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SUMMARY

This paper presents the application of a three-dimensional finite element solution algorithm for the predic-
tion of the velocity, temperature and species concentration fields in an industrial continuous galvanizing
bath. Simulations were carried out using a parallel CFD software developed at IMI-NRC. The turbulent
flow, heat and mass transfer has been solved using a high Reynolds number k–� model. Simulations
were carried out for the case when the density of the molten metal depends only on the temperature
and also for the case when both temperature and Al concentration affect the density. When considering
the buoyancy effect of the Al concentration, differences are especially apparent during the melting of
ingots with high Al content. Otherwise, thermal effects are dominant. The continuous monitoring of the
temperature and the Al and Fe content in an industrial bath was used to validate the flow, temperature and
compositional variations. A period of three hours, corresponding to three different ingot additions, was
simulated successfully, resulting in a good agreement of the temperature and compositional variations.
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1630 F. ILINCA ET AL.

1. INTRODUCTION

The hot dip galvanizing process is a complex metallurgical process where steel strip of various
width and thickness is continuously coated by rapid immersion in a zinc alloy bath normally
between 450 and 480◦C (see Figure 1). On exiting from the bath, the excess zinc solution is
deflected back into the bath by means of air knives, leaving a thin coating on the steel sheet.
Aluminium presence in the galvanizing bath is essential in order to obtain an adherent coating
with good formability. Concentration levels for the galvanneal (GA) product are in the range from
0.11 to 0.13% Al and up to 0.20% Al for the galvanized (GI) product. The rapid reaction of the
aluminium in the bath with steel forms an inhibition layer of Fe2Al5 generally less than 1 �m
thick which is both adherent and deformable as opposed to the iron zinc intermetallics which are
much more fragile. On exiting the bath this solid layer is covered with an entrained liquid layer
of the alloy at the bath composition. The air knives at the exit of the strip control the coating
thickness by variation of air pressure and gap width from the strip. The material consumption is
compensated by the ingots which are added to the bath. Make up ingots of zinc alloy have usually
between 0.5 and 1.0 wt% Al depending on the type of product or operation. Local decreases in
the temperature near the melting ingot surface reduce the solubility of both iron and aluminium,
and are considered to be the primary source of dross particles (precipitates of Fe2Al5) which can
nucleate and grow. Control of bath temperature is therefore of primary importance in order to
prevent this precipitation phenomena. Dross formation is considered to be the major difficulty to
overcome in the production of high quality coatings. Since the production of high quality zinc
coated products is a major factor in the profitability of all steel sheet producers, the technology
and quality control of the galvanizing process is of primary concern [1]. Numerical modelling can
play an important role in improving the understanding of the process in order to reach an optimum
setting of the parameters.

Numerical solutions of the flow regime in a continuous zinc galvanizing bath have been car-
ried out over a number of years in projects sponsored by the International Lead Zinc Research
Organization [2, 3] as well as in other studies [4, 5]. With the development of more sophisticated
computational techniques and high speed processors, the numerical models can now handle very

Figure 1. Schema of a galvanizing bath operation.
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NUMERICAL SIMULATION OF THE GALVANIZING PROCESS 1631

complex flow systems with a large number of grid points resulting in a detailed prediction of
flow. The authors have previously shown the importance of the temperature variations on the
flow as compared to the isothermal case [6–8]. Heat losses through the pot sidewalls, bottom,
and bath surface were taken into account in the heat balance. The effect of changing line speed,
strip width, strip temperature and inductor power was also quantified. During the ingot melting
period the induction heating rate is increased to compensate for the heat demand of the melting
ingot, thereby increasing temperature variations in the bath. The temperature at the inductor exit is
higher and the region at the melting surface of the ingot is lower than the average bath temperature.
It has been shown that temperature variations in the bath affect the overall flow due to natural
convection, especially in regions where forced convection is small. This occurs in regions away
from the moving strip and the immersion rollers, in regions that are significantly affected by the
temperature variations during ingot melting. Solution of the thermal field is also important because
intermetallic particles of dross form when the temperature in the zinc bath falls below the solubility
limit of the solute components of aluminium and iron in liquid zinc [9, 10].

An experimental validation of the 3D solution algorithm using a water bath model was reported
by Ouellet et al. [11]. Numerical simulations of the flow, the temperature variations, and the
distribution of Al and Fe in a typical galvanizing bath have previously been carried out successfully
by the authors [12, 13]. The modelling of the Al and Fe distribution in the bath in these studies
assumes that the Zn solution will always tend to reach the solubility limits of Al and Fe as
determined by the phase diagram [14]. Local variations in the solubility of these elements are the
result of temperature variations that occur during ingot melting, and from the heat input required to
maintain the overall thermal balance. In carrying out the numerical simulations of the composition
variations, it was assumed that the solubility limits were reached instantaneously, and that any new
addition of Al results in the nucleation of either top dross (Fe2Al5) or bottom dross (FeZn7 or
FeZn13) particles when the total Al or Fe exceeds the solubility limit of the specific composition
of the bath. Also, these particles were assumed to be of sufficiently small size such that they would
be transported with the Zn flow without settling or floating, and that no agglomeration of these
particles would occur during their movement within the bath. The simulations, based on these
assumptions, have successfully demonstrated the sensitivity of dross formation to temperature
variations.

The galvanizing bath configuration of this study is shown in Figure 2. We can see the sink
and stabilization rolls, the roll arms, the snout and the moving strip. The snout has the role of
protecting the strip at the entry in the bath. The present configuration represents a bath of 75 ton
of zinc and 1 ton ingots are added at approximately 1 h interval. The LIBS probe [15] and the
Teck Cominco setup [16] are located on one side and ingots are charged on the other side of the
pot. Calibration of the instrumental results was carried out on compositions of standard samples.
In addition to in-line measurements, bath samples taken during the test period were analysed by
Sorevco using Atomic Absorption and by Canadian Electrolytic Zinc (CEZ) using ICP.

The purpose of the present paper is to advance the understanding of flow in the galvanizing
bath particularly during the galvanneal (GA) to galvanized (GI) transition, when high Al content
ingots are immersed in the bath. The flow, temperature, Al and Fe concentrations are solved for
real operating conditions and the numerical results are compared with in-line measurements. Tests
were performed at the Sorevco Inc. galvanizing line in Coteau-du-Lac, Québec. The Sorevco bath
is smaller (75 ton) than the previously modelled bath (250 ton) but presented an ideal opportunity
due to its location as well as its unique configurational and operational characteristics. Since the pot
is small, variations in temperature and composition are more evident and more frequent. Also, the
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(a)

(b)

Figure 2. Geometry of the bath and probe location (dimensions are mm): (a) top view; and (b) front view.
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NUMERICAL SIMULATION OF THE GALVANIZING PROCESS 1633

bath hardware is asymmetric due to side charging of ingots, and heat is supplied to the bath from
electric resistance heaters (rather than inductors) as well as from the strip which enters at about
25◦C above the bath temperature. As a result, the numerical modelling presents a more interesting
and more difficult case than the modelling of an ‘isothermal’ bath where the strip enters at the
bath temperature. The local and temporal variations in flow, temperature and composition are thus
more pronounced.

2. MATHEMATICAL MODEL

The numerical solution considers a full scale model of the bath geometry, including all hardware
immersed in the bath (sink and stabilizer rolls, roll support arms, snout), the strip traversing the
bath, heating of the bath and the effect of ingot melting. The bath model is based on the following
assumptions:

(a) The liquid metal is incompressible;
(b) The flow in the bath is turbulent;
(c) Buoyancy effects are considered using the Boussinesq approximation;
(d) Time-dependent effects are important and, therefore, are considered in the simulation;
(e) The liquid Zn–Al alloy behaves as a Newtonian fluid;
(f) The bath configuration is non-symmetrical; hence, the complete bath is modelled;
(g) The level of the liquid in the bath is considered constant such that the removal of melt as

coating on the strip and the addition of material from the ingot compensate each other in
time;

(h) Ingot immersion is gradual, hence we neglect the geometrical change caused by the ingot
presence and consider only the thermal and compositional effect of the ingot melting;

(i) Solubility limits of Al and Fe in the solution are taken from the data of Tang [17].
The flow of liquid zinc in the bath is described by the incompressible Reynolds-averaged

Navier–Stokes equations

�

(
�u
�t

+ u · ∇u
)

= −∇ p + ∇ · [2(� + �T )�̇(u)] − �g�T (T − T0) − �g�Al(cAl − cAl0) (1)

∇ · u= 0 (2)

where �̇(u) = (∇u+ (∇u)T)/2 is the strain rate tensor. The heat transfer is modelled by the energy
equation

�cp

(
�T
�t

+ u · ∇T

)
= ∇ · [(� + �T )∇T ] + QT (3)

In the above equations t , u, p, T , �, cp and � denote time, velocity, pressure, temperature, viscosity,
specific heat and thermal conductivity, respectively. The buoyancy term in the momentum equation,
as given by the Boussinesq approximation, depends on the reference density (the density estimated
at the reference temperature T0 and Al concentration cAl0), gravity vector g, thermal expansion
coefficients �T and �Al, and the temperature and Al concentration difference between the liquid
zinc and the reference values T0 and cAl0 , respectively. The source term QT in the energy equation
models the heat lost during ingot melting.
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Aluminium and iron concentrations ci (cAl for the aluminium concentration and cFe for the iron
concentration) are obtained by solving the mass transport equations

�

(
�ci
�t

+ u · ∇ci

)
=∇ · [(D + DT )∇ci ] + Qi (4)

where D is the molecular diffusion coefficient, DT is the turbulent diffusion and Qi is a volumetric
source term used to model the effect of ingot additions.

2.1. Turbulence modelling

The turbulent viscosity �T and turbulent thermal conductivity �T are computed using the two-
equation k–� model of Launder and Spalding [18]. Two additional equations are solved, that of
the turbulence kinetic energy k and turbulence dissipation �

�

(
�k
�t

+ u · ∇k

)
=∇ ·

[(
� + �T

�k

)
∇k

]
+ P + G − �� (5)

�

(
��

�t
+ u · ∇�

)
=∇ ·

[(
� + �T

��

)
∇�

]
+ C�1

�

k
(P + G) − C�2�

�2

k
(6)

where P is the shear production term defined by

P = �T [∇u : (∇u + ∇uT)] (7)

and G accounts for the effect of the buoyancy on the production of turbulence

G = �T

PrT
�g · ∇T (8)

Model constants �k , ��,C�1,C�2,C� take on the standard values [18], �k = 1.0, �� = 1.3,C�1 = 1.44,
C�2 = 1.92, C� = 0.09.

The eddy viscosity, thermal conductivity and mass diffusion are computed from k and � by

�T = �C�
k2

�
(9)

�T = �T cp
PrT

(10)

DT = �T

ScT
(11)

with the turbulent Prandtl number PrT and the turbulent Schmidt number ScT equal to unity.
Turbulence equations are solved for the logarithms of turbulence variables [19, 20]. This change

of dependent variables guarantees that k and � will remain positive throughout the computations.
Hence the eddy viscosity �T and the eddy conductivity �T will always remain positive. Moreover,
solutions from logarithms are more accurate because the fields of the logarithmic variables present
smoother variations than those of k and � [19].
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2.2. Initial conditions

Initial conditions are considered for all variables, namely for velocity, pressure, temperature,
turbulence variables and the Al and Fe concentrations. Flow variables (u, p) correspond to a no
flow condition. The initial TKE level ki corresponds to a 1% turbulence based on a reference
velocity of uref = 1 m/s

ki = 0.01u2ref (12)

and the initial TKE dissipation is computed from a one-equation turbulence model as

�i = C3/4
� k3/2i

lm
(13)

where lm = �d is the mixing length, with � being the Von Karman constant, � = 0.4, and d the
distance to the nearest wall. The initial temperature and bath composition are considered uniform
and equal to the measured values at the time when the simulation starts: Ti = 467.6◦C, cAli = 0.134,
cFei = 0.044 (concentrations are given in %wt).

2.3. Boundary conditions

In order to complete the mathematical definition of the problem, boundary conditions are also
imposed for velocity, temperature, turbulence variables and Al and Fe concentrations. The free
surface exposed to ambient air has a zero normal velocity and zero tangent shear stress condition.
On the solid walls, a combination of Neumann (tangential) and Dirichlet (normal) conditions are
imposed using wall functions

[2(� + �T )ċ(u) · n − pn] · t̂i = sw · t̂i
u · n= 0

}
on �wall (14)

The shear stress sw prescribed by the wall function is imposed on the tangential directions t̂i
defining the tangent plane, while the normal velocity is constrained to be zero. The tangency
condition is imposed in a nodal fashion (see [6] for more details).

The TKE values at boundary points kw are computed implicitly by setting the normal derivative
of the TKE to zero at the wall, while the TKE dissipation rate on boundary points is obtained by
using

�w = C3/4
� k3/2w

�y
(15)

Free boundary conditions (zero normal derivative) are imposed on the free surface for both k and �.
For temperature boundary conditions, a temperature wall function is required on solid walls [21].

The procedure is similar to that used for the velocity and consists of imposing a wall heat flux
given by

qw = hT (T − Tw) (16)

hT = �cpC
1/4
� k1/2w

T+ (17)
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where Tw is the wall temperature and T+ is function of y+ (see [21] for more details). At the bath
walls, in addition to the temperature wall function, the boundary conditions take into account the
heat loss through walls. This is modelled using a convective heat flux

qw = hc(Tw − Ta) (18)

where hc is a heat transfer coefficient and Ta is the ambient temperature. The wall function coupled
with the convection heat transfer through walls results in a wall heat flux given by

qw = h(T − Ta) (19)

in which h is an equivalent heat transfer coefficient, h = hT hc/(hT +hc). The heating of the walls
starts when the bath temperature drops under 466.5◦C and the heating is turned off when the
temperature reaches 467.5◦C. During the heating period the temperature outside the bath walls is
550◦C and decreases down to 480◦C during the no heating periods at a rate of 3.5◦C/min. The
heat transfer coefficient at the bath walls is considered hc = 100W/(m2 ◦C). The heat lost through
radiation at the top surface was estimated to be one order of magnitude lower than the heat lost
by convection and hence it was neglected in this work. The ambient temperature is considered
Ta = 30◦C. The surface of the bath is covered by a layer of mushy dross except for a region around
the strip exit where the air flow from the air knifes exposes the liquid zinc to the ambient air.
Since, the heat transfer coefficient is considered to be hc = 20 W/(m2 ◦C) on the dross covered
part of the top surface and hc = 200 W/(m2 ◦C) around the strip exit.

For the Al and Fe we consider that there is no mass flux at the bath walls and free surface.
The boundary conditions at the strip surface and those modelling the ingot presence are discussed
hereafter.

2.4. Modelling of the ingot melting and surface strip reaction

The melting of the ingots is modelled using source terms in the temperature and concentration
equations. For example, the source term in Equation (4) representing the mean Al mass rate in the
ingot melting volume is given by

QAl = Mingot(cingot − cbath)

Vingot�t
(20)

where Mingot = 1000 kg is the ingot mass, Vingot = 0.119 m3 is the volume of the region where
the melting take place, cingot is the Al concentration of the ingot (1% for the white ingots and
4.5% for the blue ingot), cbath is the Al concentration in the bath and �t is the actual melting time
(�t = 10 min for the white ingots and �t = 16 min for the blue ingot).

A similar source term is imposed in the Fe concentration equation. Since the ingots have no
Fe, we consider cingot = 0 and cbath takes on the Fe concentration in the bath.

Aluminium consumption on the strip surface is assumed to take place on the first 0.305m of the
strip length from his entry on the bath (corresponding to 0.2 s at a trip velocity of 1.524m/s). The
overall Al concentration of the coating is considered to be 0.4% by weight for a coating weight
of 0.2 kg/m2 per side. The mean Al consumption flux is given by

(qAl)strip =−0.2 kg/m2

0.305 m
Vstrip(cAl)strip (21)
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Figure 3. Solubility limit of Fe and Al in the Zn–Al–Fe alloys.

The Al mass flux on the strip surface near the entry in the bath is therefore (qAl)strip = −0.4 kg/
(m2s). This term is considered through the Neumann boundary condition in the finite element
formulation.

2.5. Solubility limit in the Zn rich corner of the Zn–Al–Fe alloys

The solubility limit of iron in molten Zn–Al alloys depends on the temperature and was determined
experimentally by Tang [17]. For small contents of Al in the Zn–Al–Fe alloy, the intermetallic
compound in equilibrium with the liquid changes from the 	 (FeZn13) to 
 (FeZn7) and then to
the � (Fe2Al5) phase for increasing Al concentrations (see Figure 3). The first two intermetallic
compounds all contain some Al in solid solution and the � phase, whereas the � phase contains
Zn in solid solution [22].

The Fe solubility in liquid Zn (no Al in solution) satisfies the equation

c0Fe = exp

(
17.78 − 15 388

T

)
(22)

where T is the temperature expressed in K . The solubility limit of Fe in Zn–Al alloys is then
determined as follows:

• phase 	:

cFe = c0Fe exp[14(4.1c	c0Al + c	 ln(c	) + c0Al ln(c
0
Al))/c	]

with c0Al = 0.164cAl and c	 = 1 − c0Al
(23)

• phase 
:

cFe = 1.22c0Fe exp[8(3c
c0Al + c
 ln(c
) + c0Al ln(c
0
Al))/c
]

with c0Al = 0.42cAl and c
 = 1 − c0Al
(24)
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Table I. Configuration studied.

Strip entry Snout Strip Roller Bath Bath Strip Strip
angle depth width depth height temperature temperature velocity

35◦ 0.254 m 1.219 m 0.787 m 1.676 m 467.6◦C 495◦C 1.524 m/s

• phase �:

c2Fec
5
Al = exp

(
28.1 − 33 066

T

)
(25)

where cAl is the saturated Al in solution.

The 	 phase forms when the Al content in solution is less than 0.1%, the phase 
 precipitates
for Al contents between 0.1% and c∗

Al (c
∗
Al being at the intersection of the two curves described

by Equations (24) and (25) known as the ‘knee point’), whereas the phase � precipitates for Al
contents higher than c∗

Al. Therefore, any excess aluminium and iron will be present in form of
precipitates of Fe2Al5 (top dross) for bath Al contents above c∗

Al and in the form of 	 and 

particles (bottom dross) for Al levels lower than c∗

Al. Figure 3 shows the phase diagram at 450,
465 and 480◦C.

3. FINITE ELEMENT SOLUTION

The global system of equations is solved in a partly segregated manner [6]. The solution algorithm
is illustrated in Figure 4. At each time step global iterations are performed for the momentum-
continuity, turbulence, energy and composition equations. Sub-iterations of turbulence transport
equations are also used to accelerate the overall convergence of the iterative process. In the initial
solution there is no flow and the temperature and compositional distribution are uniform.

The Navier–Stokes and scalar transport equations are solved using a streamline-upwind Petrov–
Galerkin (SUPG) method [23, 24]. This method contains additional stabilization terms providing
smooth solutions to convection dominating flows. The SUPG method also deals with velocity–
pressure coupling so that equal-order interpolation results in a stable numerical scheme. This allows
the use of simple linear elements for all variables.

4. APPLICATION

4.1. Bath configuration

Table I summarizes the main geometrical and operational parameters for the specific Sorevco bath
configuration. The bath is 2.57 m long, 2.79 m wide and 1.68 m deep. A three-hour period of the
GA–GI transition was chosen for the numerical simulation covering a continuous operation (no
line shut down) and where three jumbo ingots (1 ton) were charged into the bath. This period
represents the largest variation in bath Al composition and temperature fluctuation.
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�

Figure 4. Solution algorithm.

Constant material properties were used for the calculations using the data for Zn+ 0.14%Al at
460◦C: density �= 6600 kg/m3; laminar viscosity � = 0.004 Pa s; specific heat cp = 512 J/kgK;
thermal conductivity � = 60 W/mK; thermal expansion coefficient �T = 1.38× 10−4 K−1; Al
concentration expansion coefficient �Al = 0.0166.

The computational domain was discretized using four-node tetrahedral elements with a mesh
of 143 331 nodes and 795 807 elements. Computations were performed in parallel on a Beowulf
cluster composed of Pentium III processors running at 1 GHz, connected by a 100-Mbps Fast
Ethernet network. The time step of the transient solution is 6 s, resulting in a total of 1800
solutions covering the three-hour period of simulation. The computational time for a complete run
is about 7 days when using 32 processors.

4.2. Numerical results

Transient state computations were carried out starting at 10h45 (corresponding to 645min) for
a period of 180min covering three ingot additions. The first ingot was white (1% Al, melting
begins at t = 646 min), followed by the immersion of a blue ingot (4.5%Al) at t = 711 min and a
second white ingot at t = 789min. Two simulations were carried out: first, the solution is obtained
by neglecting the density dependence upon the Al concentration (�Al = 0) identified hereafter as
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Figure 5. Velocity distribution through the strip mid-plane (z = 0) during blue ingot melting (t = 719min):
(a) solution S1; and (b) solution S2.

Figure 6. Velocity distribution in a plane parallel to the strip (x =−1300) during blue ingot melting
(t = 719 min): (a) solution S1; and (b) solution S2.

S1 and then a second run was made taking into account for the buoyancy effect caused by the
non-uniform Al distribution (S2).

The velocity distribution during the blue ingot melting (t = 719 min) is shown in Figures 5
and 6. The solution on the left-hand side is for the condition S1, whereas on the right is shown
the solution S2. Figure 5 illustrates the velocity in a plane parallel with the direction of the strip
movement passing through the strip mid-plane. As can be seen the solutions are similar indicating
that the velocity in this plane is mostly determined by the strip movement and less affected by
buoyancy. Larger differences are observed in Figure 6 showing the velocity in a plane parallel to
the snout and strip entry. This section crosses also the ingot melting volume which is located on
the upper right corner. The solution S1 indicates that, when considering only the temperature
in the buoyancy term, the lower temperature liquid metal from the ingot melting region flows
rapidly towards the bottom of the bath. Liquid zinc from the other side of the bath (left side in
Figure 6) flows upwards and then across the bath to fill the space left by the cold metal from the
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Figure 7. Evolution in time of the temperature: (a) mean simulated temperature;
and (b) temperature at probe location (S2).

ingot. The flow pattern is dramatically changed when considering the Al buoyancy. The liquid
from the melting region does not go downward. Instead, smaller metal currents are formed, one
at the bottom of the bath in the right-hand side and another with an inverse U shape on the left
side of the bath.

The temperature evolution in time is shown in Figure 7. In Figure 7(a), the temperature measured
by the Teck Cominco and Sorevco thermocouples is compared with the computed temperature at
the probe location. The temperature decreases during ingot melting periods and increases during
the interval between two ingot meltings as a result of the bath wall heating and of the strip entering
at a higher temperature. The computed temperature is in good agreement with the measured values
during the ingot melting period and during the first part of the interval between two ingot melting
periods. This indicates that the numerical model accounts correctly for the effect of ingot melting
and bath heating from the wall heaters and from the strip. Note that the results from simulations
S1 and S2 are similar except during the blue ingot melting. When the effect of Al on the density
is neglected (simulation S1) the metal from the ingot has lower temperature and hence higher
density, flowing towards the bottom of the bath. However, as the Al concentration in the ingot
is 4.5%, much higher than the Al content in the bath, the simulation S2 shows that the Al rich
metal will have lower density and tend to flow towards the top of the bath. This explains the lower
temperature during the blue ingot melting observed in simulation S2 at the probe location, which is
close to the top of the bath. Figure 7(b) shows the comparison between the mean temperature in the
bath and the temperature computed at the probe location for simulation S2. The temperature at the
probe is higher during and after the ingot melting and is lower than the mean temperature during
the periods before ingot immersion. During the periods before ingot immersion the computed
temperature at probe location is lower than both measured values and the mean bath temperature.
This is caused by the flow of liquid zinc with lower temperature from the top strip exit side of
the bath towards the side where the probe is located. The material around the strip exit is at lower
temperature as is cooled by the air knives. The difference between the computed and measured
temperature may then be explained by an overestimation of the cooling from air knives.
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Figure 8. Evolution in time of the Al concentration at probe location: (a) measured and computed Al in
solution; and (b) total, in solution and precipitated Al (S2).

The coupled mass and heat transfer solutions have resulted in a clear and consistent representation
of the distribution of Al 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 local total Al content increases
according to the temperature and motion induced flows. During this initial period, the total Al
represents the amount in solution and the amount that is in precipitated form. Assuming that the
precipitated Al is very finely dispersed, it will be displaced at the same speed as the liquid Zn
in the bath. When these particles are transported into the region of higher temperature, they are
assumed to dissolve instantly according to the solubility limits given by Tang [17]. In Figure 8(a),
the computed effective Al concentration at the probe location is compared with the concentrations
measured by the Teck Cominco Al sensor and by the LIBS system, and with the bath analytical
results [25]. The LIBS data points were averaged over five minute intervals. The bath sample
analyses are reported as dissolved Al based on a Noranda software that calculates this value from
the total Al content. The results indicate that the numerical solution is in excellent agreement
with the LIBS measurements. The data obtained by Teck Cominco seems to react more slowly to
changes in the bath content and the values indicated are more averaged in time. As can be seen
in Figure 8(a), the numerical model is able to predict the decrease in the Al content in solution
during the periods without ingot melting and the increase in the Al content in solution during ingot
melting. The magnitude of the Al concentration change during the blue ingot melting was also
well predicted by the numerical model. The results show that, as observed for the determination of
temperature variations, the simulations S1 and S2 produce similar results, except for a short period
of time during the melting of the ingot with higher Al content. This indicates that the buoyancy
determined by the non-uniform Al distribution is significant only when large Al concentration
gradients are present in the bath. As soon as the Al distribution becomes more uniform the density
dependence on the Al content has almost no influence on the flow. Figure 8(b) shows the computed
value for the total Al, Al in solution and the precipitated Al at the probe location for the simulation
S2. Precipitates are formed during ingot melting because of the combined effects of an increase in
Al and a decrease in temperature. At the start of the simulation period, the initial Al concentration
at 0.134% corresponds to precipitates in the form of bottom dross. Hence the dross particles
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Figure 9. Evolution in time of the Fe concentration at probe location: (a) measured and computed Fe in
solution; and (b) total, in solution and precipitated Fe (S2).

circulating with the flow contains only small amounts of Al. During the simulation, the Al content
increases and some of the precipitated Fe converts to Fe2Al5 top dross.

Computations for the Fe concentration take into account the melting of ingots with no Fe
content. The rates of dissolution of Fe from the strip and from the bath hardware was neglected
since these are very small amounts compared to the Fe content in the bath. In Figure 9(a), the
computed Fe concentration at the probe location is compared with the concentration determined
by Teck Cominco from the measured temperature and Al content and the values measured by
LIBS. Bath analytical results from the samples analysed by CEZinc and Sorevco are also shown.
The results indicate again that the numerical solution is in excellent agreement with the LIBS
measurements and with the Teck Cominco values computed from the Al content. The numerical
model correctly predicts the increase in the Fe content in solution during the periods without
ingot melting (caused by the increase of the temperature and therefore an increase in the solubility
limit) and the decrease in the Fe content in solution during ingot melting. The magnitude of the
variations during the ingot melting periods were also well predicted by the numerical model.

Figure 9(b) shows the computed value at the probe location for the total Fe, Fe in solution
and the precipitated Fe for simulation S2. Again, we can see that precipitates are formed during
ingot melting (t = 646.656 min for the first white ingot, t = 711.727 min for the blue ingot, and
t = 789.799 min for the second white ingot). The numerical model predicts the sharp decrease in
the dissolved Fe when the blue ingot is immersed. This can be explained by the precipitation of
particles of dross as a result of an increase in Al in the bath and a decrease in the temperature.
During the blue ingot immersion, both Al in solution and precipitated Al concentrations were found
to increase. The quantity of Fe in solution increases during the periods without ingot melting. This
is caused by the dissolution of dross particles as a result of an increased temperature and a decrease
in the total Al in the bath. During this time the Al concentration in solution decreases.

The local (probe location) and global variation in time of the total Al and Fe concentrations
are compared in Figure 10. Differences between the local and bath mean values are important
only during the ingot melting periods. During the periods of time when no ingot is melting
the concentration of Al and Fe is quite uniform throughout the bath. Ingot immersion results
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Figure 10. Al and Fe content at probe location compared with
mean values (S2): (a) total Al; and (b) total Fe.

in a rapid increase in the Al content in the bath. The Al concentration at the probe location
occurs approximately 3 min after the ingot immersion, data that is in agreement with previous
experimental observations [2].

5. CONCLUSION

The following conclusions can be drawn from the numerical results obtained:

• The transient temperature evolution predicted by the numerical model agrees well with both
series of measurements carried out by using the Teck Cominco sensor and the Sorevco
instrumentation. This indicates that the numerical models for ingot melting, bath heating
and bath cooling perform well. The observed discrepancies in the local temperature before
ingot immersion indicate that the cooling determined by the air knifes was overestimated.

• The buoyancy effect determined by the non-uniform Al distribution is significant only when
large Al concentration gradients are present in the bath (during the blue ingot melting).

• The calculated values for Al and Fe determined by the model agree very well with the
experimental values using LIBS monitoring technique. The data obtained by Teck Cominco
seem to react more slowly to changes in the bath content and the values indicated are more
averaged in time.

• The numerical model predicts the sharp decrease in the Fe in solution when the blue ingot is
immersed. This is explained by the precipitation of particles of dross as a result of a reported
increase in Al in the bath and a decrease in the temperature. During the blue ingot immersion
both Al in solution and precipitated Al concentrations were found to increase.

• At the start of the simulation period, the initial Al concentration at 0.134% corresponds to
precipitates in the form of bottom dross. During the simulation, the Al content increases and
some of the precipitated Fe converts to Fe2Al5 top dross.
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• The agreement between the numerical solution and experimental data confirms the assumption
that the rate of nucleation and dissolution of dross particles is very rapid compared with the
time scale which represents the changes caused by the ingot melting and Al uptake on the
strip and can thus be considered almost instantaneous.
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