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Abstract. This paper presents the solution of the coupled momentum, heat and mass transfer
in order to predict and to better understand the generation and movement of inter-metallic
dross particles within a typical galvanizing bath. Solutions for temperature (T), aluminum
(Al), and iron (Fe) concentration can be correlated with the solubility limits of Al and Fe to
determine the amount of precipitated Al in the form of Fe:Als top dross. The solution
algorithm includes k-& turbulence modeling for fluid flow, heat and mass transfer, and was
adapted for the simulation of a sequence of operating parameters. Turbulence equations are
solved for the natural logarithm of the original turbulence variables. This choice results in a
major improvement in solution quality (smoothness) and algorithm robustness. The global
system of equations describing the unsteady turbulent flow problem is solved in a partly
segregated manner. At each time step, global iterations are performed for the momentum-
continuity, turbulence, energy and concentration equations. Equations are solved using GLS
and GGLS stabilized finite element methods. The numerical model takes into account the
effect of inductors, strip movement, immersed hardware and ingot melting. Simulations were
carried out over a period of two one-hour cycles having each an ingot-melting period
Jollowed by a non-melting period. The paper shows the ability of the proposed algorithm to
deal with large applications of industrial relevance and illustrates the cost effectiveness and
accuracy of the solution algorithm and of the stabilized finite element methods employed.

1 INTRODUCTION

Zinc-coated steel is a very important and large-volume product linking steel producers
with zinc suppliers across the globe. At present, the steel auto body is still the most cost-
effective for conventional production vehicles. About 60% of the world’s zinc production is
consumed in the fabrication of zinc galvanized products, and this figures is most likely to
increase’. Since the production of high-quality zinc-coated products is a major factor in the
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profitability of all steel sheet producers, the technology and quality control of the galvanizing
process is of primary concem. Numerical modeling 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 operation have
been carried out over a number of years in projects sponsored by ILZRO*? as well as in others
studies*”. The bath configuration consisted of a standard 250 tons pot with a snout angle of
27° and a center back ingot charging system into a holding basket. The previous simulations
progressed from laminar to turbulent flow models where the effect of line speed, strip width,
induction mixing have all been quantified for isothermal bath conditions operating at steady
state. It has become clear that the flow is clearly three dimensional due to the complex
geometry of the immersed hardware. This still only simulates the condition for periods of the
process when no make up ingots are added to the bath. However, when ingots are added to
replace the product layer deposited on the exit sheet, the bath can no longer be considered to
be isothermal. During this period the induction-heating rate is increased to adjust to 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. Since the liquid zinc alloy densities are very
sensitive to the temperature variations, temperature distribution in the bath affects 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 immersion rollers®. Solution of the thermal
field is also important because intermetallic particles of dross (precipitates of FexAls) form
when the temperature in the zinc bath falls below the solubility limit of the solute components
of aluminum and iron in liquid zinc™.

The purpose of this present paper is to present a solution algorithm for complex coupled
problems and applications to the solution of the flow and heat transfer inside galvanizing
baths. The latest numerical simulation methods and high speed processors can now handle
very complex flow systems with a very large number of grid points resulting in an extremely
detailed prediction of flow. Such a numerical simulation advances the understanding of flow
in the galvanizing bath particularly relating to the movement of dross particles in a thermally
influenced velocity field. The bath configuration used in the study is the same as was used for
the previously reported isothermal calculations’. Heat losses through the pot sidewalls,
bottom, and bath surface are taken into account in the heat balance so that the overall average
bath temperature remains relatively constant at 460°C. The spatial and temporal distributions
of aluminum and iron in the bath are also computed. In view of the transient period of ingot
immersion, melting and no ingot addition it becomes essential to model the entire cycle of
operation of a normal coating operation. The simulations use industrial data for the melting
rate and coating rate to account for the mass balance of the process. A period covering two
successive one hour cycles was chosen where the average temperature return to values close
to the initial conditions at the start of the cycle, so that the simulations could show the
dissolution and transport of the aluminum and iron inside the bath. The solution is obtained
for the spatial and temporal distribution of temperature, aluminum and iron content within the
bath during a normal galvanizing operation. In order to carry out this task, data on the
solubility limits of aluminum and iron with temperature need to be integrated into the solution
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in order to distinguish between the amount of dissolved and precipitated aluminum (as
FezAls) in a typical operation.

In this work solutions of the flow and heat transfer in a galvanizing bath were obtained
using a finite-element solution algorithm. The solution algorithm includes k-g turbulence
modeling for fluid flow, heat and mass transfer, and was adapted for the simulation of a
sequence of operating parameters. Turbulence equations are solved for the natural logarithm
of the original turbulence variables. This choice results in a major improvement in solution
quality (smoothness) and algorithm robustness. Turbulence varnables and source terms in the
turbulence equations are represented as the exponential of the computational dependent
variables. Hence, all these terms are strictly positive throughout the domain. The change of
variables also improves the accuracy in regions of rapid variation of turbulence fields such as
boundary layers, stagnation points, and shear layers. The global system of equations
describing the unsteady turbulent flow problem is solved in a partly segregated manner. At
each time step, global iterations are performed for the momentum-continuity, turbulence,
energy and concentration equations. Sub-iterations of turbulence transport equations are also
used to accelerate the overall convergence of the iterative process. Equations are solved using
GLS and GGLS stabilized finite element methods.

The numerical model takes into account the effect of inductors, strip movement, immersed
hardware and ingot melting. Simulations were carried out over a period of two one-hour
cycles having each an ingot-melting period followed by a non-melting period. Buoyancy
induced flow is especially apparent near the inductors and the melting make up ingot, while
little effect is observed in the sheet and rollers region. The presence of an ingot significantly
changes the temperature distribution and also results in important variations in the local Al
and Fe concentrations since the make up ingot has a higher Al concentration and no Fe. The
model also accounts for the Al consumption in the coating and for the Fe dissolution from the
steel strip. The simulation showed that during the ingot melting, the total Al concentration is
higher at the ingot side of the bath than at the strip exit side. The region below the ingot
presents the highest Al concentration whereas lower Al concentrations were found in the
region above the sink roll, between the strip and the free surface. It was shown that
precipitates form near the ingot surface because this region is surrounded by a solution at
lower than average temperature. This information is of major significance in the prediction of
the formation of dross particles, which can cause defects on the coated product.

2 PROCESS DESCRIPTION

The modern hot dip galvanizing operation is a complex metallurgical process where steel
strip of various width and thickness is continuously coated by rapid immersion in a zinc alloy
bath operating at temperature normally between 450 and 480°C. When the steel strip enters
the bath an interfacial reaction occurs very rapidly forming an inhibition layer of Fe,Als. On
exiting the bath, the excess solution of zinc is deflected back into the bath by means of air
knives, leaving a thin coating. Zinc ingots containing small amounts of Al in solution are
periodically added to the bath to maintain a constant bath composition and bath level. The
solubility of Al and Fe in the bath is very small and extremely sensitive to temperature. Small
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decreases in temperature can precipitate intermetallic solid particles, called dross, which are
dispersed with the flow and can eventually be found in the final coating. As a result, the
thermal condition of the galvanized bath and its controlled operation is of critical importance
for the production of high quality hot dipped galvanized strip of uniform coating thickness
and free from defects caused by the presence of dross particles.

A typical galvanizing bath configuration is shown in Figure 1. In section A—A, which is a
front view through the symmetry plane, we can see the ingot basket, where the makeup ingots
are introduced, the sink, guide and stabilization rolls, the snout, and the moving strip. The
present configuration represents a bath of 250 tons of zinc, and 1-ton ingots are added at
approximately 1-h intervals. The addition of ingots using a centrally located ingot basket is
specific to the Bethlehem Steel works. The snout has the role of protecting the strip at the
entry in the bath. At strip exit, air knifes control the thickness of the deposition. Two
inductors are placed on each side of the bath and are used to maintain the prescribed bath
temperature and to ensure an appropriate mixing of the liquid in the bath. Each inductor has
two exit sections by which the fluid flows from the inductor to the bath and one entry section
by which the fluid flows from the bath to the inductor as seen in section B-B of Figure 1. For
each inductor the power setting determines the flow rate and the temperature increase between
the inlet and exit sections.

Sectlon A-A &-Hl!nﬂnn
\—\\\ A I L
;
[
Stak Rotf]

VEITTITIIITITTITITIIS IS

Fhwnn-
Section B-B
/ PFFTTIFTTTISSENSSsTy.
Flowto [ ;
fodactor
K] ]
; Snout ;
§ 1
/ I
7] ]
4] A [
1 |A
Al Zl /
Strip Exit [ 1
]
Strip Entry
] ]
TIT I T TITTIITETITEEDY T

Figure 1: Schematic of a galvanizing bath
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3 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), two
inductors, the ingot basket, and the strip traversing the bath. Given the symmetry of the bath,
only one-half is modeled. Simulations consider the density dependence on temperature,
Differences in density due to different content in aluminum, which are much smaller
compared to those determined by temperature changes, are neglected. The electro-hydro-
dynamics inside the inductor channels are not modeled, and the flow and temperature increase
are imposed as boundary conditions. The quantity of liquid in the bath is considered constant
by neglecting the removal of melt as coating on the strip and the addition of material from the
ingot, which compensate each other in time. The change of volume of the ingot during
melting is not taken into account, and the ingot is considered to occupy the entire volume of
the ingot basket. During periods with ingot, the ingot basket surface is considered at the
melting temperature, while during periods without ingot, the ingot basket surface is
considered insulated.

3.1 Flow and heat transfer equations

Flow inside the bath is described by the incompressible Navier-Stokes equations:

p(%+u.vu]=—VP+V,[2(p+pT):>(u)1+pg M
Vou=0

where y(u)=(Vu+Vu')/2 is the strain rate tensor, p is the density, # the fluid viscosity, and
g the gravity. When buoyancy effects are neglected, the density is constant, and the gravity
term generates just an additional hydrostatic pressure with no influence on the velocity.
However, if the density depends on temperature, the gravity term is no longer constant. The
usual approximation of buoyancy for small density variations is given by the Boussinesq
approximation. Hence, the gravity term is considered as the perturbation from a reference
value and the momentum equations become:
du . 2)
Po| 2+ Vu | ==Vp+ V- [20u+ ur)r(u))- pogB(T - To)
where p, is the density at the reference temperature 7y and § is the thermal expansion
coefficient.
Temperature T is obtained by solving the energy equation:
3
pcp[aa—j:+u-VT]=V-[(i+AT)VT]
where ¢, is the specific heat, and 4 is the thermal conductivity.
Aluminum and iron concentrations ¢ are obtained by solving the mass transport equation:
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4
p(%+u-Vc)=V-[(D+DT)Vc] @
t

where D is the molecular diffusion coefficient. For this work we consider that the Schmidt number
Sc = u/ D is equal to unity. The turbulent diffusion Dy is computed from
DT = ﬂr I'SCT (5)

where Scr is the turbulent Schmidt number considered equal to unity.

3.2 Turbulence modeling

The turbulent viscosity u, and turbulent conductivity A, are computed using the standard
k —& model of turbulence’:

kz
#r=pCui— (6)
_ #Tcp
Ar = P Q)

where Prr is the turbulent Prandtl number considered equal to unity.
For this model, the turbulence quantities are the turbulence kinetic energy & and its
dissipation rate . The transport equations for k and ¢ are:

p[g—’:+u-Vk]=V [[p+—JVk}+P+G pE (8)

Gy

p[—+u v;) [[p+ JV£]+C (P+G)—C£2p% ®)

where P is the shear production term defined as:
P(u)=pTIVu:(Vu+VuT)J (10)

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

11
G=LL gp.vT (1
Pry

The model constants are”: &, =1.0, c,=13,C,=144,C,=192,C, =0.09

3.3 Logarithmic form of the turbulence equations

The turbulence equations in the previous section are notoriously difficult to solve
numetically. The eddy viscosity and several source terms contain divisions by the turbulence
variables. Negative or small values of the denominator can lead to improper sign or overly
large values for ur or the source terms. This will cause a dramatic breakdown of the solution
algorithm. Enhanced robustness of the algorithm will be achieved if one can ensure that
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turbulence variables remain positive throughout the domain and during the course of
iterations. One wa}/ to preserve positivity of the turbulence variables consists of solving for
their loganthms

= In(k), E =In(g) (12)

Solving for K and E guarantees that & and ¢ will remain positive throughout the
computations. Hence the eddy viscosity ur will always remain positive. Moreover, solutions
from logarithms are more accurate because the ﬁelds of the logarithmic variables X and £
present smoother variations than those of k and & ''. The turbulence equations and the eddy
viscosity definition for logarithmic variables are as follows:

p[_+u VK) l:{y +£l]VK]+[,u+flJ(VK)2 +e X (P+G)— pef* (13)
Oy Ty

p[%w vE] [(Mf JVE]*f[!“{';E](VE)Z +Cye ™ (P+G)=Crrpe™™ (14)

Hr =pC’u32K—E (13

3.4 Boundary conditions

Boundary conditions for the momentum equations are specified on the strip and the inlet
section {inductor inlet) as well as on the solid boundaries (walls). The inductor inlet has been
modeled using a flow rate correlated to the inductor power (400 kW at maximum capacity).
The influence of the inductor itself has been introduced through Dirichlet boundary conditions
(prescribed velocities). Boundary conditions imposed on the Navier-Stokes equations are then
as follow:

u=V, 0 o1 T ptecror inter

2(u+ p(u-u, ) n—pn=r 16
(g + i ¢ )n-p w} on oy and Ty (16)

u-n=0

I.l,, = 0 on rwﬂ
where
G, =0y, onlg,

A velocity wall function is applied on all mobile and immobile surfaces, e.g. bath walls,
strip, rollers, snout and arms. The wall function correlates the tangential stresses in the
boundary layers to the relative tangential velocity.

pCIMIc”z (17n

T, =- — = _(u-u,)

where
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v dhep!
=11 18
SIn(Ey") 2yt (1%)

+

pCL LTy
7]

+_

Here u, 1s the velocity at the wall, y is the distance between the computational boundary

and the wall, « is the Von Karman constant (x=0.41) and E is a roughness parameter (E=9.0
for smooth walls). The normal derivative of the turbulence kinetic energy is set to zero near
the wall so that its values at boundary points %, are computed implicitly. Then the turbulence
dissipation & at the wall is obtained by using

e 02
Ky

£, =

The velocity is constrained to be tangent to the wall by imposing the normal velocity to be
zero. It is also assumed that the position of the top surface remains at the same height. The
regtons of the top surface inside the snout and close to the strip exit are considered as free
surfaces and only the normal component of the velocity is set to zero. The remaining regions
on the top surface were considered covered by solidified zinc oxide and treated as solid walls.

The temperature boundary conditions at a wall are enforced by a temperature wall
function'?. The procedure is similar to that used for the velocity and consists in imposing a
wall heat ﬂux given by

(20)
gy =hT(T_Tw)
Lidz 172
pc,Ck,
by = @1

where T, is the wall temperature and 7" is function of y* (see Ignat et al. ? for more details).
When the ingot is present 1n the bath 7\, on the mgot surface is considered equal to the
melting temperature (7, =420" C). On the bath walls, in addition to the temperature wall
function, boundary conditions take into account the heat loss through walls. This is modeled
using a convection boundary condition

Gw = 'hc (Tw - Ta) (22)

where h; is a heat transfer coefficient and 7, 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) (23)

in which 4 is an equivalent heat transfer coefficient, h= hr h. /( hr + h. ).
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For the aluminum and iron transport in the bath the boundary and initial conditions must
also be imposed for the aluminum and iron concentrations. The initial aluminum
concentration in the bath is considered 0.14% in weight and the bath is considered saturated in
Fe at the initial temperature of 460°C. The limit of solubility is given by"?:

(22:) (<) = xfoom- 292) o
100 100 T+273

where Cr., C4 are the weight concentrations of Fe and Al expressed in percentage (quantity in
kg of Al or Fe for 100kg of solution), and T is the temperature in °C.

On the bath walls we impose a zero normal mass flux for aluminum and iron
concentrations (no generation or consumption), The boundary conditions take into account the
additional aluminum from the ingot and the aluminum consumption on the steel strip. Since
ingots are added to the bath at ambient temperature, no aluminum is transferred to the bath
until the ingot reaches the melting point. This was found to take six minutes'*. The melting
time is therefore 14 minutes during which all the aluminum and zinc in the ingot is transferred
in the bath. Hence the effective ingot mass flux is:

0 <

2
(qdf)ingal = q;’{l_t?_‘:’:‘_))z] ,I‘l <t<i, (25)
27 h

with #,=6min and #;=20min (see Figure 2), and g7%; is the initial flux of Al at t=6min which is
2.143 times the average Al flux calculated for a total melting time of 20 minutes. The mass

flux on the ingot surface for the iron concentration equation takes into account the fact that
the ingot has no iron in its composition.

| -
9, 1

0 1, 1, time

Figure 2: Time evolution of the aluminum flux on the ingot surface

Aluminum consumption on the strip surface is assumed to take place on the first 0.35m of
the strip from his entry on the bath (corresponding to 0.2sec. at a strip velocity of 1.75m/s).
The overall aluminum concentration of the coating is considered to be 0.4% by weight for a
coating weight of 60g/m2 (0.06kg/m2) per side. The mean aluminum consumption flux is
given by:
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0.06kg / m* (26)

(‘IAJ).wr:p =- 035m strip€ A1

The mass flux is (g ;) sirip = -0.3cas kg/(mzs) for a strip velocity of 1.75m/s, with c; = 0.4.

Similarly, an iron mass flux is imposed on the strip surface to take into account for the iron
dissolution. The iron dissolution rate was considered at 120 mg/m2 of coil,

Since the aluminum and iron solubility in the bath vanes with temperature as given by eq.
(24), any excess aluminum will be present in form of precipitates of Fe;Als {top dross). Both
dissolved aluminum and precipitated aluminum were calculated.

4 FINITE ELEMENT SOLUTION

The global system of equations is solved in a partly segregated manner.*'® The solution
algorithm is illustrated in Figure 3.

| Initinl Conditions I

—(')-| While rl< b |
e .

Solvcl"ﬁ(E |
[ Sotve TKEldimipmion ]

1

Update up ]

(i

t=t+ At |

(I) - Time stepping iterations
(t1) - Global iterations
(111} - Turbuilence sub-iterat s

Figure 3. Solution algorithm

At each time step, global iterations are performed for the momentum-continuity,
turbulence, and energy equations. Generally, at each time step three global iterations are
sufficient to reach satisfactorily converged solutions. Sub-iterations of turbulence transport
equations are also used to accelerate the overall convergence of the iterative process. Time
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derivatives are discretized by an implicit Euler scheme. Equations are solved by stabilized
finite element formulations as described hereafter.

4.1 Momentum-continuity equations
The momentum-continuity equations are solved by using the GLS stabilized finite element

method '"8:

Ipo(u“uo +u-Vu]de— IpV~va’Q+ ‘[2(}1+ﬂr)f(ll)2}"(\’)dﬁ+ Ipogﬂ(T—To)de+ IV-uqu
n At a a ] | -

+3 j{po(“‘“" +ll-VUJ+VP—V'[2(!”'#T)?(“)]+Pogﬂ(T‘To)}fu (pou-Vv+ Vgl =0,

Z i Ar

The stabilization parameter 1, is defined as:

2 2 3 -1/2
r, = [2”0'"'} 4{4(”“;’")} +(&J : (28)
hK mkhx Af

where /i is the size of the element K and m, is a coefficient commonly taken 1/3 for linear elements.

The GLS method contains additional stabilization terms providing smooth solutions to
convection-dominating flows. This 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 velocity and pressure.

4.2 Energy and concentration equations

The energy and concentration equations are dominated by the convective term. Therefore
the SUPG method'® is appropriate. The variational formulation for the energy equation is as
follows:

ImP[T_TO +u-VT]wdQ+ [(A+27)VT - Vwad
4] Ar [¢]

+3 I{Pcp(

K 0,

(29)

T;ITO +u-VT)-V'[(i+ET)VT]}rT ()“pu'vw}jQK =0.

The stabilization parameter rr is defined as:

-1/2

2 2
. = 2‘x'P|u| + 4(‘1'*‘17') + p::P ? (30)
T hy m hl Ar '
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4.3 Turbulence equations

Turbulence equations are solved by a Streamline Upwind Petrov-Galerkin / Galerkin
Gradient Least-Squares (SUPG/GGLS) method.'®'®® The SUPG contribution to the
stabilization deals with the convective term, while the GGLS contribution stabilizes for the
source terms. The stabilized formulation is shown here for the equation for X (the logarithm
of turbulence kinetic energy):

A5
+Z J’{[ K Kot VKJ [(,u+—]VK] (p+ JVK)Z - X (P+G)+ pet~ }rx(pu.w)dnx

Oy

+Z J’ {[ Ko vu. vx] {[M_va] ( g:)(VK)Z—e'K(P+G)+mE’K}rVdeQK=0.

Ko +u'VKden+j[p+ﬁ)vx-den- Il:[y+‘-ulJ(VK)z +ek(P+ G)~peE'K:|wdQ
o) Tk 0 O

(31

s
The stabilization parameter r, of the SUPG stabilization term is given by:

-1/2

2
e =|[22 2+ Wty Vo) +(f—]2 (32)
K hK mkh‘% At ’

hg =
ry =5 (33)

F- cosh(J6_0-)+2 1
cosh(Jg;)—l a’

_(p/AnRE (35}
6(4""’!’? log)

In this work linear elements are used and therefore several terms in equation (31) vanish.
The resulting stabilized finite element equation is as follows:

whereas ry; is given by:

(34)

j'p(K'K" +u-VK)wdQ+[[p+ﬁ]VK-deQ— [g+ﬁ](vx)z+e"‘(1)+c)—pef"‘ wd()
a v o\l all” 9 (36)
+§ I{p(K_KD+u-VK] [p+a—JVK)2 -e ¥ (P+G)+ pef~ }rK(pu-Vw)dQK

Qg

+3 | {p(g%) +e XVK(P+G)+ peF X V(E- K)}erwdQK =0,
X q,
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S NUMERICAL RESULTS

Computations were carried out on a cluster of Pentium III processors running at 1 GHz,
connected by a 100 Mbps-Fast Ethernet network. The transient solution for a time interval of
120 minutes (720 time steps of 10 seconds each) is computed in about 36 hours. For the
present case the computational mesh has 1,106,928 tetrahedral elements and 191,162 nodes.

The volumetric regions where the zinc flows at a speed lower than 0.01m/s are illustrated
in Figure 4. The small velocities are localized in a few stagnation regions inside the bath.
When increasing the power to the inductors (a), the small velocity region decreases and, as
expected, most of the differences occur near the exit from the inductors. Also, the presence of
the cold ingot results in the formation of a strong recirculating region between the ingot and
inductors (left hand side of the bath), further reducing the size of the small velocity region.

X \ﬁ"-& X \&_ﬂ\"g
(a) With ingot (=20min) (b) No ingot (t=60min)

Figure 4: Volume with velocity smaller than 0.01m/s

Figure 5 shows the distribution of temperature on the symmetry plane. With ingot present,
the cold zinc melting from the ingot flows to the bottom of the bath and the solution presents
higher temperature gradients than for the case without ingot. Figure 6 illustrates the
distribution of total aluminum concentration on the symmetry plane with and without ingot.
With ingot present, we observe a higher level of aluminum near the ingot and a lower level of
aluminum near the strip entry where aluminum consumption takes place. Without ingot, the
aluminum concentration becomes very uniform except for a region near the strip entry point
where the aluminum concentration is smaller. These results are in agreement with the global
mass exchange that is driven by aluminum addition from the ingot and aluminum
consumption during the formation of the inhibition layer in the region near the entry of the
strip. Similar results are shown in Figure 7 for the iron concentration, this time the region
under the melting ingot having lower iron concentration because the ingot has no iron, while
around the strip entry point iron concentration is larger because of the iron dissolution that
occurs before the formation of the inhibition layer. At the end of the cycle (60min) the iron
concentration is relatively uniform with a slightly higher concentration close to the strip near
his entry point due to iron dissolution from the strip.
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" (a) With ingot (=10min) "~ (b) No ingot (t=60min)

Figure 5: Temperature distribution on the symmetry plane: (a) with ingot (t=10min) and (b) no ingot (t=60min)
(increment between iso-values is 1°C)

(a) With ingot (t=20min) " (b) No ingot (=60min)
Figure 6: Total aluminum concentration on the symmetry plane: (a) with ingot (t=20min), (b) no ingot (t=60min)
(increment between iso-values is 0.0005)

" (b) No ingot (=60min)

Figure 7: Total iron concentration on the symmetry plane: (a) with ingot (t=20min), (b) no ingot (t=60min)
(increment between iso-values is 0.0001)

(a) With ingot (t=20min)
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In order to illustrate the evolution of different variables during two complete cycles of
20min with ingot melting and 40min without ingot, graphs were plotted for 4 specific
locations in the bath on the ingot side, for 4 locations on the strip exit side and for 4 locations
inside the snout. These locations are illustrated in Figure 8.

Strip  Strip Strip Exit Side

Figure 8: Location of points for plots in time (dimensions are in meters)

Figure 9 illustrates the evolution in time of the temperature (left) and total aluminum
(right) over two complete cycles. The initial temperature is uniform at 460°C. As soon as the
ingot is introduced into the bath (t=0) the temperature drops at the inductor/ingot side at the
Low-Left and Low-Right locations. The temperature rises at the Up-Right location because
inductors are running at higher power projecting heated zinc towards the top surface of the
bath. We can also observe that the temperature gradients are higher on the ingot side and
during the ingot-melting period (t=0-20min). Without ingot, the temperature becomes more
uniform with an initial correction between t=20min and t=30min. The stratification of
temperature in the bath is due to buoyancy. On the strip exit side and inside the snout the
temperature is more uniform and varies as the mean temperature. During the period at 100%
inductor power the temperature increases by 3-4 degrees and decreases back to a temperature
close to the initial temperature during the period with no ingot in the bath.

The evolution in time of the total aluminum concentration is shown in the right hand side
of Figure 9. The total aluminum represents the amount that is in solution as well as the
amount that is in precipitated form. Subsequent calculations to differentiate between the
dissolved and precipitated form of aluminum assume that the rate of dissolution and
precipitation are instantaneous. The initial aluminum concentration is 0.14 wt% (t=0). During
the first 6min the ingot is brought up to the melting point. During this period the aluminum
concentration decreases, especially near the strip, as aluminum consumption takes place on
the strip without any supply form the ingot. When the ingot begins to melt (t=6min) a sharp
increase of aluminum concentration is observed on the ingot side. On the strip exit side the
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increase is delayed by about 3 min, corresponding to the time it takes for the zinc on the ingot
side to reach the front (strip section) of the bath as a result of the overall bath flow. Validation
tests using aluminum sensors to measure the variations in aluminum level after the addition of
brightener bars presented in a previous study’ observed nearly the same value of the time
increment. During ingot melting the total aluminum concentration in the bath is higher, with a
maximum value near the ingot at about t=14min. On the ingot side the differences between
different locations are more apparent resulting in larger values on the Low-Left location and
the lowest values for the Up-Left location. Flow from the ingot (rich in aluminum) reaches the
Low-Left location first, followed by the Low-Right, Up-Right, and finally Up-Left locations.
This is in good agreement with the buoyancy driven movement of zinc®. On the strip exit side
the aluminum concentration its more uniform, since this area is mixed at a much higher
intensity due to the roll and strip movement. Without ingot, the aluminum concentration
becomes more uniform but still remains higher on the ingot side. During this period the
aluminum concentration decreases constantly because of the aluminum consumption on the
strip. Inside the snout, uniform aluminum concentration 1s observed except for the region near
the center of the inner side of the strip. This is indicative of a zone that does not readily mix
with the zone in contact with the external side of the strip. In industrial practice however, very
little difference is observed in the total aluminum content of the coatings on either side of the
strip. The small differences of aluminum content in the regions of the bath in contact with the
inner and outer surface of the strip do not seem to affect the total amount of aluminum to the
overall coating.

Figure 10 shows the evolution in time of the total iron concentration. Iron concentration
increases throughout the operation due to iron dissolution from the strip, except for a small
period during ingot melting when material with no iron content is introduced in the bath. Iron
concentration is close to uniform with the point inside the snout near the center of the inner
side of the strip having a larger concentration because of iron dissolution and poor mixing.
The initial iron concentration corresponds to the limit of solubility of aluminum and iron for
0.14 wt% Al content at the initial temperature of 460°C and the total increase in the iron
content is of only about 0.0005 wt% over two cycles.

The concentration of aluminum precipitated as Fe;Als dross is shown in the right hand side
of Figure 10. This value is determined as the mass of aluminum above the temperature
dependent limit of solubility. When the ingot is immersed we observe a sharp increase in
dross formation on the ingot side. This is caused by the decrease in temperature, which is
highest at the Low-Left location. During ingot melting dross is also formed as the aluminum
rich ingot dissolves in the bath. The ingot melting determines the formation of dross only in
the region around the ingot. Finally dross is also formed at the end of the cycle because of the
overall decrease in temperature. The numerical model clearly indicates that larger variations
are observed on the ingot side. Dross is formed mostly at the bottom of the bath where the
temperature is lower. The calculations also show that smaller quantities of dross are formed
inside the snout representing only a very small fraction of the total dross formed.
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7 CONCLUSIONS

This article presented a solution algorithm for the turbulent flow, heat and mass transfer in
a galvanizing bath. The numerical simulations carried out in this paper show the spatial and
temporal distribution of aluminum and iron content in a typical galvanizing bath during a
sequence of ingot addition and melting followed by a period when no ingot is present in the
bath. The numerical model accounted for the effect of inductors, strip movement, immersed
hardware and ingot melting. Turbulence equations are solved for the logarithms of turbulence
variables resulting in increased robustness and accuracy of the solution. The algorithm is
segregated, solving separately the momentum-continuity, turbulence, energy, and
concentration equations by using stabilized finite element methods. At each time step three
global iterations were sufficient to reach satisfactorily converged solutions. The paper
illustrated the ability of the proposed algorithm to deal with such a large industrial
application. The procedure is cost effective and results in accurate numerical solutions, which
agree well with experimental observations.
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