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Abstract
With the development of computer technology, computer erical si Qa has become
one of the three major scientific methods in metallurgy S ba3| s to achieve the
simulation of metallurgical process and the de5| at| h mathematical
modeling, numerical dissertation and computer D Re mg to the reaction
model of theory of porous media within gas and so d hIS r ocuses on the selective
reduction process in mixture vessel of fine iro carbon |nto consideration of heat

transfer equation of porous medium, t uatlo arbon gasified reaction, the
qua

equation of continuity, and the momenty ion<and %S0 on, and establishes a micro
dynamics mathematical model of the elective &7 process of fine iron and carbon

mixture under the non-uniform te p a e and ual-pressure conditions. Based on this
model, the analysis of micro—d ics of sele ductlon process can be conducted; it can
be applied to analyses of the effects of ma: nsfer in gas phase, solid-state diffusion and

surface chemical reactio @he sel eduction process, as well as the interaction
between two differe to@and com ompounds; the enhance means of speed control
can also be obtalned’\
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1. Introduction (bb'

Selective redug@is current research focus in the field of metallurgy. There are rich
references f hérmodynamics to the dynamics, from micro to macro dynamics, from
experlment\%vmathematical models, from process research to microstructure
observat mong which micro-dynamics studies have taken into account the factors

rous media, heat transfer, quality, and interface and so on, and d some

@ researches have been conducted in dynamics experiments and mathematical
mode

The computer numerical simulation research on selective reduction can have easy
access to the relatively mature experimental data to change the related process
parameters. Meanwhile, based on some original data which are closer to the primary
state, the research makes use of mathematical model to calculate the variables related,
such as heat transfer, mass transfer, and momentum transfer. In this way, the
guantitative analysis of related variables can be finished before the start of the actual
selective reduction process. Therefore, it is convenient to adjust the craft plan, optimize
parameter, and guarantee the success rate. As a result, it is of vital importance in
shortening the production cycle, reducing costs and improving economic efficiency.
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2. The Experimental Device for Selective Reduction of Fine Iron and
Carbon Mixture in Reaction Vessel

The selective reduction device as shown in Figure 1:

Reaction Vessel Fine Iron and Carbon Mixture

279 point

ﬁ\o? Reduction Device

The selectiv |on de reactlon vessel containing iron ore with the height
30mm, whic venly ide |nt0 5 points. CO is input from the bottom of the
reaction vessel, With he emperature at 1000 ° c at the bottom. CO; is output from
the top of the vessel the temperature at the top of and the component of carbon
monoxide and car ioxide having no boundary effect. The chemical reaction
equation is:

Reaction?s&;e3o4+4co=3Fe+4coz <570 C
React'@ 7 Fe304+C0O=3FeO+C0O2 =570 T
on 3: FeO+CO=Fe+CO2 >570 C

Three reactions are carried out in the order of reaction 1, reaction 2, and then the
reaction 3.

3. Mathematical Model

(1) Internal heat transmission equation porous medium
0 10
—\p,.C,.T )+ VoCo T = Ketim RAH
8t(pm pm ) rar((pg j) Z

(2) Dynamics equation of chemical reaction out of phase
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Reduction of iron-oxide compounds

With CO as the reducing agent, reducing reaction is as follows:

3Fe,03+C0O0=2Fe;0,+CO,
Fe304+4C0=3Fe+4C02 <570 C
Fe;0,4+C0O=3Fe0+CO, >570 C

FeO+CO=Fe+CO, >570 C V.
With CO as the reducing agent, the equation of the reaction rate is as follvg

With H; as the reducing agent, the re reactlon d rate equation are similar to
the above.

kiCO = ki%O exp
Total reaction rate of iron m@i ctlon |@Iated as follows:

Volatilization of coal

+ volatlle
Gasification of carbon

% kV|O exp( }Nvi
The gamﬂcaﬂo@@on is as follows :
\1 C+C0,=2C0

The r%®1 rate equation of carbon gasification:

. C2
@ RS =S n 477k (Ccoz —_—co J

Water gas reaction is as follows:
C+H,0=CO-+H,
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Water gas reaction rate equation:

R = n_dar2k ™ O(C _CcoXCsz
C H,0

K&
C
Total gasification reaction rates are calculated as follow:

> 5 CO. 5 H,0

R. =R, +R.?

Size changes of pulverized coal particles in the heating process are as follows:

ool ) B

[ ]
7 is constant, value is 0.18 'Q\ 5 \)@

(3) gaseous phase conservation equations

in the gaseous phase, these components L;QCO‘ COZ%ZO‘ CH,. Tar etc,
for each component continuity equations v@ stablisl&e%s follows :

A
gw%ﬁi@?%v J=—ZNUM1

Formula for calculatlng@e effec% usion coefficient of j in the gas mixture

Components
\
Q’Q\ ﬁa ) Z y
g

(4) Continuity eé@mon
Gas-phase continbity equation is as follows:

0 10 )
\$' _(Wg) (rVoPg) 22N,
ot ror 75
% omentum equation
Vapor-momentum equation is as follows

V
g(pg _OJ:_@_ N,

ot @ or
Where in :
a =150 3(1 2
$*(Swd,)’
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1/2
ZMj Yik;
J
H= 172
ZMi Yi
J

(6) The ideal gas equation

In the context of the given temperature and pressure, gas can be considered to be
incompressible and meets the ideal gas equation of State

=L RT Yy
M

g9

4. Discrete Solutions \‘% @

(1) Discretization of heat transmission equati @'ous

g
aat( C T)+——( (pg.v@QKeﬁm%\,

j L S RaH,
With ST as the source item, S, 4@

g(pmcp@)-'___ ngaT - Keffm ﬂj = ST
ot Q ro or

For internal node's\bntegratl {n the body under its control points

I@C g@)@_ p,Co VT — K, aTde [srav

Where in :

1 1 0
Qﬁ( T)dv_’o’“C nTe = PnConle AV
\$r ot AT
Q)

[srdv =sPav

Q
27 lﬁ(r(pgcpgvaT—Ke aTde JOA, —JOA,

ror

Je (ng Vol =K ZU = (p,C V) TS - M(To 1)

exp(P,) -1
C,.V,) e (P
30 (pC VT Ky aTj (pCnga)To—(p ¥a), o0 W)(TF?—T\A?)
"or ), exp(P,) -1
AV =TrAr
A=T, A=T,
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hypothesis :
Fez(pcpg a)Ae F _(pcpg a)
(Keffm) (Keffm)w
e Dw =T N
(o). o, (o). A
Pe :F_ PW _i
D, D,
__F _F,op(R,) /\)
T op(P)-1 " ep(R,)-1

then : J
1,1 \ 0
PuConAV 0 0 Q‘%Jm 0, Qo
TTP =a. Tz +a,T, +| F, —F. — + &_) T, +S;AV
(2) Discretization of gas-phase equatlo @j@ .
(¢— +——[r v &j “SNM,

Can be written as:

For mterna esp, S @gatlon in the body under its control points

j—— P VLY, ralev [s,av

Where in~.\$
Q)QQ j (Y, v ——'DQY‘PAV

[s;dv =sfav
1 6 V, Y F 8Y dv =J° N
ror 75 ' or =JeA —duA
hypothesis :
aY ’ (pgva)e
‘] [pgv Y rj 6_[']}9 = (pgva )eYj(;’ - eXp(Pe) _1(YJ(|)E _Yj(l):‘)
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o\ (o,Va), 20 (R.)
Jx:(ngan—Fj a_rJJW:(nga)in% gexp(PW) 1 (Y,-p Y,—SV)

AV =rAr, A =1, A, =T,
F :(pg a) A, FW:(nga)WAN

o). ).
D = 1/w
e, T,
S A%

ag = ay =—
exp(Pe)—l, e ) 1\)
then : Q
PeAV | AS\“)
A TP TaYl+a,Ys +(F\ “a. Ay Az Yi +SJAV
(3) Discretization of continui%i@%ion \Q)
LS

0

g(ﬂg\k__(r\/\%)— _ZZ N;M,
Can be written as: * Q @

Q,'Q\ G2
hypothesis : bg

S as the source |ta® , then :

@Q j (p)dV+j——rpgva)dV=dev
j (p, v =22 p‘-’Av

L2 bAoA,
[sdv =s°Av

then :
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10
P Piny
AT +F —F, =5°AV

(4) Discretization of momentum equation

make : x).
@' =150_T s ((15 ¢)2)2 . 6?’
then : p \‘% V@
2 (o)- —Qv NS

For internal nodes p, integration in tﬁx under |N%?1trol points

| 5(&\@5@7 (%gﬁv av

then : \%

_%%‘Q % [ 9 AV — ’,UAV}/aOP
The result @e obtained with discrete staggered grid solution.

5. Calculation Res

Based on the ematical model above, the research developed a calculation
program Win@ual C++ and a preliminary simulation was conducted in the fine iron
reducing p@e s under the one-way heating condition. The whole procedure is shown

in Fi r@
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initialization of the
variables (zero point)

.

yes
temperature>843K

S
N

S
reactior]&& reactior& reaction 1

[ ]
e
\\ oY different reaction calculate the
< ~Qn\ ent all the value of variables
O < N7 i
b each variable in the next moment of

each node value written to the file

)

the last moment the value of the

%V: variable is replaced by the next moment

the value of the variable

QO
®

Figure 2. Computation procedure of the model

Calculated parameters are as follows: the thickness of iron ore is 30mm, and its
particle sizes, density, heat capacity, thermal conductivity coefficient parameters are
shown previously; reducing agent is CO, not involved in H,.

Initial conditions: the layer temperature is 300K, gas is 100%CO.
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Boundary conditions:
(1) hot end: temperature is 1273K; reducing agent is 100%CO;

(2) cold end: thermal boundary is adiabatic boundary, one-way, no effect on gas
export boundaries.

In the computation process, the spatial length of stride is 0.001m, the time length of
stride is 0.001s, and the total overall reaction will not be finished until the computation
carries on for 55s. The results are shown from Figure 3 to Figure 7.
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Figure 4. The curve of reduction rates changing with reduction time
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6. Conclusion

According to the experimental res \r |IIu r from Figure 3 to Figure 7, this
research focuses on the selectlve tion of fine iron in reaction vessel,
taking into consideration of ng equ% such as heat transfer equation of
porous medium, the rate |on of ga3|f|ed reaction, the equation of
continuity, and the momen equatio Q&o on, and it establishes a micro dynamics
mathematical model of ectlve ion process of fine iron and carbon mixture
under the non- unlf eratur ahd non-equal-pressure conditions. Meanwhile, its
results are reasona |ch cov“%ms that the model can be applied to the simulation
re

of reduction p %@
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-3
Pm density of mixture (kg-m )
-3
Py . density of gas (kg-m )
-1 -1
Pm : specific heat of solid mixtures (‘] kg™ -K )

-1 -1
C oo - specific heat of gases (kg™ K™

Vo . superficial gas velocity (m'Sfl)
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Va . average velocity of gas fiow in the interstices of the packed bed (M- 3_1)

Kem - effective thermal conductivity of the mixture (W -m™-K™)

i - . . -3 -1
i : rate of chemical reaction i (Mol-m™-s™)

AH

R
i . heat of chemical reaction i (J -mol’l)

Si . shape factor of particles x)'
i : humber of particles of solid reactant for reaction i in the mixtur@%)

i average radius of particle for reactioni (M) '\‘% @
k. . : : m.s_l Q x)
i . rate constant for reaction i ( ) \\r)

Kio . Pre-exponential constant in rate c%@rfor r.e@n I
Ke - equilibrium constant for re @\f <)

AE{ - activation energy’ @g)on i (é%q)
R : gas constant (8-3]@'”‘0'1'@

Ceo : concentraft '&O (%l)}rs)
Ceo, . co%n of@Z :; mol-m™*)

-3
Ch. + concentrati 2 (mol-m™)

Cho . c@@n of H20 (mol-m™)
Wy :6@ Ived portion of volatile component i (kg/kg—coal )

L)

binary diffusivity in the gaseous phase (m2/s)

Yi . mole fraction of species j in the gaseous phase (%)
¢ . void fraction of the packed bed

Pj kg-m’S)

. density of gaseous species j (

i . net rate of gaseous species j consumed/generated by chemical reaction i (
mol-s™-m™)
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-1
I - molecular weight of the gaseous species j (kg-mol )

T : tortuosity factor

1 o1
H : viscosity of fluid (K9-M S
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