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The computer is indispensable for research, design
operation of metallurgical processes. This chapter is
with the use of commercially-available
software 10 develop DRI process models and the

of such models in process analysis. The first part of

i chapwtintmducesmebasicoonceptsofmodel
opment. The second part of the chapter illustrates the
of software for making simple process calculations.
third part of the chapter describes how more complex
are modeled with commercially availshle

INTRODUCTION
L‘eclmieal Factors

Process modeling using computers has become
ace with the availability of low-cost computer
ardware, an increase in the number of computer-trained
agincers and the advent of process simulation software.
he application of such programs has proven to be
essful in three arcas: (1) the design of new processcs
d flow sheets; (2) incressing the efficiency of plant
hoerations by demonstrating the effects of process
ternatives and expediting the decision-making process,
(3) opemator guidance and training. The greatest
fit comes when effort in all three areas is integrated.
Process simulation is a problem-solving technique
eby mathematical equations arc used %0 describe the

principles involving process simulation are described ina
umber of chemical and metallurgical engineering texts.
Rasically, every system must obey the laws of conservation
bf mass and cnergy, but these laws slone are seldom
d e to completely specify a system. Most systems
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have a number of restrictions, conditions, and subsidiary
relationships that must also be satisfied, and under ideal
conditions the number of stream varisbles minus the
number of restrictions will equal zero (i.e., there are no
degrees of freedom).

Commonly the mathematical equstions are not
rigorm:smddanmlybemising.snmoumodelsdomt
give exact quantitative results. Saill, semi-quantitative o
evenqualiuﬁvcmuhsmnybemeﬁllinmkingdecisim
concemning altemative operations.

Process simulation can be used to:

develop new process technology,
evaluate alternative flow sheets,
evaluate research and pilot plant data,
perform feasibility smdies,

scale up design calculstions,

Ll BB ol

Some of the advaniages and bencfits of process
simulation are:

1. It is less costly in time and money to simulatc &
proposedptmthmmoonduamcha
operate a pilot plant Simulations reduce the test
program by permitting identification of key
pammetuselﬂyinthedevelnunemﬂga.md

guidingthemoateﬁciateollcctimofdﬁx

2. Hazardous and high cost processes can be
expuimwdwiﬂlduplylndnalowa'riskm
the environment

3. 'I'mengineetisreqﬁmdtodevelop-deuiled
understanding of the process using consistent
design criteria.
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In the second example the inlet gas temperature was
ed from 890 to 950 K whilc kecping all other reactor
: rsconstnmathebasiscaseconditiondﬁaibed
‘bdve. This simulates s situation where the reactor is
iniga lyopentingltﬂtebasiseasewhereuponmeinletgs
eniperature changes. This causes the equilibrium reactor
eriperature to vary over a much smaller temperature
ne; in this case, 854870 K. The results of the two
emes are shown in Table X. A close inspection of
hebe results shows why a 60° increase in inlet gas
perat caused only a 16° increase in reactor
as the reactor temperature increases. the
eqyilibrium gas contains less CH,, CO,andH,O. thus the
ovgrall process becomes more endothermic as the reactor

increases.
Inthelnstex-mpletheteactorpmssurewasvaried
dveen 225 and 7 atm while keeping all other reactor
pararm rsconmantatthcbasismseconditionsdescribed
adier. This simulates a situation where the reactar is
inifally operating a1 the basis case, then the reactor
ek changes. Goingfromllsm'latmcausedthe
squilibrium reactor temperature to vary between 846 and
89 K_ Details of the two extremes are shown in Table X1
inspection of these results shows why a threefold
incfeas inreactorpressurecauseda“ﬁncmseinmctor
eriperature—as  the reactor pressure increases the
eqilibrium pas contains more CH, and HO, thus the
process becomes less endothermic as the reactor

Drgssufe INCICASCS.

These three examples show how a program capable
of lmaking simultaneous equilibrium and heat balance
albulations can give important insight into how various
praces parameters affect the conditions of a reactor. The
JS4WIN program was perticularly useful because of its
q abilitywallowmeequilibﬁummpem.tmetobea
d dent variable, solved by the program. The
infhrmation gained in this type of study is very valuable in
pufting together more complex reactor or flow sheet
ddels using other software designed for that purpose. In
fack., the information gained from the simulations
pe omnedhcrewasusedaslbasisfordevelopingaoontrol
mddel for a conceptual iron carbide production process
injolving four reactors. This is covered in the next section.

IR PETY
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REACTOR MODELING

So far, the discussion of modeling has been restricted
to single unit operations involving fairly simple chemistry.
This section will deal with combinations of two or three
mxitopemtions,dmis.twoormorerenmsorprocesscs
taking place in onc reactor that has two or mofe Zones. The
ﬁxstexnmpleumthel’yrosimpmgnmtomodelﬂne
production and meiting of DRI, The second exasmple uses
{he spreadsheet program Excel to model a control strategy
for the production of iron carbide (Fe C).

Reduction and Melting of DRI

DRI is conventionally produced as a scrap substitute
for EAF steelmaking or for enriching the feed 1o 2 blast
furnace. The valve of DRI produced by a coal-based
prooessforEAFfeedcouldbelwsthmﬂmfongas-bnsed
DRI because of the additions] gangue and sulfur content.
One way to overcome this drawback while producing a
premier material is to melt the DRI in an electric fumnace
immediately upon discharge from the reduction furnace to
form an iron-carbon alloy (1-2% C). This liquid metal can
beusedinanadjacaltEAFsteelmnkingopenﬁonorm
and shipped™ In this example the Pyrosim program was
used to model the production of DRI by & coal-based rotary
kiln followed by melting the DRI in an electric furnace.
Thepmmwnssimulnedbyusingﬂuees@indnﬁow
sheet All thermodynamic data for Pyrosim come from the
accompanying database program Thexmo.

TMreducl.ionofimnoreinamWykilnhsbecn
discussedinthechnpwronDirectRedMonPrm
Tberomykilnischnncterimdbyememecomposiﬁm
andlemperatmpadientsnlongitsbngth.mditis
therefore difficult to model such & process realistically as a
single unit operation. A common way to handle the
difficulty is to divide the reactor into 2zomes whose
boundaries sre more conceptual than physical. The kiln is
dividedinwmomnes.oneforprehuﬁngthechngem
devolat!hnngtheeoalnndtheoﬂmt‘ormdumantom
(DRI) and discharge. Thegnsmdsolidphnmﬂow
countercurrently, & circumstance that adds complexity to &

Tabla X-- Effact of inlet Gas Temperature on Reactor Tempersturs and Conditions

mummm.mmmmwmm

¥ T
80K 854 K 50.6 324 10.1 kL] 33 -25.55 -25.58 +0.39
230K 870 K 487 us 80 45 32 2515 -25.18 +0.42

meI_MMMrmnmmrmmmcmm

n-:u ln?br %xCH, %M, %H.0 %co %CO, loglpOd Ambg logiad
2250m 86K 492 M2 03 4. 34 2598 -25.88 +0.44
70 sm 00K 514 311 10.9 3s 30 -24.21 -24.15 0.
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process model. The division into two zones is arbitrary,
and although more zones may improve the model accuracy.
two zones are probably adequate in this case where detailed
operating information is lacking.

The rotary ldln was modeled by specifying certain
information for each zone. First, the tcmperature for each
sueamcnteringandleavingeachmnewnssctnswasthe
composition of cach solid species. Next, the CO/CO, and

O ratios in the prereduction zone gas were set and the
ore was specified as being reduced 10 Fe O, Similar gas
ratios were specified for the reduction zone 8s was the
degree of metllization. In effect, this is equivaleat 1o
writing reactions for the main chemistry occurring in each
zone and assigning an "extent of completion” factor for
cach reaction. Obviously the adequacy of this approach
depends on the amount and rehsbility of data obtained
from en opersting plant Where data were lacking,
reasombleassumptionsweremndeorthepanmemwen
leftasunhlowmtobesolvedbythecompmermodel.
Once the zones were correctly specified, Pyrosim
completed the mass balanc, and also calculated a heat
balance.

The EAF melting of DRI is a steady-state process in
which the DRI is fed continually into the furnace as the
charge meltdown occurs. Most of the FeO in the DRI is
mdueedhyresidmlearboninthecturgetopmdueeco.
Sulfur and phosphorus partition favorably to the slag. The
DRI melting operation was modeled differently than was
the rotary kiln. One of the advantages of Pyrosim is its
ability 10 employ two different types of approaches in 2
single multi-reactor model. The EAF was assumed to be an
equilibrium  reactor, which is reasonshle sincc mass
transfer and kinetics are relatively fast hetween liquids and

e

gases near 1600°C. The clements or species making up
mhofmethreeplnscs(gas,slaguduml)mubc
speciﬁed,aswellasmemmpentureandpm Pyrosim
has a free energy minimization routine which calculates the
amount and composition of cach phase. Then a heat
balanceisperformedtodetcrminemcunomnofdwnial
energy required. The ds ibution of S and P between slag
and metal can be simulated by assuming appropriste
activity coefficients for these clements, but these clements
were not tracked in this example.
Aﬂowsheetandeqdwmskewhforthemi,
shown in Figure 9. Typical data on the opemting
chamcterisﬁ«sofl.ronrykilnwereobhimdﬁom
publishedmdprimem." Ore, flux and coal are
chngedinwmepremducuonmwhmﬂ:ecoalis
dcvolaﬁlized,lheﬂlntcalcinedandmrﬁalre&lcﬁ(mqftbe
hematite occurs. The solids temperature increases to

codvohﬁlemnnerandCOcouﬁnginﬁ'mnﬂleredwﬁun
zone. The combustion of these gmses provedes the
nsecemryenergytoheattheclurgemdmyomﬂg
chemiealreacﬁomofoxideredlmionmdﬂuxeddnﬂion.

. prereduction
wasadjuswdunﬁlthemneshm»edasmallsuplmofhm

magnetite is carbothermically reduced. Equation 1 gives
the chemistry for a similar process. This resction is
strongly endothermic. Heat is provided by bumning some of

All flow rates: tonnas/hr
{Hot metal production: 187,000 tonnesiyr)

ORI 31.7 Enmgy: 8.8 MWV

1100°C {410 KWhitonne)
Enargly bes: §20 kW

Hotmetst 1.5% C; 1550°C; 21.4 tph
Siag: 1.0% FeO; 1350°C; 8.7 A

FeoD

MgO ; .
SiO; 4.4 68 | 248
Fe, met|

¥in Fumecs!
{Pvo-redn  |Redn
84.3 88.2 25
78 |

2.0 1886 01
10 0.0 0.0
48 0.0 0.0
80.2 627 a8
0.2 - -

Fig. 9 — Sketch of rotary kiln - EAF melting fumace flow sheet modeled by Pyrosim.
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theresidualeoalcharandusingairtobumsomeoftheco
evolved during reduction. The amount of coal char and air
were adjusted manually until there was an overall small
gzplusofhenindﬁsmnemallowfmlosses. The coal
ash is assumed to be captured by the DRI solids.

The DRI contains some unreduced wastite and
residual coal char and is fed directly to an EAF and melted.
The DRI temperature was assumed to drop from 1100 to
1000°C in transit to the EAF. Various simulations were
made to show the effect of cooling the DRI to different
temperatures before it entered the EAF During melting
mast of the wiistite is reduced by the residual char. The
ruminingcarbonpltﬂydissolvesindnememlmdpanis
oxidized by injected oxygen. Oxygen is added to the EAF
nutonlytobmthecarbondownmﬂnq:eciﬁedmp
amount.butalsotomngoodnﬁxinginthehﬂhmdto
provide additional heat The main source of heat is still
electrical energy.

The kiln was modeled using the “empirical reaction”
mode, in which the extent of possible reactions is set by the
user according to published operating data and the model
assumptions. The user may set various opersting
parameters, suchastthOlCO,de,/H‘Onﬁo in the
gns,thewﬂsﬁtetometallicironmﬁoinﬂwpmdwtmd
other specifications sufficient to close the mass and heat
balance. The rigor imposed by forcing the closure of the
hest and mass balance allows the program (o calculate
opemting details not given by the published reports.  Also,
once the model is set up and rumming the user can change
some of the assumptions made in the beginning and see
which of them has the greatest effect on the results. This
sort of "sensitivity analysis” provides insight into which
operating parameters have the grestest effect.

The EAF melter was modeled using the "equilibrium
reactor” mode in which all phases reach equilibrium and
solution phases are assumed in general to be ideal.
However, the user does have the option for specifying a
fixed value of an activity coefficient for solution species so
that the slag/metal distribution of an element like sulfur can
be spproximated with some degree of accuracy. In the
present case, the emphasis was mainly on the heat and
mass balance which is virtally independent of small
changes in melt composition. The distribution of S and P
between metal and slag was not tracked in this example.

121 550

r 500

350

Fig. 10 - Effect of DRI temperature on howrly energy
requirement in EAF.

PRAXAIR

Table Xil — Product Data for Rotary Kiin - EAF

Meflting Fumace Modeled by Pyrosim
Solid
wth Kiln Furnace
Pre-redn Redn  Slag  Metal
tonne/h  48.9 317 8.1 214
ALO, 3.0 4.6 16.6 -
] 22.4 4.4 - 15
Ca0 85 1486 831 -
Fe.0. 59.8 - - -
FeO - 6.2 0.94 -
MgO 0.8 1.2 44 -
Si0. 4.4 68 248 -
Fe, mat - 61.9 . 98.5
Fe, tot 43.0 66.6 0.7 ) 0.8
Gases
vol% Kiln Furnace
, Pre-redn Radn Smeiting
tonng/h 4.3 86.2 28
CcO 7.8 16.8 99,
cO, 26.0 186 0.1
H. 1.0 0.0 0.0
H.O 48 0.0 0.0
N> 60.2 82.7 08
S0, 0.2 - -

450 Energy,
kWhomne

400 steel

The sensible heat in the hot DRI into the EAF
contributes substantially to the energy required by the EAF.
Pyrosim was used to calculate the effect of DRI charge
temperature on rate of energy consumption in the EAF to
melt the DRI, and the result is shown in Figure 10. A drop
in DRI temperature from 1000 to 700°C caused the specific
mrgqu\ﬁmmmtogo&omMOmSSOkWh/wmehot
metal. These results show a clear advantage in energy
saving by hot charging DRI to the EAF.

Pyrosimislimiﬁedtofomreaclorsinseﬁa,hasoﬁxer
limitations on specifying how reactor products are split and
cannot incorporate conmtrollers on streams and reactors
(Appendix A). Even with these limitations it is am

us

A

excellent tool for gaining insight into appropriate processes
and understanding the principles involved in putting 0..\
together a model.

Process Control in the Prodaction of Iron Carbide

Iron cerbide (Fe,C, cementite) is 2 potentiaily
advantageous scrap substitute for EAF steelmaking because
of its stability and carbon content. Iron oxide is reduced
and carburized in one or more fluidized beds at elevated
pranmuﬂtemperminthevicimyofm

The fundamentals of the formation of Fe,C in a singlc
reactor were described in connection with the EQS4WIN
model. This section describes the use of a spreadsheet
(Excel) 10 develop a multi-reactor model for iron carbide
pmdumimwiﬂncmphnsisondevelopingnpmconnol
strategy. To minimize complexity only the major unit
open!immincludedinﬂ:emodeL
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