of one of

the two gas species can result in a lgrger error in the
calculatgd species. Accordingly, the preferred method is

to measure each of the individual gases in the off-gas on

10 a dry basis (stép 10b) and then convert each measurement
set to equilibriuxlweé.measurements (step 102). Among other
advantages, this permits the computer 20 to evaluate the
_measurements for inaccuracies. To help further insure
against the possibility of inaccuracies, it is preferred

15 that at least two measurement techniques be utilized simul-
taneously to monitor each of the individual gases in the
off-gas (dry basis), ﬁith the computer 20 being programmed

to respond to deviations in individual gas concentrations
between the two monitoring techniques. If a deviation

20 between measurements is found or if an equilibrium cannot
be calculated (indicative of a measurement error) (step

104), the computer 20 can alert the operator (step 108),

take new measurements _(step 100), and/or attempt to
determine which of the measurements is incorrect by the

25 thermodynamic calculations (step 106) and then discard the
incorrect measurement (step 2110) and proceed with the

control process.

o,
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the reaction will include hydrogen [err], carbon nonoxide (CO, carbon
di oxide [err]. nmethane [err] and water vapor REPLACEMENT SHEET 0O 3

MAR
1997 -10- [eM“?”’ﬂZ@ét er mi nabl e concentrations or concentratioH |U§ﬁyg§188

dependent upon the tenperature and pressure. Typically, the off-gas wll
al so include nitrogen gas (N2) or other inert gas, which is a diluent and
does not react with the reactor feed. By nm##A-toring characteristics of

- As shown in Fig. 1, a gas andlyzer 56 measures off—égs
| in the region just above the fluidized bed reactor 10. Gas
chromatography is a preferred method for monitoring
individual gas concentrations from the off-gas from this
.5 region. For example, a "Vista" model gas chromatograph
available-from Combustion Engineering can be employed for
this purpose. This method is very effective and accurate
in measu;ing co, co,, CH,, H,, N,, and other hydrocarbon
cbncentrations. Preferably, an off-gas sample is removed
10 . from the region above the reactor 10 and the water vapor
removed prior to gas chromatography being performed on the
sample, measuring the gas on a dry basis. The data is then
supplied to the computer 20. At the computer 20, the
measurements are then adjusted by the estimated water vapor
15 concentration above the reactor 10. Finally, the measured
temperature and pressure are taken into account to obtain

the equilibrated wet-basis compositiohlof the off-gas.
) Another measurement techniqﬁe that may be used in
combinatién with gas chromatography is infrared 1light
20 absorption. Carbon monoxide and carbon dioxide are easily
and accurately measured continuously using infrared light
abssrption technology. The infrared 1light absorption
technique °~ provides continuous measurement and rapid
response information to the operator and the computer 20.
25 This technique may also be used for monitoring methane.
However, the methane measurement is subject to interference
from other gaseous hydroca;bons. Further, water vapor in

a gas sample is known to interfere with measurements taken
4
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the off-gas and meki ng appropri-ate changes to the nake-up of the process
gas, t enperat ure ressure and other process paraneters in rw, gd e
modi t or ed ch3YQ&H @fngt ics, conditions can be maintained in the ul dl{sged
bed reactor 12 that wll naxinize t he conversion of reactor feed to iron

carbide. In order to best regulate the conver5|on process, a process gas
Fncluding [err] and [err] at a controlled t'e erature and pressure is_

suppl i ed through a wi nd e ﬁgd The
t:enperature and pr ess&re [ n(—{%%far%bdiﬁ tg%gg%%&ﬁeﬁ&#&%%rgcg %&l
deternmine the compQtell o8p&F ild1eetitdsd i rpheded trolthe NEpEaGeptior to
equi libria equations for the

the off-gas being measured using this technique. Using

this technique, gas analyzer 58 takes samples of the off-
5 gas after water vapor is removed in a scrubber 62. ;l‘he
analyzer 58 may include an infrared absorption dual gas
analyzer, such as a Model IR-702 from Infrared Industries, |
Inc., for monitoring CO and CO, concentrations. The gas
analyzer 58 may also include a éingle gas infrared

10 absorption analyzer for monitoring the methane. concen-
trations. A Model IR-703 single gas analyzer from Infrared
Industries, Inc. may be employed for this purpose.

Mass spectroscopy is another technique which can be
utilized for monitoring individual concentrations of gas in

15 the off-gas. Mass spectroscopy is especially useful for
measuring concentrations of hydrogen, methane an:d any
higher hydrocarbons. The analyzer 58 may include such a
deviqe, which may be, for example, a Questor model mass
spectrometer manufactured by Extriel.

20 Additionally, hydrogen can be continuously measured by
thermal conductivity with reasonable accuracy. One
advantage of measuring hydrogen by thermal conductivity is
that this method is continuous and provides rapid response
information to the operator and the computer. The gas

25 analeer 58 may also or alternatively include a thermal
conductivity process analyzer, which can be a model Caldos-

5 available from Applied Automation/Hartman & Braun, Inc.

-
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process gas in the reaction chanber can be described by; CO + [err] - [err]
+ [err] and [err] + [err] CO+ [err] Accordingly, based on th
reactions, thWQ9H0¥a4 will conprise [err] and [err] (in addi tP(B‘HUF?)‘Wﬂ@t
di | uent s), the equilibrium gases having determ nable relationships to each
ot her. The volunme percent of Co in the process gas is preferably up to
about 20% and nore preferably from about 5%25¢ about 10% the vol une
percent of [err], up o oo s ar anblyror el may additionally be' erpioyed
by the system. The gas analyzer 60 would preferably be
stationed to take samples from the input process gas, which
preferably comprises a combination of the recycled off-gas
5 and make-up gas from the gas sourcé.s 30,32, The gas
analyzer 60 may be of the type(s). described above.
Temperature is measured in the region adjacent to the
fluidized bed 10, using at least one thermocouple 64.
Suitable thermocouples include Chromal-Alumel Type X
10 thermocouples. Pressure is measured in the region with at
least one preséure transducer 66. Apprépriate pressure
transducers can be obtained from the Yokogawa Corporation
of Japan. - _
bata from the gas analyzers 56, 58, 60, the
15 thermocouple(s) 64 and the pressure transducer(s) 66 are
provided teo the computer 20. The computer 20 can be an IBM
AT compatible personal computer. Analog signals from the
gas _analyzers, thermocouple(s) and pressure transducer.(s)
are converted to digital signals and fed to the computer 20
20 via an interface carxd. As mentioned above,‘ the gas
composition is measured on a dry basis. Accordingly, the
computer 2‘0 must compute the gas composition on a wet
basis, and account for any shift which may have occurred
due to changes in temperature and pressuie<, by calculating
25  the equilibrated off-gas composition based on the measured
reactor pressure and temperature (step 162).

After recalculating the gas composition on a wet basis

*at the reactor temperature, the computer 20 then computes
§
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-11- to about 8% the volune percentage of CH4 up to about 80% and nore

preferably fr‘g{pﬁg;rbgk%r 35%to about 50% the volune percent Of%&%?ﬁh@“

about 80% an eferably from about 35%to about 50% t

percent of N2 fromO0%to about 15% and nore preferably fromabout 1%to
about 10% and the volune percent of [err] up to about 5% and nore
preferably from about 1%to about 2% The ex@tt percentages will be

12, The reacti on repetrtaroiathy SIRTLIY S dTABBRN! fon e eaRET ST )
and nore preferablgudeet weasubbl| &y | €handehéiiicupleqBf tde RisRepUr €135,
preferably between 15 psia and 45 psia (100
Referring to Fig. 4, the program then uses the computed
theoretical gas composition at the measured pressure to
5 calculate the appropriate relationships between the gases _
for which the diagram is designed to display (step 116).
The stability diagram of Fig. 3 is designed for the log
(partial_pressure of CO,/partial pressure of CO) and the log
{ (partial pressure of CH/)/(partial pressure of H2)2], which
10 are the x- and y-axes of the stability phase diagram. Aas
discussed above, other relationships between the gases may
be used. The stability phase diagram including the point
calculated in step 116 indicating the above relationships
between the individuél gases  in the off-gas is then
15 displayed on the display 24 (step 118) to graphically
illustrate whether or not the process conditions are
suitable for the production of iron carbide. An example of
such a display is shown in Fig. 3, with the equilibrated
gas composition resulting in plotted point ®Xxv.
20 Based on the received and processed data, the computer
20 can also compute the poi:ential for the formation of free
carbon in the conversion process (step 120). When a carbon
- activity coefficient is too high, solid free carbon may
form. Solid free carbon does not readily reconvert to
25 gaseous form, and will clog heat exchangers or other
components of the conversion system. If free carbon is

permitted to form as part of the product, a major fire

hazard exists, since the free carbon jis quite flammable.

{ T
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kPa and 310 kPa), and nore preferably between 15 psia and 30 psia (100 kPa

and 210 kPa). Stability phase diagrans for each tenperature g i Mosi &
coriver si on d@g@p@ﬂ:#% different. That is to say, while a procggéﬁgas havi ng

a given conposition of individual gases can provide equilibriumconditions
that favor the formation of Fe3C at one teggfﬁature, the identical process
gas conposition can favor the formati on of ee iron or an iron oxide at a

different temperapling &l [R2ohaCehht Ole And ity QEEE@%!:QX TSP Rt 20

nonftors tenperature, pressure and gas conmposition in ar
substantial |y adj g¢egtedter Rhadl W GuaadibgdidOa Whsside (& B faxeut e to

reaction in the fluidized bed 10 fl ows

about 6, steps must be taken to lower the ratio to prevent
the formation of ‘free carbon. Preferably, the carbon
5 activity coefficient is maintained in a range of about one
to about féur, and more préferably from about two to about

three.
At this time, if it is determined that the values are
not acceétable (step 122), either the computer 20 or the

10 operator or both determine what -adjustment(s) to the
process parameters is necessary (step 124), and make the
appropriate adjustment(s) (step 126).

If the calculated.values are found to be acceptable,
a determination is then ﬁade aé to whether any trend is

15 indicated that would lead to iron carbide not being
produced (step 128). If some trend is indicated, based on
a comparison with prior measurement(s), necessary
adjustments to the conversion process are determined (step
124)-and implemented (step 126).

20 For example, if it is determined tha; free iron (Fe)
will be produced by the present proéess parameters, one
solution for changing the process parameters to a desired
combination would be to increase the amount of carbonaceous
materials in the process gas. This can be accomplished by

25 increasing the amount of methane provided by the methane
source 32 into the process gas. Alternatively, a change in
the temperaturé and/or pressure will affect the scale of

the x-axis of the stability phase " diagramn. By an

*

Sheet Has Been RTlaced

T




following the reaction. Typically, this region is above the bed 10. A

menory 22 assasbpomdaW th the conputer 20 stores data w th weorhusdhiesiss
cofrput er 20 can devel op a -12- stability phase diagram for the instant
tenperature and pressure using the foll ow ng techni ques. The stability
diagramfor the Fe-O-H C systemrelates to.Lge stabl e condensed phases as a
“function of tenperature and the partial pressures of [err] CO and [err].
.The _rel ati ve chenmapproppi®ttd ichlangé, obttyg ayamenghbccaysisdimiion dehiresilt in

) the formation of iron qarbide. Such changes can be
implemented by increasing the temperature of the kiln 52
and/or the temperature to which the process gas is heated

5 in the gas heater 50. The pressure can be increaéed or
decreased by adjusting the amount of gases provided by the
gas sources 30,32.
If it is determined that Fe,0, is being produced, but
the valué for the methane to hydfogen ratio (the x-axis) is

10 acceptable, then it is likely that the oxygen potential in
the system is too high. Qxygen is provided to the reactor
12 in the form of iron oxide. Accordingly, the amount of
oxygen can be reduced by adjusting the feed mechanism 14 to
decrease the feed rate to the reactor 12. Alternatively,

15 additional oxygen may be removed from the off-gas in the
.recycling steps. This can be accomplished by lowering the
temperature of the off-gas leaving the scrubber 62 by
lowering the temperature of cooling water or increasing the
flow‘of the cooling water. Concurrently, the flow rate of

20 the off-gas can be increased to cause the total volume of
gas being scrubbed to increase thereby causing more water
to be removed by the scrubber 62.

shoyld the stability phase diagram indicate that
neither the calculated CO, to CO ratio nor the CH, to H,

25 ratio are a@propriate'for the formation of iron carbide

(the point plotted on the stability diagram is above the

iron carbide area and to the left of the iron carbide

\
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through the use of the logarithmof the partial pressure ratio [err] to CO
I.e. log [P([err])/P(CO)] The relative.chem cal potential of carbon in
the system i sWRI/PEI4t hr ough the use of |ogarithmof the rati (grrdpsmgsws
partial pressure of CH4 to the square of the partial pressure of [err] i.e.
|l og.[err]. The phase boundaries in the diagramare constructed by first
Wwriting a bal anced chem cal reaction between2%e condensed phases and t he

gaseous species used in defl ni ng the gﬁ% en and car bon Rotentlal s. [ery]
CO, “[err] and H2) @reagqr THER [ FPRB 8’5&’3/ of hEhpe 0P PEIMeERES [ dipFusgsed

Lerr] + 4CO - [err ]avaLeEBJ: thcl_ Prldvibie €481 1 REUTHEORSIAR bd I bRer.

‘reaction can then
Should the ratioc for the formation of free carbon be

too high, the point plotted on the stability phase diagram

5 will typically be found in the right portion of the area
indicating that Fe,C is being formed. A solution is to
increase the amount of H, in the process gas, thereby
lowering the ratio and moving the point to the left portion
of the Fe,C region.

10 The above list of possible adjustments is by no means
exhaustive, and other solutions are possible to correct or
maintain the process depending on the specific parameters
on which the process is operating and which are
controllable.

15 Similarly, measurements supplied to the computer 20
may indicate that iron carbide is being produced. However,
upon comparing measurement data with stored measurement
data from earlier measurements, trends may be detected
tha{: , if unchanged, would fesult in iron carbide not being

20 produced in the future. In respoﬁse to such a finding, the
computér 20 or an operator can adjust the parameters as
discussed above depending upon the trend.

After the necessary adjustments are made or if no
adjustments are deemed necessary, the rav and computed data

25 are stored in memory 22 for future use (step 130). This
enables historical.- trend lines to be developed. This will
assist in further refining of the control process as trends

,can be discovered far in advance of any detrimental event.
i
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witten in logarithmc formand serves to define the equation descri bing

t he phase bou or the above reaction, the relationship_i r

whi‘ch can be gggﬁ;%%gd to give the equation defining the bouﬁﬁ?@ﬁ%l;&wf&
[err] The values of log K’are determ ned fromthe expressi on where

AJerr] (RXN) is the change in the G bbs Freg3§_r_1ergy for

- ' Preferably, the entire seqﬁence is repeated after a
very short period of time. A delay of a predetermined
period of time can be built into the system (step 132), or
new nmeasurements can be taken and new data made available

5 as soon as possible, which, depending on the measurement
equipment and the power of the computer 20, can be as soon
as every few seconds.

While one eﬁbodiment of the invention has been

discusseé, it will be appreciated by those skilled in the

10 art that various modifications and variations are possible,
without departing f£from fhe spirit and scope of the

invention, as defined by the claims.
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t he reaction. Values of [err]G (RXN) are calculated fromtabulated G bbs

Free Energy tion he different speci egerAi4s I n
the reacti oﬁgéa%@%%ng tnmmanWH' The Fe-0-HC Stg Il tg’)ﬁgﬂm
di agrans are particularly*usefwl i deter m ni ng the stable condensed

diraon-containing phases under neasured or ggosed conditions of gas
‘conposi tions, tenperature and pressure. The tenperature nust first be

speci fied since tm.@qse@l]aéﬁ%%l} tyal ues are a function of tenperaturé and
thus the di agram he appropriate tenperature.
Al ternatively, rather gthana nmée¥ides Fort MBaivtdDSinef bpbecess!t iRlrapeResHr €s
of [err] to COand of [err] to [err], the boundaries of the stability
within a predetermined range for the conversion of reactor
feed into a product in a fluidized bed reactor, a main
component of the product being iron carbide, said method
5 comprising the steps of:

(a) monitoring gas concentrations for at least two
individual gases in a gas in a region substantially
adjacent-to the fluidized bed:

{b)} measuring pressure and temperature in the region:;

10 {c) determining gas concentratioﬁs for remaining
individual gases;

{4) detemini.ng whe_ther the tempereture, pressure and
gas concentrations are suitable for production of iron
carbide; and

15 {(e) adjusting one or more of the process parameters
as necessary to provide for the conversion of reactor feed
to iron carbide.

. 2. A method according to Claim 1, wherein the
process parameters include the individual .gas
concentrations, the reactor temperature and the reactor
pressure.

3. A method according to Claim 1, wherein the
reactor feed is oxidized iron ore or iron ore concentrate.
4. A method according to Claim 1, wherein said
region is above the fluidized bed and the gas is an off-gas

from the bed, formed when a process gas flows from beneath

e
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phase di agram can be expressed in terns of the partial pressures of COto

ot AN 7 o L e

[err] and of {5

ill°'ustrates a st

ed fromthis procedure for a

tenperature of 580. O[err]C and a gas mi xture at a pressure of 26.5 psia.

REPLACEMENT SHEET 0 3 MAR 1997 -14- As discuyssed above,

t he conversion

-

t he conposition of

the fluidized bed and throughuthe reactor feed in the
fluidized bed to react with said reactor feed.

5. A method according to Claim 1, wherein said step
(e) further comprises adjusting one or more of the gas
concentrations, the temperature and the pressure.

. 6. - A method according to Claim 1, wherein said
method further comprises following said step (a) and prior
to said step (b), the steps of:

(i) monitoring gas concentrations for the at least
two individual gases using a different measurement
technique; and

(ii) comparing monitored gas concentratiéns from said
steps (a) and (i) and alerting an operator if the monitored
concentrations are incompatible.

7. A method according to Claim 1, wherein the at
least two gases are carbon monoxide and carbon dioxide.

8. A method according to Claim 1, wherein the at'

least two gases are methane, hydrogen and water.
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product produced in the fluidized bed 10 is dependent on the relationships
bet ween the concentrationﬂmm gl dual gases in the reaction gas at
theé instant ta¥QeRHREAe arldh wl”ﬂli}’yﬁr]mspondi ngly, the reaBE€TAiSIly 8188
fromthe conversion nust have ‘cett an 'L i onshi ps between individual gas
conponents for a conversion to iron carbide to have occurred. The inventors
have used this fact to provide for control of3she conversion process. As

di scussed above, a stability phase diagramfor each tenperature is .
genefated with each axi £-of Ph&e§hagr afh geprEaing my rhaseidifagramt for the

A I R B e TE i
comprising the steps of:

(a) measuring concentrations of at least two

5  individual gases in a reaction gas in a region
substantially adjacent to the fluidized bed reactor:;

(b) measuring pressure and temperature in the region;

(c) determining concentrations of selected remaining
gases in said reaction gas; and

10 (d) generating a phase diagram indicative of whether
the reaction gas composition, pressure and temperature are
suitable for <the production of 'a. desired conversion
product.

10. A method for generating a phase diagram according
to Claim 9, wherein said step (a) comprises measuring at
least two gases from the group consisting of co, Cco,, CH,,
H, and H,0.

1l1. A method for generating a phase diagram according
to Claim 9, wherein said step (a) further comprises
continuously monitoring at least one individual gas. -

12. A method for generating a phase diagram according
to cClaim 9, wherein said step (a) further comprises
continuously monitoring at ieast one of CO and CO, using at
least one of an .infrared light absorptic. technique and a

5 gas chromatography technique.
' 13. A method for generating a phase diagram according
to Claim 9, wherein said step (a) . further comprises

» continuously monitoring at least one of H, and CH, using at
i
)
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system at a given terrpera:‘%ﬁ and total pressure. Only certain

ot eoisseneted s (IR oo oo s g

pr gduced. The YOI#IAs n 4

carbi de production is possible based on tthese rel ati onshi ps. Based on the
equjlibriumconstraints, these include the relationships between the [err]
toncentration with respect to the Co concentT3t7on or the [err]

concentration with yespgect fq th igge cg&e%gg%gg? a&'&éﬂq:g? %(}nﬁﬁ\%}%ﬁéé on

with respect to the Terr] concentratron or _ ] concentration
respect to the H2 conpanhbabiption,NeheoREE RbhaubO1i tisedad chridh@tography,

equi librated wet basis gas concentrations. Generally speaking, the
rel ati onshi ps bet weeam tnigess spectroscopy.

14. A method for generating a phase diagram according
to Claim 9, further comprising the step of repeating said
steps (a) through {d) after a predetermined period of time.
. 15. | A method for generating a phase diagram according
to Claim 9, wherein said step (a) further comprises drying
the reaction gas and determining the volume percentage of
the at least two individual gases in said reaction gas on

5 a dry basis, and wherein said method further comprises,
prior to said step (d), the step of calculating the gas
composition on a wet basis for the measured temperature and
pressure; and, following said step (e), the step of
displaying the phase diagram for Fe,0,, FeO, Fe and Fe,C in

10 graphical form.

————————————
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gases necessary to produce iron carbide can be described in REPLACENMENT
SHEET 0 3 MAR 1997 15 br anple, it can be ' e
rati o of C02WRHRHAouI d mmnmmwmm& to about 1:10, twgﬁmbﬂ%‘g‘
[err] to [err] should be from‘abbut"1:1 t'o about 5:1, and the ratio of

[err] to [err] should be fromabout 7:1 to about 40: 1 However, whether a

particul ar reaction gas will have resulted T3®¥miron carbide [err] belng
pronced nmust be

&

16. A method of controlllng a conversion of reactor
feed to iron carbide in a fluidized bed reactor, said
method comprising the steps of: |

(a) monitoring the composition of a reaction gas in

5 a zone substantially adjacent to the fluidized bed;
' (b) monitoring pressure in the zone;

(c) monitoring temperature in the zone;

{d) determining whether process conditions, including
the mon.itored reaction gas composition, pressure and

10 temperature, are suitable for production of the iron
carbide; |

(f) adjusting the process conditions to permit
production of iron carbide as required; and

{(g) repeating said steps (a) through (f) after a

15 predetermined period of time.

17. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according |
to Claim 16, wherein the reaction gas includes CO, CO,, CH,,
H,, -and H,0, and said step (f) ‘further comprises adjusting

5 the process conditions so that the temperature is main-
tained between about 500°C and about 650°C, the pressure is
maintained between about 100 and about 310 kPa, and a
process gas supplied to the fluidized bed reactor includes
up to about 20% CO, up to about 20% CO,, up to about 80%

10 CH,, up to about 80% H,, and up to about 5% H,0, by volume.

8. A methoa of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according

to Claim ‘16, wherein said step (a) further comprises

1
»
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conputed for each conbinati on of pressure, tenperature and reaction gas

LSRRI R ﬂlﬂﬂﬂﬂﬁmm ﬂg Lur of the i nai vi ol Gadibils,
be cal cul ated fromthe gas conpo §itYorsf ard total pressure using the

rel ati-onship [err] where [err] is the partlal ressure of gaseous species
f, (ti) is the volune percent of i, and PT i $3%he total pressure. The phase

field identified by, g,ﬁqn%%hgggaﬁ%ﬁr%ﬁ]% %&%&Qwﬁ%ﬁag Subiying at least

ther nodynani cal |y st pressures use _
construction ¢f therl agtagEnif\n 8fémal khen FYrwppPhaiohsuBiifg Jff i§as

possible to
chromatography, thermal conductivity, infrared 1light
absorpﬁion and mass spectroscopy.

13. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor acéording
to Claim 16, further comprising the step of determining the
potential for formation of free carbon during the

5 conversion. |

20. A method of controlling a conversion of reaction
feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein the guantities are measured in
percentage by volume. .

21. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein the composition of said reaction gas
is monitored by measuring at least two individual gases in

5 said reaction gas and-by thermodynamically calculating the
con;entration of selected remaining individual gases in
said reaction gas.

22. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein said reaction gas is monitored by
measuring the concentration of individual gases in said

5 reaction-gas and wherein at least one of said individual
gases is measured by at least two separate techniques.

23. A method. of controlling a conversion of reactor

.feed to iron carbide in a fluidized bed reactor according

I
i
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translate the | og coordinates froma stability phase diagraminto gas
conpositions, and vice ver qui | i brium constrgj

r €pr esent ed b‘yot%éozﬂﬁjepen E’!ﬂ “ ! scri bed above. B@:&%}%g:/osms
translation, it is p033|bl eve op dat+a indicating a triple point, in
tecns of conversion to free iron (Fe), [err] and [err] as a function of the

’gas conposi tions, tenperature and pressure. =37--16- Using this technique it

.is also possible to determ.ne and show g_r aghl cal | ¥ on the stabili ty_phase
.diagramfor a to Claim 21, wherein th least two gases are CO and Co,,

and the selected remaining individual gases are CH,, H, and
5 H,0.

24. A method of contolling a conversion of reactor
feed to iron carbide in a lfluidized bed réactor according
to Claim 21, wherein the at least two gases are CH,, H, and
H,0, and the selected remaining individual gasés are CO and

5 Co,.
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particul ar tenperature and pressure whet her or
product with a given reaction gas conposition.

osition &{gn a dry basis
_ red t NP R, o
MR%AWA%%% [PUBLISHED UND%?{YTPég_A‘ggEﬁgggPERATION TREATY (PCT)

gi ves the neasured co
a reaction gas at a
Taken on Dry

8.00 [err]
33.00

not iron carbide wll be the
For exanpl e, Tabl ggay
of the individuagy
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(57) Abstract

A process for controlling the conversion of reactor feed to iron carbide is disclosed. The reactor feed is subjected to a pro-
cess gas in a fluidized bed reactor (10), and measurements (56) are taken of individual gases in the off-gas from this reaction and
the temperature (64) and pressure (66). A stability phase diagram is generated based on the temperature. Different regions of the
stability phase diagram are representative of different products being formed by the conversion of the reactor feed. Based on con-
centrations of the individual gases in the off-gas and the total pressure, a point is plotted on the stability phase diagram indicative
of the favored reaction product. The process parameters can then be adjusted to insure that iron carbide can be produced from

the reactor feed based on the stability phase diagram.
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[err] 4.00 The [err] content of the wet off-gas is then

measured or cs@odseisad based on the expected anount of [err] i ggﬂr
with the equilibrium constraints. The sanpled gas conposition on a
wet basis is provided in Table Il. TABLE Il Cal cul ated Gas Conposition (Wt
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[err] 3.76 [err]

and pressur avd 92/oks24r eact or 12 are stored
eranpl e,
wds 26.5 psia (182 kPa).

T pressure.

6. 00
in menory 22.

-17- The tenperature
RGT/URPL05188

the reactor tenperature was 580.0[err]C and t.he reactor pressure
_ Based on these data,

.the equilibrated wet gas conposition at
This conposition is provided fn

t he conputer 20 cal cul ates
reactor tenperature and
Table I11.

- 2

-2~18 123 45€6
1 ] 1 LD I D R )
Bl
i Fey03 LOG
6 | (B4,0/Phy)
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(Feo,/Peo) 2
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TABLE 111 Eguilibrated Wt Gas Conposition P (BY

VOLUME) CO 7.56 [err]ThisShett B R0 s perrusorastss
4716 Hp =~ WOSMOBH 4, 71 R m““ ‘“mmml H20 6. 20
Based on the equilibratéd wet gas co ppropriate cal cul ati ons
areﬁ nmade. For exanple, the y coordinate for this measurenent and di agram
#S
S . FIG 4 3/3 - START
o - - 3
MEASURE TEMPERATURE,
it o 100~ PRESSURE AND INDIVIDUAL
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OPERATOR
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METHOD FOR CONTROLLING THE CONVERSION
OF IRON-CONTAINING REACTOR FEED INTO IRON CARBIDE

BACKGROUND OF THE INVENTION

Field o e Invention

The present invention relates to a method for

controlling the processing of iron-containing reactor feed
into a form which is useful in the direct production of
steel. More particularly, the present invention relates to
a method for controlling the conversion of reactor feed in

a fluidized bed reactor into a product comprising mostly
iron carbide.

escr o) e Relat

Typically, iron ore is converted to steel through a
basic process that has been in use for many years. This
process involves the conversion of iron ore to pig iron in
a blast furnace using coke produced in a coke oven and the

subsequent conversion of the pig iron to steel in an open

hearth or basic oxygen furnace. However, this process has

a mumber of drawbacks, some of which have been brought

about by realities of life in the late twentieth E:entury.
For example, due to environmental standards, capital costs
involved with the construction of a steel mill which meets
pollution standards oz; the modification of existing plants
to meet pollution standards would now be prohibitive. When
the capital costs are factored into the price that must be
charged for the steel produced by such a steel mill, the

price of that steel would simply not be competitive on the
“iworld market.

Additionally, the traditional steel-making
PLAGEMENT SHEET
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R4

equi l i briumreaction gas conposition). The
programmed to independently ascertain whet[h
paranmeters will formiron carbide based on
the stability phase diagramfor the specififc
data used to plot the point on the diagram
favorable for the conversion to Fe3C, the d
and i npl ement the necessary changes to the
rel ati onshi ps between the individual gases,}tenperature and gressure are
such that the feed will convert to iron carbide. Preferably, the stability
phase di agre¥e¢essiiispeaprgy intensive, and energy costs involved with

making steel

computer 20 is preferably
t@ecpguirent process

sjused to create

dithe off-gas

;

t

—

enperat ure ar
I OReMARrBR2tdrd are not

qg
onput er 20 w |l | |t Hen determ ne
pr 6Cess so that tHe

in the ¢traditional manner have become

excessive. With the availability and cost of energy in the

near future being unpredictable, the traditional manner of

manufacturing steel faces an uncertain future.
Accordingly, a demand has been created for relatively

clean, energy efficient and less expensiQe methods for

producing steel. In this regard, a great deal of effort

has been directed to the elimination of the blast furnace

and the coke oven in steel-making. Blast furnaces and coke

ovens are inefficient, consuming large quantities of

energy, and are responsible for a large portion of the

polliution involved with steel-making. In this effort, some

attention has been directed to the conversion of iron ore
directly to iron carbide followed by the production of

steel from the iron carbide, thereby eliminating the use of

the blast furnace and the coke oven.

In this regard, U.S. Reissue Patent No. Re. 32,247 to

Stephens, Jr. discloses a process for the direct production

of steel. Iron-containing reactor feed is converted to

iron carbide, and steél is then produced directly from the

iron carbide in a basic oxygen furnace or an electric arc

furnace. In the converting step, the iron oxide in the

reactor feed is reduced and carburized in a single
operation using a mixture of hydrogen as a reducing agent
and carbon- bearing substances as carburizing agents. The
blast furnace step of traditional steel-making techniques



to an operator at display 24, which may conpr

e q CRT.
Preferably the conputer 20 automatically i npl ﬁ@d@@Esgﬁtc to the
process paraneters to cause iron carbide to Qe }produced or t¢ ¢onpensate

|
e
e
for any trend which may result in iron carbide [nd)3d¢ARdI9F oflu¢ed at a
e
t

future tinme. Optionally, the operator may Beldirectly resppngi ble for
adjusting the paraneters via the conputer 20jthrough—a ctomputef term nal 26
after viewing the stability phase diagramfr the display 24.}The function
of the operator can be to input all chajges to the process paranmeters based
on the data generated by the conmputer 20, to assist the conputer 20 should
t he progranmisnglizeinated, as steel is then produced by introducing the

iron carbide into a basic oxygen or electric arc furnace.

This method of directly producing steel represents a

significant advance in the art. However, improvements in

the method have proven desirable. It has been found that

in the step of converting the reactor feed into iron

carbide, even minor variations in the process parameters,

which include pressure, temperature, and individual gas

concentrations in the process gas, cause inferior results.
That is to say, minor variations in any process parameter
can cause free iron (Fe) or one of a variety of iron

oxides, such as Fe,0,, FeyO, and FeO, to be included in the
iron carbide product.

SUMMARY OF THE INVENTION

Accordingly, one advantage of the present invention is

that the present invention provides a method for

controlling the conversion of iron-containing reactor feed

into a product that will readily produce steel. The

reactor feed available for conversion to iron carbide (Fe,C)
is typically a mixture of magnetite (Fe,0,), hematite (Fe,0;)
and other materials, rather than consisting entirely of one

material. The reactor feed may also include some gangue and

water. As used herein, the term reactor feed refers to any

material useful in the practice of the present invention,

for example, iron ore and iron ore concentrates.

Another advantage is that the present invention

provides a method for controlling the conversion of reactor
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feed to iron carbide in a manner in which changes can be

effected to correct deviations in process parameters on a

real time basis.

In accordance with the present invention, a method is
provided for maintaining process parameters within a
predetermined range for the conversion of iron-containing

reactor feed into a product chiefly comprising iron carbide

in a fluidized bed reactor. The process includes the steps

of monitoring gas concentrations for at least two

individual gases in a reaction gas in a region substan-
tially adjacent to the fluidized bed reactor, measuring
pressure and temperature in the region, determining gas
concentrations for remaining individual gases in the

reaction gas (e.g. by thermodynamic calculation and/or by

direct measurement), determining whether the process

parameters are suitable for the production of iron carbide,
and adjusting individual gas concentrations as necessary to
permit the conversion of reactor feed to iron carbide. The
process parameters to be maintained include the temper-
ature; the pressure and the individual gas concentrations.
Preferably, the region in which pressure and gas
composition measurements are taken is directly above the
fluidized bed and the reaction gas is the equilibrium off-
gas from the conversion of reactor feed into iron carbide.
Additionally, the gas concentrations are preferably
monitored using two different measurement techniques, with
the monitored gas concentrations being compared to
determine if an error in measurement has been made.



30;32; whi ch may be containers storing the gas

spreferably,

sources 30,32 provide a nmake-up gas used to sup
obtain a process gas havi ng desired concentratj
As will be appreciated, other gases or conpou
the requi site hydrogen, carbon and oxygen sourices
t hese materials,

[err] and [err]. In any case, the anmount-ssf

Alterna-.tively, and

[ HEPLAGEMENTT SHEET ]} and the
+eeyetqd [of f-gas to

ns, Qf e.nadijvildual gases.

cgg" ﬁéaaﬁbgd tq provide

What ever it he source of
the resulting equilibriumreaction gas will inglude [err],

he overal |

the process gas al so includes Co,

process gas is controlled by respective val ves 40,42 which are controlled
by the conmputer 20.AY®Rn ifevrgEerianee wdthqdele: presept| dnvstions, a

reasurement s fxrng'm\ggsis provided for generating a stability phase diagram

indicative of the conversion of reactor feed. The process

includes the steps of measuring individual gas concen-
trations in a region substantially adjacent to a fluidized
bed reactor in which the conversion is taking place,
measuring temperature and pressure in this region,
determining concentrations of remaining gases (e.q.
thermody'namically. and/or by measurement) and generating a
stability phase diagram indicative of whether the measured
and/or calculated gas concentrations are suitable for the

production of iron carbide from the reactor feed at the

measured temperature and pressure.

Preferably, - the measured individual gases include at
least two gases from the group consisting of carbon

monoxide (CO), carbon dioxide (CO,), methane (CH,), hydrogen

(H,) and water (H,0). Further, the gas concentrations are

preferably measured using two different measurement
techniques. For the CO and the CO,, the preferred techniques
are infrared light absorption, mass spectroscopy and gas

chromatography. For H,, the preferred techniques are thermal

conductivity, gas chromatography and mass spectroscopy.

Preferab]:y, the steps of the method are repeated after a

predetermined period of <¢time for upuating purposes.

Additionally, in one embodiment the individual gases are

preferably measured on a dry basis, the reaction gas being

dried prior to the measurement(s) being made. The volume.

of any remaining gases is then determined on a dry basis
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thermodynamically, and then the gas composition is

calculated on a wet basis for the measured temperature and
pressure.

The present invention is further embodied by a method
for controlling the conversion of iron-containing reactor
feed to iron carbide in a fluidized bed reactor which
comprises the steps of monitoring the composition of
reaction gas in a zone substantially adjacent to the

fluidized bed reactor, monitoring the pressure and
temperature in the zone, determining whether the process
parameters are suitable for the production of iron carbide
from the reactor feed, adjusting the process parameters to
permit production of iron carbide, and repeating the steps

after a predetermined period of time.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a schematic diagram of a control system
according to an embodiment of the present invention;
Fig. 2 is a Fe-0-H-C stability phase diagram;
Fig. 3 is a Fe—-0-H-C stability phase diagram at a
given temperature and pressure with a point plotted for a

given gas composition; and

Fig. 4 illustrates a flow chart of the control process

according to an embodiment of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT
The present inventors have developed an improved

technique for converting iron-containing reactor feed to

recycl ed
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inventors have found is the predominant form of iron

carbide which is produced. In this technique, reactor

feed, which typically comprises a mixture of iron oxides
such as magnetite (Fe O,) and hematite (Fe,05) , along with

other materials such as gangue and water, is converted to

iron carbide in a fluidized bed reactor.

Prior to being introduced into the reactor, the

reactor feed can be preheated in an oxidizing atmosphere to

oxidize portions of them. During the preheating, a portion

of any magnetite present can be converted to hematite,
sulfur in the ore can be stabilized and/or eliminated, and

free moisture can be reduced or eliminated. It is believed

that the oxidation of the magneﬁite to hematite provides
for more efficient conversion of reactor feed into iron
carbide. The elimination of sulfur is believed to increase
the yield of iron carbide in the final product. Further,
by reducing the amount of water entering the fluidized bed
reactor, the conversion of iron oxide to iron carbide is
improved. This technique is described in more detail in
commonly assigned U.S. Patent Application No. 07/561,189
entitled "Process For Preheating Iron-Containing Reactor
Feed Prior To Being Treated In A Fluidized Bed Reactor".
X system through which control of the conversion of

reactor feed to iron carbide is performed is illustrated in

Figure 1. A fluidized bed 10 is schematically illustrated

in a fluidized bed reactor 12. The fluidized bed reactor

12 is described in more detail in commonly assigned U.S.
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Reactor And Process For Using Same". Preferably the

fluidized bed 10 includes baffles to create a plug flow

condition. The baffles help regulate the residence time of

the reactor feed in the fluidized bed 10, thus reducing
problems caused by short-circuiting of unreacted solids to

the product discharge and utilizing the full area of the

bed 10. This permits efficient use of incoming process gas

in contacting reactor feed as it flows through the

fluidized bed 10 for converting the reactor feed to iron
carbide.

The input or process gas used to convert the reactor

feed to iron carbide includes reducing and carburizing

agents. Hydrogen gas (H,) is preferably used as the

reducing gas, although carbon monoxide or hydrocarbon gases
or mixtures of hydrogen with carbon monoxide and hydro-

carbon gases may be used. Hydrogen gas is preferred as the

reducing gas because the oxidation product of hydrogen,
watér, may be easily removed from the reaction or off-gas,
thereby permitting easier recycling of the off-gas than

with the other possible reducing gases. Methane is pre-

ferred for the carburizing gas, although carbon monoxide,

carbon dioxide, hydrocarbon gases and solid carbon may be

used. Additionally, the source of the methane gas may be

other hydrocarbon gases or a combination of gases that
would crack or otherwise combine to form methane under the

conditions present in the reactor chamber 12. 1In theory,

a wide range of carbonaceous materials may be used to
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Regardless of the input gas, the equilibrium off-gas

system (or reaction gas) comprises five gases. These

include water (H,0), carbon monoxide (CO), carbon dioxide
(CO,}, hydrogen (H,) and methane (CH,). Additionally, there

may be some nitrogen (N,) present in the system. Whatever
process or input gases are actually used, by reacting these
gases in- rather precise quantities with the reactor feed at
certain temperatures and pressures, the reactor feed is
converted to Fe,C, the preferred type of iron carbide.

. Without process control, equilibrium constraints cause
the formation of products other than iron carbide due to
even minor deviations in process parameters. Additiﬁnally,
at higher conversion temperatures, residual oxygen in the
pProduct in the form of wustite can limit the efficiency of
the conversion of the product to steel. Fig. 2 is a
stability phase diagram for the conversion of iron oxide at

a temperature of 677°C. This diagram illustrates the wide

range of products that may result from the conversion
process. '

The present inventors have developed a unique control
regimen for the conversion proceés described above. The
present inventors have found that, in accordance with the
equilibrium constraints for the conversion of iron-
containing reactor feed into iron carbide, the off-gas from
the reaction will include hydrogen (H,) , carbon monoxide

(co), carbon dioxide (CO,), methane (CH,) and water vapor
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As di scussed aboje, water
vapor is typically renoved fromthe off-gas prior to the conpositjon of the
of f-gas bei ng neasured. The tenper- ature and pj din a
region substantially adjacent to the bed &9 (step 100 in Fig. 4).
Preferably, at |east two neasurenents foF%each species in the off-gas are
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processi ng of the off-gas, as di scussed above and di scussed I n nore detail
bel ow. When ranges, dependent upon the temperature and pressure.

Typically, the off-gas will also include nitrogen gas (N,)

or other inert gas, which is a diluent and does not react

with the reactor feed. By monitoring characteristics of

the off-gas and making appropriate changes to the make-up
of the process gas, temperature, pressure and other process
parameters in response to the monitored characteristics,
conditio;xs can be maintained in the fluidized bed reactor

12 that will maximize the conversion of reactor feed to

iron carbide.

In order to best regulate the conversion process, a

process gas including CH,, H,, CO, CO,, H,0 and N, at a
controlled temperature and pressure is supplied through a

windbox (not illustrated) to the fluidized bed 10. The

temperature and pressure in the bed 10 are two of the
factors which determine the composition of the reaction
product. The independent equilibria equations for the
process gas in the reaction chamber can be described lby:
COo + H,0 «+ CO, + H,; and
CH, + H,0 «» CO + 3H,.
Accordingly, based on these reactions, the off-gas will
comprise CH,, H,, CO, CO, and H,0 (in addition to inert
diluents), the equilibrium gases having determinable

relationships to each other. The volume percent of CO in

the process gas is preferably up to about 20%, and more

preferably'from about 5% to about 10%; the volume percent

of CO, up to about 20%, and more preferably from about 2%
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to about 8%; the volume percentage of CH, up to about 86%,
and more preferably from about 35% to about 50%; the volume
percent of H, up to about 80%, and more preferably from
about 35% to about 50%; the volume percent of N, from 0% to
about 15%, and more preferably from about 1% to about 10%;

and the volume percent of H,0 up to about 5%, and more

preferably from about 1% to about 2%. The exact percentages
will be different for each combination of temperature and

pressure in the reactor 12.

The reaction temperature is preferably between 500°C
and 650°C, and more preferably between 550°C and 600°*, and
the pressure is preferably between 15 psia and 45 psia (100

kPa and 310 kPa), and more preferably between 15 psia and
30 psia (100 kPa and 210 kPa).

Stability phase diagrams for each temperature at which

the conversion occurs are different. That is to say, while

a process gas having a given composition of individual

gases can provide equilibrium conditions that favor the

formation of Fe,C at one temperature, the identical process
gas composition can favor the formation of free iron or an

iron oxide at a different temperature.

To effect control of the conversion, a computer 20

monitors temperature, pressure and gas composition in a

region substantially adjacent to the fluidized bed 10 where

the gas from the reaction in the fluidized bed 10 flows

following the reaction. Typically, this region is above

the bed 10. A memory 22 associated with the computer 20

stores data with which the computer 20 can develop a
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t hernodynam cally. However, a small error in thelne ne of the
two gas species can result in a larger error iy the cal cul at eci es.

Accordingly, the preferred nmethod is to neasur e 1 ndivi dual
gases in the off-gas on a dry basis (stép2r00) and then convert each

Advant ages, ¢ AEURIILY Siifae BIEH AP SHE PERY. Srsal®, emberafRERe A T or
i naccuraci es. prdgsdi@ pusilig hehei P6YI6wing techniques. The stability
diagram for the Fe-0-H-C system relates to the stable
condensed phases as a function of temperature and the
The relative
chemical potential of oxygen in the system is defined

partial pressures of CH,, H,, CO and Co,.

through the use of the logarithm of the partial pressure
ratio €O, to €O, i.e. log (P(CO,)/P(CO)}. The relative

chemical potential of carbon in the system is defined
through the use of logarithm of the ratio of the partial
pressure of CH, to the square of the partial pressure of H,,
i.e. log ([P(CH,)/[P(H,)}?]}. The phase boundaries in the
diagram are constructed by first writing a balanced
chemical reaction between the condensed phases a;nd the
gaseous species used in defining the oxygen and carbon
potentials (co,, co, CH, and H,)). For the Fey0,/Fe,C
boundary, the reaction is: |
Fe0, + CH, + 4CO « Fe,C + 2H, + 4CO,.
The equilibrium constant for the reaction can then be
written in logarithmic form and serves to define the
equation describing the phase boundary.

For the above
reaction, the relationship is

PCO. PCH,
log K = 410 2 - log ——_,
9 B0 T %9 Tpmy:

which can be rearranged to give the equation defining the
boundary
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The values of log K are determined from the expression

AG’ (RXN) = - RTInK,

where AG®(RXN) is the change in the Gibbs Free Energy for

the reaction. Values of AG*(RXN) are calculated fronm

tabulated Gibbs Free Energy of formation data given for the
different species involved in the reactions defining the
phase boundaries.

The Fe-0-H-C stability diagrams are particularly
useful in determining the stable condensed iron-containing
phases under measured or proposed conditions of gas

compositions, temperature and pressure. The temperature

must f£irst be specified since the AG*(RXN) values are a
function of temperature and thus the diagram constructed
for the appropriate temperature. Alternatively, rather
than in terms of the ratios of the partial pressures of CO,
to CO and of CH, to H,, the boundaries of the stability
phase diagram can be expressed in terms of the partial
pressures of CO to €O, and of H,0 to H, i.e. 1log
{(P(CO))?/P(CO,)] and log [P(H,0)/P(H,)].

Fig. 3 illustrates a stability phase diagram developed
from this procedure for a temperature of 580,0°C and a gas

mixture at a pressure of 26.5 psia.
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As discussed above, the composition of the conversion

product produced in the fluidized bed 10 is dependent on

the relationships between the concentrations of the

individual gases in the reaction gas at the instant
temperature and pressure. Correspondingly, the reaction gas
from the conversion must have certain relationships between

individual gas components for a conversion to iron carbide

to have occurred. The inventors have used this fact to

provide for control of the conversion process.

As discussed above, a stability phase diagram for each
temperature is generated with each axis of the diagram

representing a different relationship between the

individual gases. Each point on a stability phase diagram
represents a unique gas composition in the five-species gas

system at a given temperature and total pressure. only

certain relationships between the '‘gases will have resulted

from iron carbide being produced. The inventors have found

that it can be determined whether iron carbide production

is possible based on these relationships. Based on the

equilibrium constraints, these include the relationships
between the CO, concentration with respect to the CO
concentration or the H,0 concentration with respect to the
H, concentration and the CO concentration with respect to

the CO, concentration or the CH, concentration with respect

to the H, concentration. The concentrations used are the

equilibrated wet basis gas concentrations.

Generally speaking, the relationships between the

gases necessary to produce iron carbide can be described in

1,
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vapor concentration above the reactor 10. Final 'y Theé neasuredjtenperature
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CO, to CO should be from ﬁbout 1:1 to about 1:10, the ratio
of CH, to H, should be from about 1:1 to about 5:1, and the
ratio of H, to H,0 should be from about 7:1 to about 40:1.
However, whether a particular reaction gas will have
resulted from iron carbide (Fe,C) being produced must be
computed for each combination of pressure, temperature and
reaction gas composition, and can be plotted on a stability
phase diagram for a given temperature and pressure. The

partial pressure of the individual gasés can be calculated

from the gas composition and total pressure using the

relationship

vhere P; is thé partial pressure of gaseous species i, (%i)
is the volume percent of i, and P, is the total pressure.
The phase field identified by the calculated x and y
coordinates is the thermodynamiéally stable phase. Partial
pressures (P) used in the construction of the diagrams

shown are all in atmosphere units. It is possible to

translate the log coordinates from a stability phase
diagram into gas compositions, and vice versa, based on the

equilibrium constraints represented by the independent

equilibria described above. By this translation, it is

possible to develop data indicating a triple point, in
terms of conversion to free iron (Fe), Fe,O, and Fe,C, as a

function of the gas compositions, temperature and pressure.
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Using this technique it is also possible to determine and
show graphically on the stability phase diagram for a
particular temperature and pressure whether or not iron

carbide will be the product with a given reaction gas

composition. For example, Table 1 below gives the measured

composition (on a dry basis) of the individual gases in a

reaction gas at a measured temperature and pressure.

TABLE I
easurement en o asis
PERCENTAGE

GAS {BY VOLUME)
CO 8.00

co, 5.00

CH, 50.00

H, 33.00

N, 4.00

The H,0 content of the wet off-gas is then measured or
calculated based on the expected amount of H,0 in accordance
with the equilibrium constraints. The sampled gas
composition on a wet basis is provided in Table II.

TABLE II

Calculated Gag Composition (Wet Basis)

PERCENTAGE
GAS {BY VOLUME)
co 7.52

co, 4.70

CH, 47.00

H, 31.02

N, 3.76

H,0 6.00
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_using the infrared |ight absorption
- techni que. Accordingly, water vapor is reduc ?"““"”@EE?% the of f-gas
prior to the off-gas being neasured using th R é@jﬁﬂ@ﬁgwungB'ng this
t echni que, gas anal yzer 58 takes sanpl es of of f- gas afterjwater vapor

I's renmoved in a scrubber 62. The analyzer 5

absorption dual gas anal yzer, such as a Mde
Inc., for nonitoring CO and CO2

58 may also include a singl-d7ra
for nonitoring the pethane concen- trations. -

| ndustri es,

anal yzer

i on anal yzer

Mpdel e gas

| R-703 sin

I
anal yzer from Infr Jhey temperature and pressure 1in the reactor 912 are

stored in wmemory 22. In this example, the reactor
temperature was 580.0°'C and the reactor pressure was 26.5
psia (182 KkPa). Based on these data, the computer 20

calculates the equilibrated wet gas composition at the

reactor tenperature and pressure. This composition is

provided in Table III.

TABLE III

Equilibrated Wet Gas Composition

PERCENTAGE
GAS {BY VOLUME)
co 7.56
co, - 4.60
CH, 47.16
H, 30.71
N, 3.77
H,0 6.20

Based on the equilibrated wet gas composition, the
appropriate calculations are made. For example, the y

coordinate for this measurement and diagram is

PCO, | _ (o.o¢so)(i.sos) =
.1°9:.o( PCO) logy, ( [(0.0756) (1.803)]) 0.2158.

and the x coordinate is

PCH, - {0.4716) (1.803) =0.4430
Ho%e ( (pH,)’) log“( [(0.3071) <1-8°3-‘”) o

The computer then plots this point on the stability
phase diagram (illustrated at "X" of Fig. 3), indicating
the relationships between the gases (on a wet basis).

Under the measured conditions listed in Table I, the point
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(Fe,C) should be formed from the reactor feed under the

measured parameters (i.e. temperature, pressure,

equilibrium reaction gas composition).

The computer 20 is preferably programmed to

independently ascertain whether or not the current process
parameters will form iron carbide based on the data which
is used to create the stability phase diagram for the

specific temperature and the off-gas data used to plot the

point on the diagram. If the parameters are not favorable

for the conversion to Fe,C, the computer 20 will then

determine and implement the necessary changes to the
process so that the relationships between the individual

gases, temperature and pressure are such that the feed will

convert to iron carbide.

Preferably, the stability phase diagram is displayed

to an operator at display 24, which may comprise a printer

or a CRT. Preferably the computer 20 automatically

implements adjustments to the process parameters to cause
iron carbide to be produced or to compensate for any trend

which may result in iron carbide not being produced at a

future time. Optionally, the operator may be directly

responsible for adjusting the parameters via the computer
20 through a computer terminal 26 after viewing the
stability phase diagram from the display 24. The function
of the operator can be to input all changes to the process
parameters based on the data generated by the computer 20,

to assist the computer 20 should the programming not
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foresee all situations or if the computer can adjust only

certain parameters, or to override the computer 20 and

manually input new process parameters depending upon the
requirements of any given situation or the limitations of

the computer 20.

As discussed above, the process gas preferably

comprises a combination of hydrogen (H,) , and methane (CH,) .
These gases wmay be provided by respective gas sources

30,32, which may be containers storing the gas. Alterna-

tively, and preferably, the process gas also includes €O,
CO, and/or H,0 and the sources 30,32 provide a make-up gas
used to supplement recycled off-gas to obtain a process gas

having desired concentrations of the individual gases. As

will be appreciated, other gases or compounds can be added

to provide the requisite hydrogen, carbon and oxygen

sources. Whatever the source of these materials, the

resulting equilibrium reaction gas will include H,, CO, CO,,
CH, and H,0. In any case, the amount of each gas added to
the overall process gas is controlled by respective valves
40,42 ‘'which are controlled by the computer 20. When new gas
is to be added to recycled off-gas, measurements from gas
analyzers 56,58 can be used to determine what the compo-
sition of the recycleci off-gas should be, and appropriate
amounts of the indiv_idual gases can be added as necessary

to obtain a process gas having a composition needed to

react with the reactor feed and result in the appropriate

off-gas. In this regard, the gas analyzer 60 can also be
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and/or the flow rates from the gas sources 30,32.

Because of the existence of N, and/or other inert gases
in the system, the recycling system must typically include
a bleed to prevent the build-up of such gases in the
systenmn. However, an additional advantage of the present
invention is that inexpensive gas sources thﬁt include such
inert gases may be employed without significantly affecting
the conversion.

The pressure in the reactor 12 can be controlled by

the amount of H, added to the process gas. While other

techniques are possible, this technique is favored. One
reason is that since H, combines with oxygen from iron
oxide, there is always a need for some H, in the reactor 12,
although an increase or decrease in H, may require adjusting
other parameters.

The process gas is supplied to a gas compressor 48 and
thex_x heated in a gas heater 50 to a desired temperature for
the conversion. The gas heater 50 is also controlled by
the computer 20, as is a secondary heat source 52, in order
to control the temperature of conversion in the reactor 10.
The secondary heat source 52 is preferably a kiln or other
such device that is used to preheat the reactor feed. By
changing the temperature to which the reactor feed is
heated in the kiln 52, the temperature at which the feed is
fed into the fluidized bed reactor 12, and thus the

reaction temperature, can be controlled (in combination

with the control of the gas heater 50).



gaé anal yzers, thernmocouple(s) and pressure transquseidrirgr syganyerted to
-digital signals and fed to the conputer 20 via 4§ :

n As
nmenti oned above, the gas conposition is measurdgd }jon_a dr& ba5|
Accordingly, the conputer 20 nust conpute the gds |codBo¥AR B a wet
basi s, and account for any shift which may have joqcurred due to changes in

tenperature and pressure, by calculating the equi

ilibrated off-gas
conposition based on the neasured reactor pressu

re..and tenperatiure (Step
102). After recalculating the gas conpos+eien on a wet basis at the reactor
tenperature, the conputer 20 then conputes

he control process will now be described with

additional reference to the flow chart of Fig. 4.

As discussed above, the reactor feed is preferably

preheated and oxidized in a kiln 52. The oxidized feed is

then introduced to the fluidized bed reactor 12 by a feed
mechanism 14 and flows therethrough, being converted to
iron carbide when an appropriate combination of gases at an

appropriate temperature and pressure is bubbled through the

feed in the reactor bed 10. Measurements are then taken of

the off-gas, that is, the reaction gas which has fluidized

the feed in the fluidized bed 12. As discussed above,

water vapor is typically removed from the off-gas prior to

the composition of the off-gas being measured. The temper-

ature and pressure are measured in a region substantially

adjacent to the bed 10 (step 100 in Fig. 4). Preferably,

at least two measurements for each species in the off-gas
are taken using different measurement techniques and at
different stages of the processing of the off-gas, as

discussed above and discussed in more detail below. When

the temperature and pressure are known and when the
concentrations of at least two of the gases are known, the

concentration of each gas in the off-gas can be determined

thermodynamically. By knowledge of the individual gas

concentrations at a given temperature ancd pressure, it can
be determined whether or not the production of iron carbide
is possible based on the equilibrium constraints. Thus, a

stability phase diagram indicating anticipated conversion

results can be generated by knowing as few as two of the
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five equilibrium gas components, along with the temperature

and pressure. For example, if either the carbon monoxide

and carbon dioxide or the hydrogen, water and methane con-
centrations are determined, then the concentrations of the

remaining gas species can be calculated thermodynamically.

However, a small error in the measurement of one of

the two gas species can result in a larger error in the

calculated species. Accordingly, the preferred method is

to measure each of the individual gases in the off-gas on
a dry basis (step 100) and then convert each measurement
set to equilibrium wet measurements (step 102). Among other

advantages, this permits the computer 20 to evaluate the

measurements for inaccuracies., To help further insure

against the possibility of inaccuracies, it is preferred
that at least two measurement techniques be utilized simul-
taneously to monitor each of the individual gases in the
off~gas (dry basis), with the computer 20 being programmed
to respond to deviations in individual gas concentrations

between the two monitoring techniques. If a deviation

between measurements is found or if an equilibrium cannot
be calculated (indicative of a measurement error).(step

104), the computer 20 can alert the operator (step 108),

take new measurements (step 100), and/or attempt to

determine which of the measurements is incorrect by the
thermodynamic calculations (step 106) and then discard the
incorrect measurement (step 110) and proceed with the
control process.
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car bon in the region just above the fluidized bed reactor 10.

Gas

chromatography is a preferred method for monitoring

individual gas concentrations from the off-gas from this

region. For example, a "Vista" model gas chromatograph

available from Combustion Engineering can be employed for
this purpose. This method is very effective and accurate
in measuring €O, CO,, CH,, H,, N,, and other hydrocarbon
concentrations. Preferably, an off-gas sample is removed
from the region above the reactor 10 and the water vapor
removed prior to gas chromatography being performed on the
sample, measuring the gas on a dry basis. The data is then
supplied to the computer 20. At the computer 20, the
measurements are then adjusted by the estimated water vapor

concentration above the reactor 10. Finally, the measured

temperature and pressure are taken into account to obtain
the equilibrated wet-basis composition of the off-gas.
_Another measurement technique that may be used in
combination with gas chromatography is infrared 1light
absorption. Carbon monoxide and carbon dioxide are easily
and accurately measured continuously using infrared light
absorption technology. The infrared 1light absorption
technique provides continuous measurement and rapid
response information to the operator and the computer 20.

This technique may also be used for honitoring methane.

However, the methane measurement is subject to interference

from other gaseous hydrocarbons. Further, water wvapor in

a gas sample is known to interfere with measurements taken
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using the infrared light absorption technique. Accordingly,
water vapor is reduced or removed from the off-gas prior to

the off-gas being measured using this technique. Using

this technique, gas analyzer 58 takes samples of the off-

gas after water vapor is removed in a scrubber 62. The

analyzer 58 may include an infrared absorption dual gas
analyzer, such as a Model IR-702 from Infrared Industries,

Inc., for monitoring CO and CO, concentrations. The gas

analyzer 58 may also include a single gas infrared

absorption analyzer for monitoring the methane concen-

trations. A Model IR-703 single gas analyzer from Infrared

Industries, Inc. may be employed for this purpose.
Mass spectroscopy is another technique which can be

utilized for monitoring individual concentrations of gas in

the off-gas. Mass spectroscopy is especially useful for

measuring concentrations of hydrogen, methane and any

higher hydrocarbons. The analyzer 58 may include such a

device, which may be, for example, a Questor model mass

spectrometer manufactured by Extriel.
Additionally, hydrogen can be continuously measured by .

thermal conductivity with reasonable accuracy. One

advantage of measuring hydrogen by thermal conductivity is
that this method is continuous and provides rapid response
information to the operator and the computer. The gas
analyzer 58 may alsoc or alternatively include a thermal

conductivity process analyzer, which can be a model Caldos-

5 available from Applied Automation/Hartman & Braun, Inc.



Is greater than a quantity in a range of fromabout 4 to about 6

, Steps
must be taken to lower the ratio to prevent th e car bon.
Preferably, the carbon activity coefficient iﬁfa@ﬂﬁﬁgmgwkgﬁﬁtf f ange of
about one to about four, and nore preferably ffoin about two to} apout three.
At this time, if it is deternined that the val les & & MAR 1®cepthbl e (step
122), either the conputer 20 or the operator oy both determ nej what
adjustnment(s) to the process paraneters is necg¢ssary (step 124 and make
the appropriate adjustment(s) (step 126)-2sf tlhe calculated val u s are

found to be acceptabl e,

trend is

a determnation is then nade as to whet her an
A third gas analyzer 60 may additionally be employe

by the systen. The gas analyzer 60 would preferably be

stationed to take samples from the input process gas, which
preferably comprises a combination of the recycled off-gas

and make-up gas from the gas sources 30,32. The gas

analyzer 60 may be of the type(s) described above.
Temperature is measured in the region adjacent to the

fluidized bed 10, using at least one thermocouple 64.

Suitable thermocouples include Chromal=-Alumel Type K

thermocouples. Pressure is measured in the region with at

least one pressure transducer 66. Appropriate pressure

transducers can be obtained from the Yokogawa Corporation

of Japan.

Data from the gas analyzers 656, 58, 60, the

thermocouple(s) 64 and the pressure transducer(s) 66 are

provided to the computer 20. The computer 20 can be an IBM

AT compatible personal computer. Analog signals from the

gas analyzers, thermocouple(s) and pressure transducer(s)
are converted to digital signals and fed to the computer 20
via an interface card. As mnentioned above, the gas

composition is measured on a dry basis. Accordingly, the

computer 20 must compute the gas composition on a wet
basis, and account for any shift which may have occurred
due to changes in temperature and pressuie, by calculating

the equilibrated off-gas composition based on the measured

reactor pressure and temperature {step 102).
After recalculating the gas composition on a wet basis

at the reactor temperature, the computer 20 then computes
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Alternatively, a change in the tenperature and/or pressure will affect the

scal e of

ture measured by the thermocouple(s) 64 (stepr 112).

Referring to Fig. 4, the program then uses the computed
theoretical gas composition at the measured pressure to
calculate the appropriate relationships between the gases
for which the diagram is designed to display (step 116).
The stability diagram of Fig. 3 is designed for th; log
(partial.pressure of CO,/partial pressure of CO) and the log
{(partial pressure of CH,)/(partial pressure of Hz)z] , wWhich

are the x- and y-axes of the stability phase diagram. As

discussed above, other relationships between the gases may

be used. The stability phase diagram including the point

calculated in step 116 indicating the above relationships
between the individual gases in the off-gas is then
displayed on the display 24 (step 118) to graphically
illustrate whether or not the process conditions are

suitable for the production of iron carbide. An example of

such a display is shown in Fig. 3, with the equilibrated
gas composition resulting in plotted point "X%.

Based on the received and processed data, the computer
20 can also éompute the poﬁential for the formation of free

carbon in the conversion process (step 120). When a carbon

activity coefficient is too high, solid free carbon may

form. Solid free carbon does not readily reconvert to
gaseous form, and will clog heat exchangers or other

components of the conversion system. If free carbon is

permitted to form as part of the product, a major fire

hazard exists, since the free carbon is quite flammable.

| f
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It has been found that if the carbon activity coefficient
is greater than a quantity in a range of from about 4 to
about 6, steps must be taken to lower the ratio to prevent

the formation of ‘free carbon. Preferably, the carbon

activity coefficient is maintained in a range of about one
to about four, and more preferably from about two to about

three.

At this time, if it is determined that the values are

not acceptable (step 122), either the computer 20 or the

operator or both determine what adjustment(s) to the

process parameters is necessary (step 124), and make the

appropriate adjustment(s) (step 126).

If the calculated values are found to be acceptable,
a determination is then made as to whether any trend is

indicated that would lead to iron carbide not being

produced (step 128). If some trend is indicated, based on

a comparison with prior measurement(s), necessary

adjustments to the conversion process are determined (step

124} and implemented (step 126).

For example, if it is determined that free iron (Fe)

will be produced by the present process parameters, one

solution for changing the process parameters to a desired
combination would be to increase the amount of carbonaceous

materials in the process gas. This can be accomplished by

inéreasing the amount of methane provided by the methane

source 32 into the process gas. Alternatively, a change in

the temperature and/or pressure will affect the scale of

the x-axis of the stability phase diagram. By an
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Concurrently, the flowrate of the off-gas can be increased to cause the
total vol une ©ne formation of iron carbide. Such changes can be

for the
likely
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implemented by increasing the temperature of the kiln 52

and/or the temperature to which the process gas is heated

in the gas heater 50. The pressure can be increased or

decreased by adjusting the amount of gases provided by the
gas sources 30,32.

If it is determined that Fe,0, is being produced, but
the value for the methane to hydrogen ratio (the x-axis) is

acceptable, then it is likely that the oxygen potential in

the system is too high. Oxygen is provided to the reactor

12 in the form of iron oxide. Accordingly, the amount of

oxygen can be reduced by adjusting the feed mechanism 14 to
decrease the feed rate to the reactor 12. Alternatively,
additional oxygen may be removed from the off-gas in the
recycling steps. This can be accomplished by lowering the
temperature of the off-gas leaving the scrubber 62 by
lowering the temperature of cooling water or increasing the
flow of the cooling water. Concurrently, the flow rate of
the off-gas can be increased to cause the total volume of
gas being scrubbed to increase thereby causing more water
to be removed by the scrubber 62.

Should the stability phase diagram indicate that
neither the calculated CO, to CO ratio nor the CH, to H,
ratio are appropriate for the formation of iron carbide
(the point plotted on the stability diagram is above the

iron carbide area and to the left of the iron carbide
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area), then a combination of the adjustments discussed

above for the previous two situations would be in order.
Should the ratio for the formation of free carbon be

too high, the point plotted on the stability phase diagram

will typically be found in the right portion of the area

indicating that Fe,C is being formed. A solution is to

increase the amount of H, in the process gas, thereby

lowering the ratio and moving the point to the left portion

of the Fe,C region.

The above list of possible adjustments is by no means
exhaustive, and other solutions are possible to correct or

maintain the process depending on the specific parameters
on vwhich <the process is operating and which are

controllable.

Similarly, measurements supplied to the computer 20

may indicate that iron carbide is being produced. However,

upon comparing measurement data with stored measurement

data from earlier measurements, trends may be detected

that, if unchanged, would result in iron carbide not being

produced in the future. In response to such a finding, the

computer 20 or an operator can adjust the parameters as

discussed above depending upon the trend.

After the necessary adjustments are made or if no
adjustments are deemed necessary, the raw and computed data
are stored in memory 22 for future use (step 130). This
enables historical trend lines to be developed. This will

assist in further refining of the control process as trends

can be discovered far in advance of any detrimental event.
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mai ntain_the praocess dependi ng on the specific paraneters on
%ﬁﬁ%ﬁliyngt&‘r?dm%ﬁ? SHeduence is repeated after a

very short period of time. A delay of a prédetermined
period of time can be built into the system (step 132), or
new measurements can be taken and new data made available
as soon as possible, which, depending on the measurement
equipment and the power of the computer 20, can be as soon
as every few seconds.

While one embodiment of the invention has been
discussed, it will be appreciated by those skilled in the
art that various modifications and variations are possible,
without departing from the spirit and scope of the

invention, as defined by the claims.
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1. A method for maintaining process parameters

within a predetermined range for the conversion of reactor

feed into a product in a fluidized bed reactor, a main

component of the product being iron carbide, said method

comprising the steps of:

(a) monitoring gas concentrations for at least two

individual gases in a gas in a region substantially
adjacent to the fluidized bed:;

(b) measuring pressure and temperature in the region;

(c) determining gas concentrations for remaining

individual gases;

(d) determining whether the temperature, pressure and

gas concentrations are suitable for production of iron

carbkide; and

(e) adjusting one or more of the process parameters

as necessary to provide for the conversion of reactor feed

to iron carbide.

2. A method according to Claim 1, wherein the

process parameters include the individual gas

concentrations, the reactor temperature and the reactor

pressure.

3. A method according to Claim 1, wherein the

reactor feed is oxidized iron ore or iron ore concentrate.
4. A method according to Claim 1, wherein said

region is above the fluidized bed and the gas is an off-gas

from the bed, formed when a process gas flows from beneath
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the fluidized bed and through the reactor feed in the

fluidized bed to react with said reactor feed.

5. A method according to Claim 1, wherein said step
(e) further comprises adjusting one or more of the gas
concentrations, the temperature and the pressure.

6. A method according to Claim 1, wherein said
method further comprises following said step (a) and prior
to said step (b), the steps of:

(i) monitoring gas concentrations for the at least

two individual' gases using a different measurement

technique; and

(ii) comparing monitored gas concentrations from said
steps (a) and (i) and a]_.erting an operator if the monitored
concentrations are incompatible.

7. A method according to Claim 1, wherein the at
least two gases are carbon monoxide and carbon dioxide.

8. A method according to Claim 1, wherein the at

least two gases are methane, hydrogen and water.
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9. A method of generating a phase diagram for i:he

conversion of reactor feed in a fluidized bed reactor,

comprising the steps of:

(a) measuring concentrations of at least two

individual gases in a reaction gas in a region

substantially adjacent to the fluidized bed reactor;

(b) measuring pressure and temperature in the region;

(c) determining concentrations of selected remaining

gases in said reaction gas: and

(d)} generating a phase diagram indicative of whether
the reaction gas coméosition, pressure and temperature are

suitable for the production of a degired conversion

product.

10. A wethod for generating a phase diagram according

to Claim 9, wherein said step (a) comprises measuring at

least two gases from the group consisting of co, Co,, CH,,
H, and H,0.

11. A method for generating a phase diagram according

to Claim 9, wvherein said step (a) further comprises

continuously monitoring at least one individual gas.

12. A method for generating a phase diagram according

to Claim 9, wherein said step (a) further comprises

continuously monitoring at least one of CO and CO, using at

least one of an infrared light absorptic. technique and a
gas chromatography technique.

13. A method for generating a phase diagram according

to Claim 9, wherein said step (a) further comprises

continuously monitoring at least one of H, and CH, using at
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cohponent of the product being iron carbide,
-steps of: (a) nonitoring gas concentrations for
gases in a reacti-on-gas-in a reglon adj acent to

nmoni tori ng gas conciahﬁjm said at | east

sai

At
t

a different nea than the techn
al erting an operator

i f the nonitored congentrat

conparing nnnit centfatlons fromsaid
measuring pressure and tenperature in the region,

W
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ons are inconpati
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(e determ ni ng gas

concentrations;fQ&tr 8A8I BeBlnique from the group consisting of infrared

light absorption, thermal conductivity, gas chromatography,
and mass spectroscopy.

14. A method for generating a phase diagram according

to Claim 9, further comprising the step of repeating said

steps (a) through (d) after a predetermined period of time.

15. A method for generating a phase diagram according

to Claim 9, wherein said step (a) further comprises drying
the reaction gas and determining the volume percentage of

the at least two individual gases in said reaction gas on

a dry basis, and wherein said method further comprises,

prior to said step (d), the step of calculating the gas

composition on a wet basis for the measured temperature and
pressure;

and, following said step

(e),
displaying the phase diagram for Fe,0,, FeO, Fe and Fe,;C in

the step of

graphical form.
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gases; (f) determ ning whether thet spure and gas
concentrations-are suitable for production of ii ﬁ-ﬁ&%p’ghgéﬁ%ﬁd (9)

adj usting one or cess paranetenstas necessary to]provide for
the conversi on ‘mgmj “\ EGL\WO iron carbide. 12.03 MaAR®EY¢gd! agcording to
Claim1l, where

gas concentr at I ons, the reactor tenperature anfd

oe@ess *paraneters i cl ude t he I ad

LVi dual
thre—reactor essure.

16. A method of controlling a conversion of react':or

feed to iron carbide in a fluidized bed reactor, said
method comprising the steps of:

(a) monitoring the composition of a reaction gas in
a zone substantially adjacent to the fluidized bed;

(b) monitoring pressure in the zone;

(c) monitoring temperature in the zone;

(d) determining whether process conditions, including
the monitored reaction gas composition, pressure and

temperature, are suitable for production of the iron

carbide;

(£f) adjusting the process conditions to permit

production of iron carbide as required; and

{g) repeating said steps (a) through (f) after a
predetermined period of time.

17. A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein the reaction gas includes cO, CO,, CH,,
H,, ._and H,0, and said step (f) further comprises adjusting
the process conditions so that the temperature is main-
tained between about 500°C and about 650°C, the pressure is
maintained between about 100 and about 310 XPa, and a-
process gas supplied to the fluidized bed reactor includes
up to about 20% CO, up to about 20% CO,, up to about 80%
CH,, up to about 80% H,, and up to about 5% H,0, by volume.

18.

A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according

to Claim 16, wherein said step (a) further comprises

This Sheet Has Been Reilaced
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-32- 3. A nmethod according to Claim 1, whe rf eed 1S

oxidized iron ore or iron ore concentrate. 4. RERL Al MENT §'"%Tr ding to daim
1, wherein said region is above the fluidized} bed and the gag ijs an of f-gas

o I 5.2 e
reactor feed. ¢ A n®thod*according to d ai

gt least two
gases are carbon nonoxi de and car bon di oxi de.

A nmet hod acgording to
Claim 1, wherein the at |east two gases &% methane, hydrogen-and wat er.

continuously monitoring the reaction gas employing

at least

one technique from the group consisting of gas

chromatography, thermal conductivity, infrared 1light
absorption and mass spectroscopy.

19. A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according
to Claim 16, further comprising the step of determining the
potential for formation of free

carbon -during the
conversion.

20. A method of controlling a conversion of reaction

feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein the quantities are measured in
percentage by volume.

21. A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein the composition of said reaction gas
'is monitored by measuring at least two individual gases in
said reaction gas and by thermodynamically calculating the
con;entration of selected remaining individual gases in
said reaction gas.

22. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according
to Claim 16, wherein said reaction gas is monitored by

measuring the concentration of individual gases in saia
reaction gas and wherein at least one of said individual
gases is measured by at least two separate techniques.

23.

A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according

his Sheet Has Been Replaced
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7. A nethod of generating a phase diagram for W Fe3C for
. the conversion of reactor feed in a fluidized p -ARBMENT SEBEpri sing the
steps of: (a) measuring concentrations of at |faFt tvvo IHo-vi-gugl gases in
a reaction gasmmm‘ﬂﬁmﬁmw&ﬂ tdntially adjace &HR %22?" di Zed bed
reactor by det me percent age of he at T'e tjwg i ndi vi dual
gases on a dry Basfs after *drying the reaction] |rg pressure
and tenperature in the region; (c) deter N concentratlons of selected
remai ni ng gases in said react i on gas; (d) cal cul ati ng the—gas nposi tion
on a wet basiSto claim 21, wherein the at least two gases are CO and Co,,

and the selected remaining individual gases are CH‘, H, and
H,0.

24. A method of contolling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according
to Claim 21, wherein the at least two gases are CH,, H, and

H,0, and the selected remaining individual gases are CO and

cgzu
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for the neasured tenperature and pressure; (¢)[gengrating a phase di agram
I ndi cative of whether the reaction gas conpositi

3@;7( and
tenperature are suitable for the production ¢f a%ﬁe conjef si on

product; and (f) displaying the phase diagra -eft--Feo~ Fp and Fe3C in
graphical form -33- 8. A nethod for

ene ati ng a phase di agram
according to Caim7, wherein said step

METHOD FOR CONTROLLING THE CONVERSION OF IRON-CONTAINING
REACTOR FEED INTO IRON CARBIDE

ABSTRACT

A process for controlling the conversion of reactor

feed to iron carbide is disclosed. The reactor feed is

subjected to a process gas in a fluidized bed reactor (10),
and measurements (56) are taken of individual gases in the
off-gas from this reaction and the temperature (64) and

pressure (66). A stability phase diagram is generated based

on the temperature. Different regions of the stability

phase diagram are representative of different products
being formed by the conversion of the of the reactor feed.

Based on concentrations of the individual gases in the off-

gas and the total pressure, a point is plotted on the

stability phase diagram indicative of the favored reaction
product. The process parameters can then be adjusted to
insure that iron carbide can be produced from the reactor

feed based on the stability phase diagram.

Figure 1
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sél ected fromthe group consisting of infrared e, | t hei mal
- conductivity, gas chromatography, and nass spe :ttf2 %QE@EW%EW et hod for
generating a phase diagram according to Claim¥V,ifurther cogr sf ng the
step of repeating said steps (a) through (f) afte¢r a3 MARISE ned peri od
of tine. 13. A nethod of controlling a conyefsion of reactorifeed to
iron carbide in a fluidized bed reactor by nonift 6TTng a reactionjgas
conprising CO CO2. CH4, H2 and H20, »d- met Hod _conprising.t steps of:
(a) nmonitoring the conposition of the4eaction gas in
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in the zone; (c) nonitoring tenperature infthe zone; %ﬁ% getjer m ni ng
whet her process conditions, including the ni O MARr tifon gas

conposition, pressure and tenperature, are syitable for prjodquction of the

iron carbide; (e) adjusting the process conditions so that tthe tenperature
I s mai ntai ned between about 500 C and abo 650 .C. . the presdure is

mai nt ai ned between about 15 and about_45 psia, and a process gas supplied
to the fluidize gryg reggtor incl udes34$ to about 20about 20%
[err] up to abo %[err] up to about 80% [err] and

MEASURE TEMPERATURE, |

100~ PRESSURE AND INDIVIDUAL
GAS CONCENTRATIONS
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a’ zone substantially adjacent to the fl ui ;RE%D} CEMENT, HEETn' toring pressure
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about 5% [err], by |vBEBKACEMENT etk productyg&,%?m ’?(cﬁrwc?g?b‘;
required; and (f) |r peatl ng sal d $teps (a) Tiplgn JABET -
predet er mi ned peridd |o ﬁg 198 A qet hod of (ﬂ@’r‘ F}ln@a&e@__

reactor feed to irdn carb| e in a flbidized beld Pasings) oRagsd di H*@”@}

i n
13, wherein said stlep—tar—further—todprises ;| EREMIACEVENRESHERTO paged.ﬁ
continuously nonitdring the reactionjgas enpkoying at |east one

ue
from the group consrsting of gas =7- | DATE OF RECEIPT 18ﬁ58 938
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iron carbide, and wore particularly, to Fe,C, which the

inventors have found is the predominant form of iron

carbide which is produced. In this technique, reactor

feed, which typically comprises a mixture of iron oxides

such as magnetite (Fe;0,) and hematite (Fe,0;), along with

other materials such as gangue and water, is converted to

iron carbide in a fluidized bed reactor.

Prior to being introduced into the reactor, the

reactor feed can be preheated in an oxidizing atmosphere to

oxidize portions of them. During the preheating, a portion

of any magnetite present can be converted to hematite,

sulfur in the ore can be stabilized and/or eliminated, and

free moisture can be reduced or eliminated. It is believed

that the oxidation of the magnetite to hematite provides

for more efficient conversion of reactor feed into iron

carbide. The elimination of sulfur is believed to increase

the yield of iron carbide in the final product. Further,

by reducing the amount of water entering the fluidized bed

reactor, the conversion of iron oxide to iron carbide is

improved. This technique is described in more detail in

commonly assigned U.S. Patent No. 5,137,566 entitled

“Process For Preheating Iron-Containing Reactor Feed
Prior To Being Treated In A Fluidized Bed Reactor".
A system through which control of the conversion of

reactor feed to iron carbide is performed is illustrated in

Figure 1. A fluidized bed 10 is schematically illustrated

in a fluidized bed reactor 12. The fluidized bed reactor

12 is described in more detail in commonly assigned U.S.



h and nass

spectroscopy. 15. A nethod of controlling a ¢onversion of reﬁ or feed to

iron carbide in a fluidized bed reactor accodding!$dAldl 4998 18, [ furt her
conprising the step of determ ning the potential for formatipnjof free
carbon - during the conversion. 16. A nethodjof controllTing a gonversion of
reaction feed to iron carbide in a fluithzedlbed reactor _accorfling to daim
13, wherein Hhgefyan.t Ise,amr,avgeam-%ieanw@%gamgaaeaea iéghaqgr 17 . A

met hod of controlling a conversion of reactor feed to 1ron carbide in a
f1uidi zed bednde®iodessCFoirduddng Same”. Preferably the fluidized

c‘s
chromat ography, thermal conductivity, infrar gedR Pl CEMMTO
c

bed 10 includes baffles to create a plug flow condition.

The baffles help regulate the residence time of the
reactor feed in the fluidized bed 10, thus reducing
problems caused by short-circuiting of unreacted solids to
' the product discharge and utilizing the full area of the

bed 10. This permits efficient use of incoming process gas

in contacting reactor feed as it flows through the fluidized

bed 10 for converting the reactor feed to iron carbide.

The input or process gas used to convert the reactor
feed to iron carbide includes reducing and carburizing
agents. Hydrogen gas (H,) is preferably used as the
reducing gas, although carbon monoxide or hydrocarbon gases

or mixtures of hydrogen with carbon monoxide and hydro-

carbon gases may be used. Hydrogen gas is preferred as the

reducing gas because the oxidation product of hydrogen,
watér, may be easily removed from the reaction or off-gas,
thereby permitting easier recycling of the off-gas than

with the other possible reducing gases. Methane is pre-

ferred for the carburizing gas, although carbon monoxide,
carbon dioxide, hydrocarbon gases and solid carbon may be
used. Additionally, the source of the methane gas may be
other hydrocarbon gases or a combination of gases that
would crack or otherwise combine to form methane under the

conditions present in the reactor chamber 12. 1In theory,

+

a wide range of carbonaceous materials may be used to



_to Gaim13, wherein the conposition of said rleBEPLADEMENT $igponi tored by
measuri ng at I? L ndi vi dual gases in saifdfre ' ngl by

t her nodynam cal mf"[@m”ﬁﬁ @U,[ne concentrati ¢n of1 i ni ng

i ndi vi dual gase$ i A sal #tlon gas. 18 . A l}Jing a

conversion of reactor feed to iron carbide in rieact or

according to Caim13, wherein said reaaH on gas is nonitored gy neasuring

the concentration of individual gases in said réacriomgas—ahdlwherein at

| east one offhat; &s; Qdadmadalsyases is neasured by at | east two separate

techni ques. 19 . _A nethod ontrolling.,a.caqnversion of reactor feed to
iron carbide in %‘flu%di?%ggﬁed #%ﬁuﬂ%ﬁéﬁﬁﬁﬁﬂ%ﬂghgpr°°ess parameters

within a predetermined range for the conversion of reactor

feed into a product in a fluidized bed reactor, a main
component of the product being iron carbide, said method
comprising the steps of:

(a) monitoring gas concentrations for at least two
individual gases in a reaction gas in a region adjacént
to the fluidized bed:

{b) monitoring gas concentrations for said at least
two individual gases using a different measurement technique
than the technique used in step (a):;

{c) comparing monitored gas concentrations from said
steps (a) and-(b) and alerting an operator if the monitored

concentrations are incompatible;

(d) measuring pressure and temperature in the region;

(e} determining gas concentrations for remaining
individual gases;

(£) determining whether the temperature, pressure and
gas concentrations are suitable for production of iron
carbide; and

{g) adjusting one or more of the process parameters
as necessary to provide for the conversion of reactor feed
to iron carbide.

2. A method according to Claim 1, wherein the
process parameters include the individual gas
concentrations, the reactor temperature and the reactor

pressure.
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to daim17, wherein the at |east two gas ane Co and‘$9rr] nd the
anti8[ A& ]

sel ected renai num mm Iﬂmﬂumses are [err
controlling a c tor feed tofidon carbide injajfluidized bed

reactor- according to daim 17, *wherein the 4t Teast two gasesiare [err]
H20, and the sel ected remaining indivBdoal d

3. A method according to Claim 1, wherein the

Py—

reactor feed is oxidized iron ore or iron ore concentrate.

4. A method according to cClaim 1, wherein said
region is above the fluidized bed and the gas is an off-gas
from the bed, formed when a process gas flows from beneath
the fluidized bed and through the xreactor feed in. the ’
fluidized bed to react with said reactor feed.

S. A mefhod according to Claim 1, wherein the at
least two gases are carbon monoxide and carbon dioxide.

6. -+ A method according to Claim 1, wherein the at

least two gases are methane, hydrogen and water.

7. A method of generating a phase diagram for Fe304.

FeO, Fe and Fe3C for the conversion of reactor feed in a

fluidized bed reactor, comprising the steps of:

(a) measuring concentrations of at least two
individual gases in a &reaction gas in a region
substantially adjacent to the fluidized bed reactor by

determining the volume percentage of the at least two

individual gases on a dry basis after drying the reaction

gas;

(b) measuring pressure and temperature in the region;

(c) determining concentrations of selected remaining
gases in said reaction gas;

(d) calculating the gas composition on a wet basis
for the measured temperature and pressure;

{e) generating a phase diagram indicative of whether

the reaction gas composition, pressure and temperature are

suitable for the production of a desired conversion product:
and

(£} displaying the phase diagram for Fe30 FeO, Fe

4'

and Fe3C in graphical form.
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8. A method for generating a phase diagram according

to Claim 7, wherein said step (a) comprises measuring at
least two gases from the group consisting of co, Co,, CH

¥
H, and H,0.

9.. A method for generating a phase diagram according

to Claim 7, wherein said step (a) further comprises

continuously monitoring at least one individual gas.

'10. A method for generating a phase diagram according

to Claim 7, wherein said step (a) further comprises

continuously monitoring at least one of CO and CO, using at
least one of an infrared light absorption technique and a

gas chromatography technique.

11. A method for generating a phase diagram according to claim 7,
wherein said step (a) further comprises continuously monitoring at least one gas
selected from the group consisting of H, and CH, using at least one technique

selected from the group consisting of infrared light adsorption, thermal conductivity,
gas chromatography, and mass spectroscopy.

12. A method for generating a phase diagram according

to Claim 7, further comprising the step of repeafing said

steps (a) through (f} after a predetermined period of time.
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13. A method of controlliﬁg a conversion of reactor
feed to iron carbide in a fluidized bed reactor by
monitoring a reaction gas comprising CO, COZ' CH4, H2' and

Hzo, said method comprising the steps of:

(a) monitoring the composition of the reaction gas in
a zone substantially adjacent to the fluidized bed;

(b} monitoring pressure in the zone;

(c) monitoring temperature in the zone:

(d) determining whether process conditions, including
the monitored reaction gas composition, pressure and
temperature, are suitable for production of the iron
carbide;

(e) adjusting the process conditions so that the
temperature is maintained between about 500 °C and about
650 °C, the pressure is maintained between about 15 and
about 45 psia, and a process gas supplied to the fluidized
bed reactor includes up to about 20% CO, up to about 20%
COZ' up to about 80% CH4. up to about 80% H2, and up to
about 5% HzQ, by volume, to permit production of iron
carbide as required; and )

(f) repeating said steps (a) through (e) after a

predetermined period of time.

14. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according

to Claim 13, wherein said step (a) further comprises
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continuously monitoring the reaction gas employing at least
one technique from the grotp consisting of (gas

chromatography, thermal conductivity, infrared 1light

absorption and mass spectroscopy.

15. A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according

to Claim 13, further comprising the step of determining the

potential for formation of free carbon -during the

conversion.

16 . A method of controlling a conversion of reaction
feed to iron carbide in a fluidized bed reactor according
to Claim 13, wherein the quantities are measured in
percentage by volume.

17 . A method of controlling a conversion of reactor
feed to iron carbide in a fluidized bed reactor according
to Claim 13, wherein the composition of said reaction gas
is monitored by measuring at least two individual gases in
said reaction gas and by thermodynamically calculating the

concentration of selected remaining individual gases in
said reaction gas.

18 . A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according
to Claim 13, wherein said reaction gas is monitored by
measuring the concentration of individual gases in saiad
reaction gas and wherein at least one of said individual
gases is measured by at least two separate techniques.

19 . A method of controlling a conversion of reactor

feed to iron carbide in a fluidized bed reactor according
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to Claim 17, wherein the at least two gases are CO and Co,,
and the selected remaining individual gases are CH,, H, and

H,0.

20.. A method of controlling. - a conversion of reactor

feed to iron carbide in a fluidized bed reactor according
to Claim 17, wherein the at least two gases are CH,, H, and

H,0, and the selected remaining individual gases are CO and

co,.
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METHOD FOR CONTROLLING THE CONVERSION OF IRON-CONTAINING
REACTOR FEED INTO IRON CARBIDE
ABSTRACT

A process for controlling the conversion ot;_react'or

feed to iron carbide is disclosed. The reactor feed is

subjected to a process gas in a fluidized bed reactor (10),
and measurements (56) are taken of individual gases in the
off-gas from this reaction and the temperatﬁre (64) and
pressure (66). A sta.bility phase diagram is generated based
on the temperature. Different regions of the stability
phase diagram are representative of different products
being formed by the conversion of the of the reactor feed.
Based on concentrations of the individual gases in the off-
gas and the total pressure, a point is plotted on the
stability phase diagram indicative of the favored reaction
product. The process parameters can then be adjusted to
insure that iron carbide can be produced from the reactor

feed based on the stability phase diagram.

Figure 1



