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Numerlcal Simulation of

the Rate of Dross Formation

in Continuous Galvanizing

Baths

A:uong the many challenges of the nmuner-
ical simulation of the process of continu-
ous gahanizing of steel shect, the generation
of dross particles is one of the most critical
considerations, The presence of dross part-
cles in different sections of a typical galvaniz-
ing bath is determined by both operational
and configurational parameters that affect
the natre of the flow, the temperature, and
the distribution of the dissolved Al and Fe
and of precipitated FegZngAl, (bottom
dross) or FesAl;Zn, (top dross) par(lcle;,..l\n
order to quantify the effect of the flow fileq,
temperature and concentration \nx'i:lti‘c{‘

the numerical simulation must 1ake into
account the physical and geometrical bound-
ary conditions, the thermodynamics of the
solution, as well as the industrially obtained
data for iron dissolution from the strip, the
rate of ingot melting and the rate of deposi-
tion of the coating.

Three-dimensional computer simulations
have been carried out in a series of [LZRO-
sponsored research projects and have been
presented in several publications!=* for a typi-
cal hath configuration. Simulations were per-
formed using the IMI in-house CFD sofiware
adapted for the solution of the heat and mass
transfer, including the k-€ model of turbu-
lence and buoyancy effects. The results of
these simulations show the spatial distribu-
tion of temperature and composition of Fe
and Al over a two-hour cycle with typical addi-
tions of ingots as required to maintain an
overall heat and mass balance at the end of
the two-hour period.

The present study compares the simulations
of the standard configuration and operations
with new operational and configurational
parameters using a model for the entire bath
volume, since the configurational parameters
include asymmetric configurations. Other

Authors

parameters that are considered are bath sizc,
strip enury temperature. Al content of the
ingol gradual ingot immersion, as well as gal-
vanize il galvanneal operations. The ob|c€-
tive of this study is to carry out numerical sim-
unlations for flow, heat 'md mass transfer

The rate of dross formation for 19 different conditions
was calculated for a two-hour cycle. Differences in the
evolution of the amount of dross formed in the
galvanizing bath over this period were analyzed. The
results can be used to provide guidelines for bath
operation to minimize dross formation and accumulation.

order to determine the amount of dross parti-
cles generated within the liguid bath for a
number of operationat and geometric config-
urations as compared to a standard reference
operating condition,

Methodology

Figure | is a schematic of a typical modern gal-

vanizing bath heated with two side inductors

and with ingot melting at the center of the

back wall of the bath. The basic bath configu- g
ration is given in Table 1, corresponding to a )
250-ton bath and a deposition rate of 60 g/m? €— P"ﬂ
per side, It was previously established that

ingot metting (complete immersion) takes 20

minutes and, at the deposition rate specified,

an ingot is added at 60-minute internvals.? The

inductors operate at maximum power during

melting and at 20 percent of the maximum

power during the period when no ingot is

present, compensating for the heat loss from

the bath. Under these conditions. an ingot
containing 0.50 percent Al is added every

hour, and the Fe and Al content at the end of
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Schemnatic of the galvanizing bath,

the two cycles is almost identical to the start-
ing conditions.

Boundary and initial conditions are
imposed for the aluminum and iron concen-
trations. The initial aluminum and iron con-
centrations in the bath are considered 0.14
percent and 0.02782 percent in weight,
respec[ivelv {the bath is considered saturated
in Fe at the inidal temperature). The limit of
solubility is given by the following equation:3

Parameters for the Base Configuration
{250-ton Bath)

Parameter Value
Strip entry angle (°) 27
Snout depth (inches} 8
Strip width (inches} 59
Roller depth (inches) 40
Bath height {inches} 56
Strip temperature (°C) 460
Strip velocity (m/second) 1.75
Deposition rate {g/m? per side) 60
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Lre | [ Lo =exp 0.064——-—-—36’133 ,
100 ; {100 T+273
forc, 2c),

(Eq. 1)
(¢p, —Cp, )+ 001(c, —c)=0,
forc, <c,
(Eq. 2)
with

¢;, = 0.023+1.5-1075(T — 450)(T — 413.33)

(Eq. 3)
e N2/ 4 NS
Cr | L | exp| 0.064 — 36,133
100 } 1100 T+273
(Eq. 4)

where ¢, ¢, are the weight concentrations of
Fe and Al expressed in percentage (quantity
in kg of Al or Fe for 100 kg of solution}, and T
is the temperature in °C. For values of the Al

- * . -
concentration larger than ¢, the precipi-

tates generated are in the forn of FegAl;, and
when the Al concentration is smaller than
C:ﬁ, . then FegZng, Al precipitates are formed.

The configurational and opelm.ional condi-
tions analyzed are given in Table 2.

The tasks involved for each simulatdon are
as follows:

* Defining the geometrical configura-
ton.

* Creating the finite element meshes
(191,162 nodes and 1,106,928 clements
for the reference configuration},

* Determination of boundary conditions
and process parameters.

* Running the simulations,

* Analysis of the results.

Using these steps, calculations were carried
out to determine the value of the tempera-
ture, Al and Fe content, as well as the precip-
itated amount of either FesAl; or FegyZng Al
for each of the 19 conditions. Values for spe-
cific regions at the front and back, as well as
at different depths, were presented in the
ILZRO rcport" and in other recent publica-
tions.!=%7 This study presents the average
value of the bath temperature and the toral
amount of dross present at any instamt over
the two-hour period and determines the o1l
amount of new dross generated for each of
the cases.



Results

Bath Temperature — The variation of the
average bath temperature over the two-hour
cycle is shown in Figure 2 for a number of dif-
ferent conditions where differences in the
temperature can be detected. The cases
where ingots with different compositions are
added or where the bath is unsaturated in Fe
or Al were assumed to have no temperature
etfect. The dross is formed in small quanti-
ties, and the effect on the density of the Al
content is small when compared with the
buovancy effect of the temperature. Snout

position, asymmetric or different depth of

immersed hardware had no significant effect
on the overall mean temperature.

The overall heat balances for the six distinct
heating cycles are shown in Figure 3. A lower
strip temperature requires more heat after the
melting period to mainiain the bath tempera-
ture at the end of the cycle. Since the same
size of induction heating was used for all sim-
ulated cases (two 450-kW inductors), it can be
scen that the heat demand for the 500-ton pot
(Figure 3d) is much larger than for the 100-
ton pot (Figure 3¢) to compensate for the
heat losses at the bath surface and walls.
Gradual immersion balances the heat loss
with the induction heating. and thus no tem-
perature increase is observed. Only a slight
difference in heat demand was calculated for
inductors placed at the front and back of the
bath as compared to the standard location.

Effect of Al Content in the Ingot — The addi-
tion of l-ton zinc ingots of 0, 0.5 and 1 percent
Al to a saturated bath with 0.14 percent Al and
0.02782 percent Fe at 460°C were compared
in order to illustrate the etfect on the evolu-
tion of the total aluminum content in the
bath, as well as the precipitated Al in the form
of Fe,Al;. The results are shown in Figure 4a
for the total Al content in the bath and in
Figure 4b for the precipitated Al (as Fe,Aly).
As would be expected for the same strip speed
and deposition rate, the 0 percent ingot
results in a decrease of the total Al content
after two hours, and a 1 percent Al ingot
results in an increase for the same period.
Also, as expected, no new dross is formed for
the 0 percent Al ingot, and increasing
amounts of dross are found for the 0.5 per-
cent Al ingot and the 1 percent Al ingot.

Effect of Al Content in the Bath — Three dif-
ferent bath compositions with total aluminum
contents of 0.10, 0.14 and 0.20 percent Al at
460°C were compared during the addition of
0.5 percent Al ingots. The bath compositions
are considered to be saturated in iron. The
0.20 percent Al bath was also computed for

Simulated Configurations

1 Base configuration
2 Al concentration in ingot: O percent
3 Al concentration i ingot. 1 pércent
4 Bath unsaturated with Fe
5 Bath with 0 | percent Al and saturated with Fe
6 Bath with 0.2 percent Al and saturated with Fe
7 Bath with 0.2 percent Al and oversaturated with Fe (0 06 percent Fe)
8 Strip entry temperature 420°C
] Strip deposition rate |00 g/m?
10 100-ton bath
1 500-ton bath
12 Side ingot charging
15 Gradual ingot charging at bath center
14 Gradual ingot charging at bath side
15 Front-back inductors
16 Z0-inch sink roll depth
17 Asymmetric hardware
8 Sn:!atler snout size
19 I Deeper snout
the oversaturated condition (0.06 percent

Fe), which already contains an initial quantity
of precipitated dross (258 kg ol Fe,Al;) due 1o
the excess value of Al and Fe over the saturat-
ed value of 0.14 percent Al and 0.02782 per-
cent Fe.

The mean value of the total Al concentra-
tion is shown in Figure 5a. Assuming the Fe
dissolution from the strip to be constant, the

=~ Reference case
466~ Y 420°C shrip temperature 4
100-ton bath
465+ 500-ton bath 4
.“!\: ~  Gradual ingot immersion L
- 4 Front back inductors

() 20 40 60 80
Time (min }

100

12

Mean temperature variation over the two-hour period.
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value of Al increases slightly during the ingot
melting period, followed by a decrease due o
the coating uptake on the strip. [t should be
noted that the variation of Al content for the
0.14 percent bath case is the same as shown in
Figure 4a with a lower reference scale,

The precipitated dross as Fe,Al, or
FeyZng Al is shown in Figure 5b. It can be

observed that the amount of new dross as
Fe,Aly is almost the same for the bath at 0.14
percent and for 0.2 percent Al. whereas the
bath at 0.10 percent Al has a much smaller
amount of precipitated Al This is due to the
precipitation of the & phase Fe,Zng Al which
contains much less Al However, when the
amount of precipitated Al is calculated in the

- 3
O 0% Alingot [
2 0.5% Al ingot
1% Al ingot 25
=
0.145 i = 2z
: “"!"'.“.1--' x 1
g ". "-"--ﬁ,.h; !5
= <, el
3 gl,5|
2 2
g
a

(a)

4 0.5% Al ingot

1% Al ingot

(b)

Effect of the Al content in the ingot on the total and precipitated Al in the bath: (a] total Al in the bath and (b) precipitat-

ed Al as Fe,Als.
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Effect of the initial Al content in the bath on the total and precipitated Al in the bath: {a) total Al in the bath and (b) pre-

cipitated dross.

Tirme {min )

(b)

quantity of dross produced. the amount of
dross formed at 0.10 percent Al (bottom
dross) is much higher due to its composition
(FeyZng Al) where the top dross is I"(‘?-'\];‘_

Effect of Strip Temperature — A lower strip
temperature results in a smaller increase in
the average bath temperature during the
ingot melting period. as shown in Figure 2.
The average temperature at the end of a cycle
returns to the original temperature as a result
of a heating cycle that uses a higher inductor
capacity for the period after the ingot has
melted in order to compensate for the addi-
tional heat required to heat the srip. Since
the temperature of the strip attains 460°C

within a very short interval of time, the total Al
in the bath is the same as for the case of a strip
temperature at 460°C. since the Al uptake on
the coating is essentiallv the same as that
shown in Figure 6a. The amount of precipitat-
ed Al as Fe,Al; is the same at the end of the
two-hour cycle; however, more dross is present
in the bath during the two-hour period. For
the standard case, dross is formed and then
redissolved as the average bath goes through
the temperature cycles.

Effect of the Coating Weight — Comparison
is made between the standard case of 60 g/m?
and a value of 100 g/m? using 0.50 percent Al
ingot. Since more Al is taken up on the strip,

—ch i ——— 2:
| Base configuration (460°C) | | Base configuration (460°C)
0.1435- - 420°C swip temperatre | 18 4 420°C strip temperature
0.143 - 16
0.1425- - T4
%
;,‘: 0.142: £!2
=2 L i < . ]
2ot I
2 0141 Sos 5 A
| a 'i 3 - 4
0.1405 P £086 o ) ’ 3
O4dhaed 0.4 g4 . !
0.1395! 1 02 ,“"
.--‘{‘.
1 \ i
0-13% 20 40 60 80 100 120 0 100 120
Time (min ) Time {(min.)
(a) (b)

Effect of the strip temperature on the total and precipitated Al in the bath: (a) total Al in the bath and [b) precipitated Al
as Fe,Alg,
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Effect of the deposition rate on the total and precipitated Al in the bath: (a) total Al in the bath and [b) precipitated Al as
Fe,Als.

the amount remaining in the bath at the end same ingot addition (0.50 percent Al) and the

of the two-hour cycle is lower than for the
lower deposition rate. This is illustrated in
Figure 7a, where the Al content in the bath
decreases below the initial value as expected.
It is assumed here that the average amount of
Alin the coating is the same at 0.40 percent Al
for both coating rates. although this mayv not
be exactly the case in an actual operation.
Since more Al is taken up by the strip for the
higher coating rate, the precipitated Al as
FesAl; is lower at the end of the two-hour
cycle, as shown in Figure 7b.

Effect of the Size of the Zinc Bath —
Comparisons of zinc pot sizes were made with
the 250-ton pot used as the base case. With the

standard coating rate, the value of the toral Al
and precipitated Al were also calculated for a
100-ton and a 500-ton bath. As would be
expected, the temperature increase is higher
for the 100-ton pot. where the 20-minute melt-
ing period requires only 60 percent of the
inductor capacity and the period between
additions can maintain the end-of<ycle tem-
perature at 460°C by operating at only 15 per-
cent, as shown in Figure 3c. The total amount
ot Alin the bath increases much more sharply
after the melting of the l-ton ingot due to a
smaller bath volume and the 60 g/m? deposi-
tion rate (Figure 8a). This is particularly evi-
dent in the second cycle shown in Figure 8b,
when the precipitated amount of Fe,Aly

Effect of the bath size on the total and precipitated Al in the bath:

Pracipitated Al (% =x107)

(a)

L
[ 250-ton bath :
100-ton bath
25+ U 500-ton bath B
d
?
2 4
4
v
»
;| L
* y

(b)

(a) total Al in the bath and (b) precipitated Al as Fe,Al..
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Effect of the gradual ingot immersion on the total and precipitated Al in the bath: (a) total Al in the bath and (b) precipi-

tated Al as Fe,Als.

Precipitated Al (% =10%)

increases sharply from the accumulation of Al
in the bath.

Conditions for the larger bath show the
opposite effect, in that the temperature rise
during melting is smaller for the larger vol-
ume. The same inductors are at 100 percent
capacity during the melting period and at 50
percent capacity during the nonmelting peri-
od in order to maintain the overall heart bal-
ance after two cycles. As a result of the larger
volume, it would be expected to have a small-
er increase in Al content in the bath, as
shown in Figure 8a. As for the precipitated
amount of Fe,Al; particles shown in Figure
8b, the cyclic pattern is still present, but the
maximum and minimum values are attenuat-
ed due to a much more constant tempera-
ture. At the end of the cycle. the precipitated
content of FeyAly is much lower (wi% of
Fey,Aly). The total amount of new dross
formed is also slightly lower than for the 250-
ton bath.

Effect of the Ingot Immersion — Ingot
immersion at the side of the back wall com-
pared to the center location showed no differ-
ence in either the total Al or precipitated
FeyAly, since the heat balance is identical. The
only differences observed are the spatial dis-
tribution of Al in the bath. The values calcu-
lated at different specific locations are pre-
sented in the detailed analysis of the ILZRO
report.®

Gradual ingot immersion balances the heat
demand from ingot melting over the whole
one-hour cyele. The inductor power was cal-
culated to be 48 percent of the inductor
capacity for the entire period. The tempera-
ture of the bath remains constant for the case
of center or side ingot immersion, and the

total Al content increases to the same value al
the end of the two-hour period, as for the
rapid immersion as shown in Figure 9a. with-
out going through any cvcles. Also, the pre-
cipitated amount of Fe,Al; is the same at the
end of the two-hour period with a constant
gradual increase shown in Figure 9b.

Effect of Inductor Location — The mean
bath temperature for the front and back
inductor location is almost the same as for the
side inductor location, as shown in Figure 3f.
[tis assumed that the total thermal input is the
same for both cases for the melting and non-
melting periods, The small temperature dif-
ference is due to the slightly lower heat loss at
the side walls and bath surface for the front-
back inductor case. This results in a slighty
higher temperature at the end of the two-hour
period. The mean value of the total Al con-
centration (Figure 10a) is identical to the side
inductor case, as would be expected from the
identical ingot addition condition and deposi-
tion rate. The slight increase in the mean tem-
perature of the bath for this configuration
generated less precipitated Fe,Als, as shown
in Figure 10b.

Effect of Changes in Immersed Hardware
Location — The influence of the sink roll
depth. the asvmmertric position of the roll
assembly, snout depth and snout size have no
effect on the total Al in the bath, nor on the
precipitated amount for the two-hour cycle,
when compared to the standard configura-
tion, since the overall heat balance is the
same. The flow patterns are different for each
specific case and will result in different local
ariations of temperature and Al composition
within the bath.

August 2006 + 7
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Discussion

The coupled mass and heat transfer solutions
have resulted in a clear and consistent repre-
sentation of the distribution of aluminum in
the bath for the simulated cycles of an ingot
melting period followed by a period with no
ingot in the bath. As the ingot melts, the total
aluminum content increases or decreases
according 1o the temperature- and motion-
induced flows. The total aluminum represents
the amount in solution and the amount that is
in precipitated form. Assuming that the pre-
cipitated form of aluminum is FeyAl; and is
very finely dispersed, it will be displaced at the
same speed as the liquid zine alloy in the bath.
When these particles are transported into the
region of higher temperature, they are
assumed to dissolve instantly according 1o the
solubility limits given by Tang.”

The series of solutions for the aluminum
distribution is consistent with the rate of dis-
solution of an ingot and the uptake of alu-
minum from the bath, For a normal operation
at 1.75 m/second strip speed and a coating
weight of 60 g/m?, the value of the aluminum
content rises during the ingot melting stage
and returns to a value only slightly higher
than the initial value after a one-hour cvele. A
higher mean Al concentration in the bath is
reached when ingots with higher Al content
are used, and inversely the Al concentration
decreases when ingots with smaller Al content
are melted. This confirms the need 1o vary the
ingot composition for different coated prod-
ucts, taking into account strip width, strip
speed and coating weight. Computations for
the Fe concentration take into account the
melting of ingots with no iron content and the
dissolution of iron from the strip and into the
bath. Because the rate of dissolution is greater
than the rate of Fe uptake in the coating, the

Iron & Steel Technology

Fe concentration increases during the opera-
tion, part of which is found as precipitated
FeoAl,

In analyzing the series of solutions of the
total and precipitated aluminum in the bath
caleulated at the eight specific locations," it
can be observed that the amount ol precipi-
tated aliminum does not return to zero at the
completion of the 60-minute cvele. Amounts
of about 0.0006 percent Al above the solubili-
ty limit remain in the bath beyond this period
and will tend to circulate throughout the bath.
This could explain the formation of larger
particles of FesAl; due 1o nucleation and
growth of these particles over time, according
to a mechanism described generally as
Ostwald ripening,

It is clearly shown that the heat input needs
to be closely controlled during ingot melting
1o maintain a stable temperature of the bath.
However, the inherent temperature gradients
caused by ingot melting result in the precipi-
tation of aluminum as Fe,Al, in the cold
regions of the bath.

The guantity of dross generated for each
case after the two-hour period of simulation is
presented in Figure 11. For the base configu-
ration with an iron-saturated bath at 0.14 per-
cent Al, the amount of new dross generated is
4.55 kg of Fe,Al;. With this reference point,
the other configurational and operating con-
ditions can be compared to this value, where
the rate of iron dissolution from the strip is
kept constant,

As should be expected, a 0 percent Al ingot
will result in the lowest dross formation (0.13
kg). whereas the 1 percent Al ingot generates
about 11.41 kg, Starting with a bath nonsat-
rated in iron also reduces the amount of dross
formation. An iron-saturated bath with 0.1
percent Al generates a significant amount of



bottom dross (Fe,Zn, Al whereas a bath sar-
urated at 0.2 percent Al generates slighty less
top dross than the reference condition. The
case of the bath oversaturated in both Al and
Fe (0.2 percent Al and 0.06 pevcem Fe) rep-
resents the values found for total Al and Fe in
a typical operation. For the basic configura-
tion, this represents a 1otal FeyAly dross con-
ent of about 258 kg in the bath. The addi-
tional dross formed for the basie coating rate
is 5.22 kg after the two-hour period.

A larger bath (500 ous) generates slighily
less dross than a smaller bath (100 tons),
atributed to generally lower temperature gra-
dients. Ocher variations — such as gradual
ingot immersion, asymmetric hardware and
variable snout dimensions — have only small
effects on overall dross formation, but the
locations of dross formation show some signif-
icamt differences.

Conclusions

Simulations have been carried out for 19 dif-
ferent operational and configurational param-
eters to determine the nature and amoum of
dross that is formed during typical operations
of ingot addition. The use of ingots with high-
er Al content results in an increase in the
mean Al concentration in the bhath and the
formation of additional dross. Gradual ingou
immersion results in a very slow increase of
dross and a smaller quantity of dross generat-
ed. The side ingot immersion determines the
nonsymmetrical effect, especially near the
ingot, and resulis in a smaller quantity of dross
formed. The front-back inductor location
resulted in a higher mean temperature in the
bath, and consequendy in a smaller gquantity
of dross. The asytmnetry in hardware position
has only small effects.

Specific locations of dross formation and
accumulation depend on the local tempera-
ture variations in the bath due 10 heat input
from the inductor and cooling of the bath
near the melting ingot. For the period
hetween ingot melting, the bath temperanwe
is much more uniform and the dross becomes
more evenly dispersed. A detailed numerical
analysis of specific areas of the bath, such as
the inner snout region or other critical areas,
can clearly predict the endency of dross for-
mation ai these locations.
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