Determination of Thermophysical Properties and Boundary
Conditions of Direct Chill-Cast Aluminum Alloys Using

Inverse Methods
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In order to quantify the cooling conditions undergone by an ingot during direct-chill (DC) casting,
thermocouples were immersed in the liquid pool and consequently entrapped in the solid, thus
monitoring the temperature of the metal during its descent. Assuming steady-state thermal conditions,
the time-dependent temperatures measured by these thermocouples were then converted into space-
dependent temperature profiles. These values were the input of a Maximum A Posteriori (MAP)
inverse method described by Rappaz et al.,[Y! which has been adapted in this case to steady-state
thermal conditions. This MAP method permits the deduction of the temperature-dependent thermal
conductivity of the alloy, initialy, and then of the highly nonuniform heat-flux distribution along the
ingot rolling faces, in a second step. The obtained values are in good agreement with literature and
clearly reflect the widely different boundary conditions associated with primary cooling (contact with

the mold) and secondary cooling (water jet).

[. INTRODUCTION

IN the direct-chill (DC) casting of nearly rectangular
rolling-sheet ingots and extrusion billets of aluminum alloys,
a stationary temperature distribution gradually develops in
the solidifying strand.’? During cooling, the metal experi-
ences a high nouniform thermal gradient, which results in
differential thermal contraction and high stress levels par-
tially relieved by creep. In this process, two distinct zones
of cooling can be distinguished: the first one is due to the
direct contact of the melt with the mold and the second one
is associated with the water spray underneath. This leads to
theformation of athin solid shell that remains nearly parallel
to the mold in between the two cooling zones. This thin
shell bends inward under the high local thermal gradient,
while the influence of the metallostatic pressure can be
neglected.¥! An accurate description of the heat-transfer
characteristics at the surface of the ingot in run conditions
is important in many respects, for example, for a better
understanding of the development of surface segregation
and exudation.!! It is also an essential input for thermome-
chanical models aimed at computing ingot distortions and
stresses.[®)

The DC casting of aluminum alloys has been the subject
of considerable development in recent decades, mostly as a
result of an improved understanding of the heat flow
involved. Yu® studied the heat-transfer mechanisms by
guenching preheated probes in water. He showed that, in
the case of DC casting, theingot cooling rate highly depends
on boiling water phenomena. Four mechanisms were distin-
guished by Incropera and de Witt,["! depending on the target
surface temperature: unstable film boiling, film boiling,
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nucleate boiling, and convection. Weckman and Niessen!®
built a numerical model based on the finite-element method
to compute the steady-state temperature field in DC-cast
AAB063 hillets. Using a combination of theories involving
nucleate boiling, forced convection, and film cooling, these
authors devel oped a method to calculate the external bound-
ary conditions associated with the casting configuration.
Nevertheless, the authors showed that direct application of
the theoretical coefficientswould produce substantial errors,
especially in the region where heat transfer is dominated by
nucleate boiling. Grandfield et al.[>'% discussed the heat-
transfer mechanisms in the water jet and falling water film,
with special attention paid to the boiling modes. They
pointed out that, under normal steady-state conditions, nucle-
ate boiling is the dominant phenomenon, but some areas of
unstable film boiling can exist near the impingement point
of the water jet. In the transient situation of the cast start,
film boiling is also possible.

With the development of numerical models of the DC
casting process, obtaining reliable heat-transfer data became
essential. Based onin-situ temperature measurementsin DC-
cast ingots, Bakken and Bergstrom(*!! and Jensen et al.[*d
developed a method for the determination of the heat
extracted by the cooling water and the mold. A third-order
collocation polynomial was fitted to temperatures measured
in the ingot in order to deduce the unknown temperature at
the surface. More recently, Maenner et al.l*® and Opstelten
and Rabenberg™ studied the cooling of an instrumented
solid aluminum block. After uniform heating, the block was
cooled by an ascending water film, which simulated the
steady-state situation of the secondary cooling in the actual
DC casting process. These authors could distinguish two
different cooling zonses: the impingement zone of the water
jet, characterized by a fairly high heat flux, and the zone
located below, the so-called “streaming zone,” where the
heat flux was much lower. They also made clear that the
classical description of a heat-transfer coefficient (or heat
flux) as a function of the surface temperature alone does
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not accurately describe the thermal -boundary condition typi-
cal for the secondary cooling zone.

Accurate thermophysical properties are probably as
important as boundary conditions for the simulation of the
DC casting process. As a matter of fact, both can be deter-
mined from temperature measurements performed under
well-defined conditions using inverse methods.'>% The
basic idea of these methods isto replace the analytical func-
tion appearing in standard least-squares methods by the
numerical solution obtained from a direct finite-element
method (FEM) or finite-difference method (FDM) calcula-
tion. For time-dependent boundary conditions, the problem
isill-posed and can lead to instabilities if the time-steps are
too small. Several regularization methods have been devised
to aleviate this difficulty.l*™ For the determination of ther-
mophysical parameters (e.g., thermal conductivity and/or
specific heat), Milano and Scarpal'”! have modified the | east-
sguarestechniqueto include aMaximumA Posteriori (MAP)
agorithm. Rappaz et al.l! have shown how the MAP ago-
rithm can be easily implemented into a direct FEM heat-
flow codel'® in the case of transient situations. They pre-
sented several examplesillustrating the potential of the tech-
nique for the determination of time- or space-dependent
heat-transfer coefficients and temperature-dependent ther-
mal conductivity.

In the present contribution, the MAP algorithm is adapted
to the case of permanent situations, with particular emphasis
on the steady-state regime of the DC casting process. This
numerical method and its implementation in a commercial
code are briefly presented in Section |11, whereas Section
Il first describes the technique used to measure in situ the
temperature field and the contraction of DC-cast ingots.
Finally, the last two sections give two applications of this
inverse method, based on the same experimental data set
measured for an AA5182 aloy: the determination of the
temperature-dependent thermal conductivity of the alloy
(Section 1V) and the estimation of the heat-flux distribution
along the ingot surface (Section V).

[I. EXPERIMENTAL

Experimental DC casting trials were carried out in the
context of the EMPACT project, in which European partners
(both from industry and university) have joined to develop
simulation tools for the improvement of the DC casting
process. This project focused on micro-macrosegregation,
fluid flow, and thermomechanical phenomena. As part of
this project, the determination of thermophysical properties
of several commercial alloys and the estimation of boundary
conditions were two important tasks. For that purpose,
instrumented DC casting experiments were performed in
various cast houses of the industrial partners.

The present contribution illustrates the application of the
inverse method to one of the DC cast ingots, whose standard
cross section was 1860 X 510 mm. The main parameters
of the casting were a cast length of typically 3to 4 m; a
casting speed of 1 mm st (60 mm min~Y); a water flow
rate of 2.63 L per minute, applied on each centimeter of
the perimeter of the cross section; and a distribution bag
measuring 300 X 100 X 100 mm. The water chamber mold
section is 75 mm in width and 117 mm in height, with a
wall thickness of 12 mm. The results of the AA5182 alumi-
num alloy inoculated with a titanium boron master alloy are
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Tablel. Composition in Weight Percent of the AA5182
Alloy

Si Fe Mg WMn Cu Cr Ti Zn Al

0.068 0.121 3.999 0.252 0.023 0.0038 0.0018 0.015 balance
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Fig. 1—Experimenta setup used for the measurement of the temperature
field along the ingot surface and of the metal surface displacement during
DC casting. An enlargement of the extremity of the L-rod with the last
three thermocouples is shown at the bottom right.

presented in this contribution (note its composition in Table
). Six casting trials were conducted with this aloys, and
the L-rod measurements progressively improved. After pres-
enting the L-rod technique, the measurements obtained at
the sixth trial are shown.

A. The L-Rod Technique

As shown schematically in Figure 1, the technique of the
L-rod, first used by Drezet et al.® is employed in the
present study for the measurement of both temperatures and
displacements. However, the quartz tube is replaced by a
stainless steel one, which is more robust and better suited
for usein cast houses. Five K-type thermocouples (chromel -
aumel, with a single leg 0.2 mm in diameter) are placed
within the 5-mm i.d. of the tube (6-mm 0.d.), one of them
being at thevery surface of theingot. Thefive beads, approx-
imately 0.8 mm in diameter, are located 3 mm below the
L-rod tube. Their final position ischecked after solidification
by X-ray inspection. It isto be noted that, as shownin Figure
1, the legs of the thermocouple located at the extremity of
the L-rod emerge from the tube and bend inward, so that
the junction can solidify with the ingot underneath at the
very surface. Although the thermocouples are not calibrated,
their precision is comparable to that of Reference 21, i.e,,
about 1 °C, while their time response is on the order of 30
ms. The thermocouples are connected to a data-logger, and
the temperatures are recorded every 0.25 seconds.

The whole setup is mounted on the wide side of the mold
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Fig. 2—Cooling curves recorded by the five thermocouples and ingot con-
traction inside the mold measured by the horizontal displacement of the
L-rod.

(i.e., along one of the rolling faces of the ingot), about 0.55
m from the short side. The design of the experiment allows
the L-rod to move freely downward through a guiding cylin-
der. This cylinder is also free to move horizontally on two
additional guiding rails. During the trials, the L-rod first
dropsinto the liquid metal under its own weight before being
“swallowed” by the mushy zone. From that instant, the L-
rod moves downward at the casting speed of theingot. When
the solidifying metal shell pullsaway from the mold surface,
the lateral and vertical displacements of the L-rod entrapped
in the solid are recorded by two sensors.

B. Experimental Results

The recorded temperatures and the horizontal displace-
ment of the solidifying shell, measured with the device of
Figure 1 under the previously mentioned conditions, are
shown in Figure 2. The data are presented as a function of
the distance to the top liquid surface, as measured by the
vertical-displacement sensor of the L-rod. The five cooling
curves correspond to temperatures measured at the surface
of the ingot and at 5, 10, 15, and 20 mm from the surface.

Ascan be seen from the measured horizontal displacement
of the L-rod (ingot contraction curve), there is good contact
between the metal and the mold up to about 40 mm below
the top surface. The metal then pulls away from the mold
at a nearly constant rate. After 250 mm, the L-rod exits the
guiding cylinder and the measurement of the ingot contrac-
tion terminates.

The five thermocouples indicate a temperature of about
660 °C when the L-rod isinserted in the melt. A fairly good
cooling is first induced by direct contact with the mold
(primary cooling) before a slight reheating, due to thermal
contraction and the formation of an air gap, is observed on
the three cooling curves measured closest to the surface.
The reheating occurs about 20 mm below the top surface,
in apparent contradiction to the length of 40 mm measured
for the start of the ingot contraction. As will be shown in
Section V, the heat transfer decreases substantialy after
about 20 mm. This means that the delay between the mea-
sured reheating and the ingot contraction is probably due to
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the inability of the rod to measure very small displacements
when the solid shell is not thick enough. At the beginning
of pull-in (40 mm), the surface temperature is about 600
°C, which, for the AA5182 alloy, corresponds to a volume
fraction of solid of about 70 pct, according to Reference 19.
In other words, the contraction of the solidifying shell in the
mold already begins when the alloy isin the semisolid state.

The strongest cooling of the ingot is clearly induced by
the water jet, whose impingement point is located 70 mm
below the top liquid surface (arrow in Figure 2). Due to the
high thermal conductivity of auminum, the five measured
temperatures start to decrease rapidly before this point. This
is known as the “advanced cooling” effect.[8—13] The cor-
responding surface temperature of the ingot just below the
impingement of the cooling-water jet is about 150 °C.

Below the impingement point, the temperature measured
at the surface of the ingot rapidly decreases to almost 50
°C. Since the thermocouple legs emerge at the ingot surface
(Figure 1), this measurement can be influenced by the cool-
ing water itself: this explains the oscillations observed on
this curve below the water-impingement point. As a conse-
guence, these surface temperatures are only used before
the impingement point in the inverse analysis presented in
Section V. This corresponds to temperatures higher than
200 °C. Nevertheless, the measured increase in temperature
below this point can be related to the observed bounce-off
of the water from the ingot surface during the experiment
(reduction in the heat transfer), which occurs with a high
velocity and/or high impingement angle of the water jet.[%19

Assuming that the cooling profiles (deduced from the
cooling curves) are representative of the permanent thermal
state of the ingot, then the thermal conductivity of the alloy
and the distribution of the heat flux aong the ingot surface
can be deduced by the inverse method presented in the
following section.

1. INVERSE METHOD

Inverse methods can be used in solidification and related
processes for estimating the boundary conditions and/or
physical properties of materials. These methods are based
upon a minimization of the errors between calculated and
measured temperatures at given locations and times, the
calculated values being obtained from a numerical solution
of the heat-flow equation. In the present case, the MAP
technique, which was developed originaly by Milano and
Scarpa,l*7 is used. Implemented in a finite-element code by
Rappaz et al.l!! for transient thermal problems, it is extended
here to the treatment of permanent temperature situations.

Let us consider adomain (2) corresponding to the solidi-
fying ingot or to part of it, within which the steady-state
heat-flow equation, including phase transformation and
transport of the solid, has to be solved. In the domain, the
temperatures (T]") have been measured at a number (N, of
locations (x;, where ] = 1, Np): they are fixed and known.
Using these values, a set of unknown parameters (N, where

b = (b, b, ..., by)) is determined via the minimization
of the functiont¥
Nm 1 Np 1
Sb) = 3 5 (TP — Ti(0))* + X —= (- bR)? (1]
=107 k=1 k

where Tf(b) are the cal culated temperatures at the positions
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X, with the (yet unknown) parametersb. The standard devia-
tion (o) is atypical error associated with the temperature
measurement, whereas the corresponding deviation (oy) is
atypical interva within which each of the parameters by is
allowed to vary around an a priori (i.e., guessed) parameter
(6. The MAP algorithm returns to the standard least-
squares method when the oy values are al set to infinity.
On the other hand, the parameter by, will be fixed to the
guessed value if the corresponding deviation is made very
small.

The parameters to be adjusted, b, can be among the
following.

(1) Tabulated thermophysical properties, e.g., b = (1, o,
...y Kny), Where the ki values are the values of the
thermal conductivity of the medium at some tabulated
temperature, (T,). The values of « in each interval (Ty,
Ty+1), are linearly interpolated.

(2) Coefficientsof atemperature-dependent thermophysical
property function, e.g., k = B + BT + BsT2 + ...
+ By, T L

(3) Temperature-dependent boundary conditions at a given
boundary, eg., b = (hy, hy, ..., hy,), where the h, val-
ues are heat-transfer coefficients for a set of given
temperatures.

(4) Position-dependent boundary conditions at a given
boundary, eg., b = (q1, @, . . ., On), Where the g, val-
ues are the values of the heat flow leaving a given
boundary at tabulated positions (x,).

In order to minimize S(b), one writes

0S_ =2 o 2 .

—_— = JR— m h . . + —_— — —

ab gl 0'% (Tl TJ (b)) XJF U'rz (br br) 0
(2]

where X, is the sensitivity coefficient:
_9T{(b)

% = ab,

[3]
Ty, - ., b, + &b, ..., by) — TSy, - - -, be,..., br,)

b,

The term &b, is an a priori variation of the parameter b,
which is used to calculate the sensitivity coefficients. An
iterative procedure is used to find the solution b minimizing
S(b). In thisiterative procedure, the calcul ated temperatures
(Tj"(b”“)) at the next iteration (v + 1) are also linearized:

Np

TE(b) = Tf(b”) + > Xjs - Abg [4]
s=1

The increments (Ab) of the parameters are then found at
each iteration as the solution of the set of linear equations

Np
(A) - Ab =for S Ag- Abs = f, [54]
s=1
with
N
a st Xjr Brs
= N S L
AR o %)
w1 1
fo=2 ST —TrO)X — = (b — b)) [5]
=107 Oy

where &5 is the Kroneker symbol.

1630—VOLUME 31A, JUNE 2000

The MAP inverse method (Egs. [5a] through [5c]) can
be implemented in a fairly simple way in a direct program
that can calculate T7(b) when the parameters are known.
The iterative procedure is as follows.

(1) At the beginning of the iterations (» = 0), the compo-
nents of vector b are initiated to some values (b®=9).

(2) The temperatures (T{(b”)) are calculated with the
direct code.

(3) Eachof theparametersb, isvaried by b, and the temper-
atures are again calculated. Using Eq. [3], the sensitivity
coefficients (Eq. [3]) are deduced.

(4) Using Egs. [54] through [5c], the Nb X Nb system of
equations is solved to deduce the increments. If the
maximum relative variation of the parameters (Max |
Aby /by |) is smaller than adesired tolerance, the calcula-
tion is finished. If not, the by values are updated (i.e.,
btV = by + Aby), and the calculation proceeds with
the next iteration (step 2) ((v + 1) - ).

Please note that, within each iteration, (N, + 1) direct prob-
lems are solved with the direct code (the aforementioned
steps 2 and 3). This can be fairly central processing unit—
intensive, especialy if the problem isthree-dimensional, the
number of parametersis large, and the convergence is slow
(e.g., strong nonlinear dependence of the solution with
respect to some of the parametersto befitted). Intwo dimen-
sions, this problem is less critical.

The success of the inverse method can be measured by
the “closeness” obtained between the experimental and sim-
ulated values. It can be measured by the residual,

1 W
R(b) = \/ o2 (T = TH(b))? [6]
N =1

In the present case, the MAP agorithm has been imple-
mented for steady-state problems as amain program, calling
the two-dimensional direct FEM heat-flow code Cal-
coMOS* asasubroutine. Using an enthal py method to treat
thelatent heat release during solidification, this software can
solve, in particular, the heat-flow equation with an advec-
tion term,

% - % +V-gradH = Div (k(T) grad T)  [7]

where «(T) isthe temperature-dependent thermal conductiv-
ity of the alloy, H is the enthalpy per unit volume, and V
is the casting speed. Theterm V - grad H accounts for the
vertical flow of matter through the computation domain
(Eulerian description). Although CalcoMOS can calculate
fluid flow in the liquid sump, the associated convective heat
transport has not been considered in the present analysis.
Please note that, although steady-state is considered here,
the term 9dH/dt has been kept in this nonlinear problem as
an iteration method to reach this state. In order to reduce
the calculation time, the computation is started from an
initial temperature distribution aready very close to the
resulting steady-state conditions.

In the two following sections, the inverse method is
applied to the permanent situation of the DC casting process,
in order to determine the temperature-dependent thermal
conductivity of the alloy and the boundary conditions.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 3—Computation domain and boundary conditionsused for the determi-
nation of the thermal conductivity of the aloy.

IV. DETERMINATION OF THE THERMAL
CONDUCTIVITY

In contrast to the specific heat, the thermal conductivity
of aluminum alloys is highly dependent on the aloying
elements or impurities, even at low concentrations. Using
the inverse method described in the previous section and
the experimental data given in Section |1, the temperature-
dependent thermal conductivity of the AA5182 alloy is
determined in the range of interest, i.e., between 670 °C
and about 100 °C. Owing to some uncertainty in the signa
provided by the thermocouple located at the ingot surface,
this measurement is discarded, and only four measured tem-
perature profiles provided by the L-rod experiment are used
in the present calculation.

The computation domain is schematically represented in
Figure 3. It corresponds to a vertical rectangular section of
the solidifying metal bounded by the top liquid surface, a
depth of 300 mm below this top surface, and two vertical
lines corresponding to the position of the second and fifth
thermocouples (i.e., 5 and 20 mm from the vertical ingot
surface). Dirichlet boundary conditions (given temperatures)
are applied on the four faces of the domain. On the two
vertical boundaries, the temperature profiles measured by
the two thermocouples are imposed. At the upper and lower
boundaries, aninterpolation of the temperatures measured by
the four thermocouples is applied. The temperature profiles
measured by thermocouples 3 and 4 (10 and 15 mm inside
the casting) are then used in the inverse steady-state method
to deduce the thermal conductivity of the aloy at six tabu-
lated temperatures (N, = 6). The initial values are set to
150 W/m K at each temperature, and the oy values are all
put also to 150 W/m K. The standard deviation was set to
1 °C. It should be pointed out that CalcoMOS uses linear
interpolations between these tabulated values.

The final result of the inverse method after convergence
(black squares) is shown in Figure 4. The thermal conductiv-
ity slightly increases with temperature in the solid state and
drops to about 100 W m~! K1 in the liquid state. For
comparison, the data from other investigations are also plot-
ted in this graph. As can be seen, the present results are in
good agreement with the values obtained with the Alstruc
software program,™*? but differ substantially from those of
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Prasso et al.?d The very good agreement between the com-
puted and measured temperature profiles is demonstrated in
Figure 5 and supported by the low final residua (2.5 °C
with N, = 2400, Eq. [6]).

The sensitivity of the present analysis to the thermal con-
ductivity waschecked by increasing thethermal conductivity
found in Figure 4 by 10 pct. In that case, the two computed
interior profiles (thermocouples 3 and 4) differed substan-
tially from the measured ones, and the error increased from
25°Cto 3.6 °C.

V. DETERMINATION OF THE LATERAL
BOUNDARY CONDITIONS

Using the temperature-dependent thermal conductivity
obtained in Section 1V, the vertical heat-flux distribution
aong the rolling faces of the ingot is now determined. The
method is the same, but the computation domain shown in
Figure 6 extendsfrom the lateral surface up to the position of
thermocouple 5 (20 mm inside). K eeping the same Dirichlet
boundary conditionsfor thetop, bottom, and | eft-side bound-
aries of the domain (i.e., in this last case, given by the
temperature profile 5), the boundary condition on the right-
hand-side boundary can now be determined, based on the
four temperature profiles measured at 0, 5, 10, and 15 mm
and on the ingot surface temperatures measured above the
impingement point, as stated in Section Il. It is searched in
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the form of 15 values of the heat flow (g;), defined at 15
heights along this boundary. These positions are fixed in
relation to the contact zone and the position of the impinge-
ment point of the water jet. The initial values of the sought
heat fluxes, as well as the oy values, are set to 0.2 M W
m~2 in the contact zone and to 2 M W m~2 below the water-
impingement point.

It should be pointed out that the determination of the
horizontal heat-flux distribution along the vertical boundary
is much more reliable than the search for a boiling curve
(i.e., the temperature-dependent heat-transfer coefficient),
since, in this last case, the unknown heat flux depends also
on the solution via the computed surface temperature.l?
Please note again that CalcoMOS uses linear interpolations
between the tabulated heat-flow values.

The distribution of the calculated heat flux along the
vertical face of the ingot is shown in Figure 7. The primary
cooling zone, the air-gap region, and the effect of the second-
ary cooling are clearly visible in this figure. As soon as the
metal comes in contact with the mold, it is cooled with a
heat flux of about 1 M W m~2, The heat flux then decreases
to almost zero, due to the formation of the air gap between
the metal and the mold. At the impingement point of the
water jet, the heat flux increases rapidly to a maximum of
about 5.5 M W m™2. It then decreases slowly with increasing
distance from the impingement point. The maximum heat-
flux, the so-called “critical” heat flux, is reached during
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bailing, just before the onset of the transition and the film
boiling.[2%1° The temperature profiles cal culated with these
boundary conditions are compared to the measurements in
Figure 8. Again, good agreement is achieved, and the final
residual is only 3.06 °C (N,, = 3880).

Knowing the heat flux, the temperature-dependent heat-
transfer coefficient in the primary cooling zone can be deter-
mined, assuming a constant mold surface temperature of
100 °C. The result is shown in Figure 9, together with the
computed surface temperature of the ingot and the corres-
ponding heat-flux distribution. The maximum heat-transfer
coefficient just before reheating and air-gap formation is
found to be dlightly larger than 2 kW m=2 K%, avalue in
good agreement with the result of Bakken and co-work-
ers[*t12 This value decreases rapidly over a distance of 10
to 20 mm as the air gap forms. In spite of the vanishing
heat flux, the surface temperature decreases again after 40
mm as aresult of the “advance cooling effect” already men-
tioned by several authors.[8-23

Inthe secondary cooling zone, the heat-transfer coefficient
is aso determined, assuming a constant water temperature
of 25 °C. The calculated heat flux and heat-transfer coeffi-
cient are plotted in Figure 10 as a function of the computed
ingot surface temperature. The general form of this boiling
curve is similar to those analyzed in detail by Yul® and
Weckman and Niessen.® Starting on the high-temperature
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Fig. 10—Computed heat flux and heat transfer coefficient in the secondary
cooling zone as a function of the computed surface temperature.

side, the heat flux starts to increase as the temperature
decreases below 400 °C. This is the so-called “preimpinge-
ment zone.”[*4 Nevertheless, one should keep in mind that
this part of the boiling curveisvery sensitive to the positions
at which heat fluxes are sought and to the associated linear-
ization used in the inverse method. Unfortunately, with a
finer resolution in the determination of the heat-flux distribu-
tion, the method becomes unstable because of the lack of
a reliable measured surface temperature and of a too-low
sampling rate during the measurements.[*4

The heat flux exhibits a maximum of 5.5M W m2 at a
temperature of about 150 °: this corresponds to the position
of the water impingement. On the other hand, the maximum
in the heat-transfer coefficient is shifted toward a lower
temperature (110 °C). The reheating of the ingot surface
below the water-impingement point associated with the
water bounce-off (Figure 2) produces a somewhat “ skewed”
cooling curve around 100 °C. In other words, the relationship
between the surface temperature and the heat-transfer coeffi-
cient is not unique between 90 °C and 110 °C (note the
region outlined by two vertical lines in Figure 10). This
might be due to the fairly crude assumption of a constant
water temperature. More-sophisticated models, in which the
increase in water temperature is calculated and different
zones near the impingement point are distinguished, should
be used instead.>'% However, the exact adtitudes of the
different boundaries of the three zones are not known either,
thus adding three unknowns to the problem.

Neverthel ess, the shape and the maximum heat flux found
here are in good agreement with the findings of Opstelten
and Rabenbergi*¥ for the same alloy. Bakken and co-work-
erd112 also reported very similar results.

VI. CONCLUSIONS

A simple and reliable technique for the measurement of
cooling conditions and lateral contraction in DC casting of
aluminum alloys has been presented. Based on the design
of Drezet et al.l® it involves an elbowed stainless steel
tube (L-rod), in which five thermocouples were introduced,
immersed from the top in the melt pool.

Assuming steady-state conditions, the measured cooling
curves were converted into temperature profiles. These
experimental data were then used in an inverse method to
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determine thethermal conductivity of the alloy during solidi-
fication as a first step, and the distribution of the heat flux
on the surface of the ingot as a second step. This inverse
method, based on the MAP agorithm,™ has been adapted
to the steady-state temperature field and implemented in the
CalcoMOS software program.

The combination of the L-rod technique with the inverse
method represents an efficient and robust way to study the
conditions in which metal solidifies during DC casting.
Besides thermophysical properties, the primary and second-
ary cooling characteristics can be determined, and the find-
ings are in good agreement with previous results published
in literature. The influence of various parameters (e.g., the
addition of CO,, or pulsed water) could be studied in this
way. The accuracy of the cooling parameters, especialy in
thetransition region between primary and secondary cooling,
is of importance for a better understanding and modeling of
the surface segregation and exudations. It is also essential
for the prediction of deformations and stresses in the ingot
and of the possible formation of hot tears of the shell.
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