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Modeling of thermal conductivity of stainless steelmaking dust pellets®
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Abstract: The thermal conductivity of stainless steelmaking dust pellets, an important parameter for the direct recycling

of the dust, is naturally of interest to metallurgists. The measurement of central temperature and surface temperature was

taken in a furnace. T he physical model and calculation model for the heating process were set up to check the thermal con-

ductivity of the dust pellets. The physical structure parameters & and A of the basic unit are 0.92 and 0. 45 based on the

calculation. The temperature in the pellet can be expressed in a linear equation asTp= a1 Tn+ axT m+ as. This is con-

venient to determine the central temperature of a pellet in the direct recycling process.
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1 INTRODUCTION

In a typical stainless steelmaking operation, the
temperature generally reaches 1 600 C or higher.
Approximately 1%~ 2% ( mass fraction) of the scrap
charged to the smelting furnaces is converted into
dust under these conditions!''. All of the zinc, lead
and cadmium present in the charge enter into the gas
phase. At the same time, the high temperatures and
turbulence in the smelting furnace cause a lot of iron,
chromium and nickel to volatilize. As the metal va
pors exit from the furnace and the temperature drops,
the fumes are oxidized and condensed. Complex mi
croscopic agglomerates form physically and chemically
on condensed nuclei such as fugitive dust particles and
then are collected as particulate matter in the bag-
house system. This dust is considered a by-product of
When being stockpiled, the
heavy metals in the dust are leached by the ground-

steelmaking process.

water in concentrations that exceed provincial envi-
ronmental guidelines, which makes the dust assigned
a hazardous waste and be banned from landfills by
various government regulatory agencies. In addition,
the dust is also an economical material for the stain-
less'steelmakers as it contains large amount of valu-
able metals such as chromium and nickel.

Direct recycling of stainless steelmaking dust was

. . 2
conducted in previous researches!? .

It is a remedia
tion option to recover the metallic elements present in
the dust directly to the steel bath!> ¥, The dust is
mixed with a reducing agent carbon firstly and then
formed into pellets that are subsequently fed to the

smelting furnace. Under the conditions in the fur

nace, it is convenient to reduce the metal oxides in
the dust by carbon and recover the reduced metals in-
to the steel melt as the alloying elements. This is a
self-reducing process. In order to do so, the charac
teristics of the dust were investigated!”, and the
isothermal'® and non-isothermal *® kinetic models of
the reduction of the pellets were established. It was
also found that the thermal conductivity of the pellets
greatly influences the reduction process, which de-
pends on the temperature, porosity of the pellets and
percentage of reduced metals. Ding et all® indicated
that thermal conduction controls the process in the
beginning of reduction instead of kinetic conditions.
Akiyama et all '™ noticed that the contact of parti-
cles inside a pellet should be considered for the better
expression of effective thermal conductivity of a
porous pellets after modifying Luikov model. In his
work, each unit cell was composed of core and con-
necting parts. The core was represented by a cube
and the connecting parts were composed of three
bars. But it seems different from the effective thermal
conductivity of the porous and metallized pellet for
the evaluation of its heating and melting in the direct
recycling of stainless-steelmaking dust. T his paper fo-
cuses on modeling of the thermal conductivity of
stainless steelmaking dust pellets.

2 EXPERIMENTAL

2.1 Experimental materials
The stainless steelmaking dust for the experr

ment was taken from a stockpile located in the open
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air. As it was exposed to the atmosphere, the dust
contained a large amount of moisture that caused par-
ticles to agglomerate over time. The particle sizes of
the dust samples were in a very wide range from less
than 38 Pm to approximately 5 em. Elemental analy-
sis of dust samples was performed using X-ray Fluo-
rescence ( XRF) for Al, Ca, Cr, Fe, K, Mg, Mn,
Na, P, Si, Tiand Inductively Coupled Plasma ( ICP)
for Ni, Pb and Zn. The compositions of the samples
are given in Table 1. Since the dust was formed in air
at high temperature, most of the elements within it
were oxidized. X-ray Diffraction (XRD) analyses in-
dicated that the main phases present in the dust were

Fe304, Fer03 and CrO, which are given in Table 2.

Table 1 Composition of electric arc furnace dusts
(M ass fraction, %)

Al Ca Cr Fe K Mg Mn

0.41 6.13 10.60 39.12 0.15 5.96 8.36

Na Ni P Pb Si Ti Zn

0.17 3.92 0.02 0.12 2.64 0.14 0.59

Table 2 Main phases of electric arc furnace dust
(M ass fraction, %)

Si0, ALO; Ca0 Cr0 Fe,05
5.45 0.66 9.14 13.51  58.00
MnO, NiO PbO Zn0 MgO
4.67 6.70 0.16 0.93 3.48

The dust was crushed in a ball miller for about
20 min and then screened to < 0.4 mm in order to be
suitable for pelletization. The carbon particles used as
the reducing agent in the pellets were finer than 38
Pm. The pellets were made from the mixture of 80%
dust+ 15% carbon+ 5% binder( mass fraction) using
a disc pelletizer. The pellets agglomerated with a di-
ameter of about 10 mm were dried in air at room tem-
perature for 4 d. The SEM observation for the central
section of the pellets is shown in Fig. 1.

2.2 Experimental approach

The apparatus for the experiment used in this
study is shown in Fig. 2. Nitrogen was introduced to
the furnace in case that the air got in. The tempera
ture on the surface and at the crosssection of pellet
was detected by the thermocouples. One alumina tube
with a thermocouple was fixed 1 mm under the sur
face and the other at the center of the pellet. After
preheating the furnace to 1 500 C, the pellet in an
empty crucible was put into the furnace. The temper

Fig. 1 SEM image of central section of pellets

Thermocouple

{/ X, /

N, outlet| N2 ‘_']'Ilel
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Fig. 2 Sketch of experimental apparatus

ature of the pellet surface and center was measured
and recorded continuously during the experiment.
These measurements of temperature are beneficial for
the explanation of heat transfer inside the pellet and
for modeling the heat transfer process and thermal
conductivity of the pellet.

3 EXPERIMENTAL RESULTS

Fig. 3 shows the temperature measured at the
surface and the center of pellet and their difference as
the function of time in the experiment. It is the main
features of the temperature curves in the pellet heat-
ing process. It can be seen from the figure that the
surface temperature rose faster than that at the center
when the pellet was heated up and a temperature gra-

dient was formed from the surface to the center of the
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Fig. 3 Change of temperature at surface
and center of pellet

pellet. After that, the temperature difference in-
creased and reached a maximum value. The tempera
ture difference only existed in the beginning 80 s of
the reduction process. At the end, the temperature of
the pellet reached the surrounding temperature of the
furnace.

In order to check the influence of the reduction
degree on the pellet thermal conductivity, the mass
change profile in the reduction process was recorded
in exactly the same experimental condition. The re-
duction degree of the pellet in the heating process was
calculated according to the removed oxygen in the
dust. The reduction degree R(t) can be expressed as

R(t) = (mo— m;)/ Am ¥
where mg represents the initial mass of the pellet,
m, the pellet mass at time ¢, Am ¥ the maxim possi-
ble mass loss in the reduction process.

The calculation result of reduction degree vs time
is shown in Fig. 4. The central temperature of the
pellet will be strongly speeded up by increasing the
reduction degree, which results from improved heat
conductivity. The temperature difference betw een the
center and surface of pellet in the heating process hap-
pened in the beginning of the reduction. Most of met-
al oxides present in the dust were reduced by the car-

bon in the homogeneous temperature condition.
4 THERMAL CONDUCTION MODEL

4.1 Physical model

To develop a controlling technique of steelmak-
ing process, many accurate data are required. The
thermal conductivity of stainless steelmaking dust pel-
lets, an important parameter for the direct recycling
run, is naturally of interest to steelmakers. Since the
pellets are multrcomponent and porous materials, it
is important to find proper expression of their effec

0 5 10 15 200 25 30
Time/min

Fig. 4 Profile of mass reduction
degree of pellet vs time

tive thermal conductivity. It could be imagined that
the effective thermal conductivity of a porous medium
has to include the effect of the conductivity of the sol-
id phase and the gas phase, as well as the porosity of
the medium. Akiyama et al''®! delivered an expres-
sion of effective thermal conductivity of porous pellet
in 1992:

ke= eky+ (1- €)ks (2)
where k. stands for the effective thermal conductivi-
ty; e the porosity of pellet, %; k, the thermal con-
ductivity of the gas phase and k the thermal conduc
tivity of solid phase. This expression contained only
effects of two phases, metal oxides and porosity, and
only took the porosity as a structure parameter. In
their work, a unit model, which was originally pro-
posed by Luikov!'"! for describing the continuity of
porous materials, was used, as shown in Fig. 5. In
this model, each unit cell was composed of core and
connecting parts. A cube and the connecting parts
represented the core. The structure were evaluated by
parameters 0(0 <0 K1) and &0 SEK1). The
porosity in this model was expressed as

e= 1- - 3(8)°(1- 0 (3)

Fig. 5 Physical model of effective coductivity of

porous pellet by Akiyamal '*!

In practical direct recycling process, porous pel-
lets have very different structures even if they might
have the same porosity. The reduced metallic metals
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will cause the structural to change in the pellets. It is
necessary to build a much complicated and realistic
physical model instead of simple expressions. A new
modified physical model is adopted in this study to de-
scribe the structure and effective thermal conductivity
of the metallized porous pellet,
heating and melting process based on the experimen-

and to evaluate their

tal work and results. As shown in Fig. 6, the unit
cells of the pellets are in the globe shape instead of
cube and the elementary cells contain either reduced
metals and pores or metal oxides and pores. Both re-
duced metal cells and metal oxide cells are randomly
distributed inside the pellets.

spherical core at the center and six cylindrical arms

Each cell consists of a

connected with other cells. This model is much closer
to the reality and easier to emulate the melting pro-
cess than that by Akiyama. The radii of the cell core
§0<8K1) and arm N0 SAK1) are used as the
pellet structure parameters. T he porosity of pellets in
the new model can be expressed as

e= 1- (1/6)T8~ (3/4)TX(1- § (4)

Fig. 6 Physical model of effective conductivity of
porous pellet used in this study

4.2 Calculation model

On the basis of physical model above, the calcu-
lation in this study was concentrated on the expres-
sion for the effective thermal conductivity by means of
the structural parameters 6 and A expression for the
temperature fields inside the pellet and partially dif-
ferential equation of unsteady heat transfer and its nu-
merical solution.

The porosity of the pellets used in this study was
in the range of 50% ~ 60% .

ship between the radius of unit core and that of unit

Fig. 7 shows the relation-

arm. It was determined by the certain pellet porosity
in the pellet smelting temperature range of 400 ~ 1
300 'C. A larger core radius can result in a small unit
arm. The radius 6 varied in the range of 0.7 ~ 0. 95
and the unit arm radius Adecreased from 0. 75 to zero
correspondingly. It is because the unit arm is the con-
necting part of the elementary cells in which a large
arm represents tight contacts of the particles inside
the pellet and high thermal conductivity consequent-
ly. Naturally, small arms in the unit cell indicate
loose connections of particles inside the pellet and low
thermal conductivity as well.

[12]

According to Patankar s equation' '? , the basic
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Fig. 7 Relationship of unit core radius

with unit arm radius

equation of unsteady heat conduction in a spheroidal
coordination and the boundary conditions were as fol-
lows:

N Pl (5
7= S(0)

or

ar F= 0: 0

where [ stands for the apparent density of the pel-

let, kg/ m’; ¢, the apparent heat capacity of the pel
let, J/(kg*K);
s; r position along the pellet radius, m; k. the effec
g the heat
T the temperature

T the temperature, K; ¢ the time,
tive thermal conductivity, W/(m*K);
flux from the source, J/ (m>*s);
at the pellet surface; and S('t) the pellet surface tem-
perature function with time.

The heat produced inside the pellet in the begin-
ning of the heating could be neglected because there
was not so much temperature reduction happened at
this time. A infinite difference method was adopted to
solve Eqn. (5) numerically and the boundary condition T
= S(t) came from the experimental results. The calcula
tion was carried out by integrating Eqn. (5) over the con-
trolled volume shown in Fig. 8, in distance range from m
to n and time period from ¢ to t+ At:

Surface of pellet

Fig. 8

Integration area along pellet radius

At

25 drdt =

wff N
J: _r eatdt+ q.[:.r r’drde  (6)
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Integrating the left side of Eqn. (6), the equa
tion could be expressed as follows:

At
pcp.[-r r’ B drds =

TP G(ni= m)(Tp- Ty (7

where T is the temperature at point P and ¢ mo-
ment; T, is the temperature at point P and t+ At
moment. Then, integrate the right side of Eqn. ( 6)

and it could be expressed as:

| e (e
I8

[nPke o Tw— Tp)/(Or)n— mke w

'Lq(n3— m>) At

(8)

Up to now, the integration form of Eqn. (6) in

the controlled volume and time interval could be writ-
And in a short time period At, the
temperature T ,, at the point m and the temperature
T, at the point p as well as the temperature T',, at

(Ty— Tw)/(Dr)n]de+

ten as follows.

the point m will not change with time ¢:
TPa(n’ = m)(T- Ty =

J e (ma 1100w

(Ty Tu)/(3r) udi+ Sq(n*~ m*) ar=
[n%ke o( Tw= Tp)/(Or)u— mPhke me

(Ty= Tu)/(3r)n] M+ Tq(n’-

Let a;= nzk(% o/ (Or) s an= mzke, w/ (O7) m;
1

m?) At

az= _fﬁLQPAt(n3_ m’); as= S q(n’- m’)+

EYASE
as= a1+ ax+ a3, then the final linear expression can

be obtained by rewriting Eqn. (9) as follows:
a5Tp: alTN+ azTM+ a4 (10)

S CALCULATION RESULTS AND DISCUSSION

In this study, the pellet properties and tempera
ture measured was used as the input data. A comput-
er program was developed to output the variations of
the central temperature of pellet and the radii of the
core and arm of the unit cell. In the program the cal-
culation results were also compared with the experi-
mental ones to minimize the differences. The experi-
mental temperature measurements at the pellet sur
face were taken as the boundary conditions and the
central temperature measurements were used to evalu-
ate the calculation results. The temperature difference
between the center and surface of pellet happened in
the first 80 s of the heating( Fig. 3).

of reduced metals was very low and would not make

The proportion

the structure parameters 6 and Aof the pellet change
so much. The structure parameters of porous pellets
in this study are listed in Table 3 . It should be
mentioned that the unit arm represents the connec
tion of solid particles inside the pellets and small arm
will have negative effect on the heat transfer.

Table 3 Structure parameters of porous pellets

Majs reduc;ion Pellet Radius of Radius of
pZﬁfef? (;0 porosity/ %  unit core, & unit arm, A
0-3.2 55.43 0.92 0.45

Fig. 9 gives the calculation results and the com-
parison of the pellet central temperature calculated by
the developed model with the experimental results. It
shows a good agreement of calculation results with the
experimental results even though the parameters
¢y, e and k. changed in the heating process.
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1 i | 1
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Fig.9 Comparison of calculation
results and experimental results

The direct recycling of stainless steelmaking dust
is a new process. Modeling the heating process in this
study could deliver some basic properties of the pellets
that determine their melting behaviors.

6 CONCLUSIONS

1) The physical model developed in this study is
based on previous work by Luikov and Akiyama. But
a spherical core and cylindrical arms is used and make
the model closer to reality. The parameters 6 and A
of physical model are determined as 0.92 and 0. 45
respectively in a threedimensional unit. In this modi-
fied unit cell model, the combination of the radius of
unit core and that of connection arm can represent the
porosity of the pellets. The connection arm in this
model also represents the contact between solid parti
cles inside the pellets, which is very important for the
heat transfer capacity of the porous pellets.

2) The temperature in the pellet has a linear ex-
pression of asTp= a1Tn+ a2Tw+ as. The calcula
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tion results fit the experimental results fairly well in

the case of pellet central temperature variation.
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