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Secondary cooling information is critical when modeling the direct-chill (DC) casting process of
magnesium alloys. However, accurate data for the heat flux in the secondary cooling zone are
scarce, and most reported research is concerned with the DC casting of aluminum alloys.
Cooling experiments that simulated the secondary cooling of magnesium AZ31 were conducted
in order to observe the influence of various parameters on the different boiling-water heat-
transfer phenomena. The heat flux in each boiling regime was quantified as a function of the
cooling-water flow rate, water temperature, and initial sample temperature. Equations devel-
oped from the cooling experiments could be combined to build ‘‘idealized’’ boiling curves for a
given set of DC casting conditions.
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I. INTRODUCTION

FROM a historical perspective, the direct-chill (DC)
casting of magnesium was first used extensively during
World War II. Magnesium extrusion billets and rolling
ingots were produced for the manufacture of aircraft as
well as other military applications. Nowadays, approx-
imately 20 pct of the total magnesium production is
done via the DC casting process.[1] Eighty percent of
DC-cast products consist of pure magnesium for alloy-
ing purposes (e.g., in aluminum alloys or nodular cast
iron), whereas the remaining 20 pct are magnesium
wrought alloys such as AZ91, AM60, or AZ31. How-
ever, the tolerance for process scrap that prevailed
during World War II is no longer economically viable.
In order to grow, the magnesium industry will have to
improve its understanding of the DC casting process
and overcome a number of significant obstacles.

One of the problems that plague the DC casting
process is the formation of defects such as center cracks
and surface folds. Magnesium alloys with a wide
freezing range (e.g., AZ91) are particularly sensitive to
crack formation. In comparison to the DC casting of
aluminum alloys, the DC casting of magnesium presents
the additional problem that these defects are com-
pounded in subsequent rolling operations due to the hcp
structure of magnesium.[1] Another particularity of
magnesium DC casting is the relatively low volumetric
heat capacity, which allows the molten metal to freeze
more rapidly and renders the process startup even more
critical. Finally, in addition to the risk of water
entrapment and steam explosions present in the DC

casting of aluminum, the DC casting of magnesium can
also lead to a hydrogen explosion if liquid metal from a
bleedout comes into contact with water.
Mathematical models of the DC casting process can

improve the design and control of this process, and thus
help prevent the formation of defects. Thermal models,
which predict the temperature profile within the cast
product, require accurate boundary conditions at the
surface, where primary and secondary cooling takes
place. The different boiling-water heat-transfer phenom-
ena that take place during secondary cooling are associ-
atedwith awide range of heat fluxes; boiling curves,which
express the relationship between the surface heat flux and
the surface temperature, are known to be strongly
nonlinear. Precise knowledge of the heat flux in each
boiling-water regime, andof the parameters that influence
it, is therefore required in order to model the DC casting
process and reduce the incidence of defect formation.
The research described in this article was an investi-

gation of the effect of various parameters on the boiling-
water heat-transfer phenomena during the secondary
cooling of magnesium AZ31. This article first introduces
the DC casting process, and presents the four different
boiling regimes that can take place in the secondary
cooling zone. It then summarizes the research already
conducted by other authors on the DC casting of
magnesium and aluminum alloys. The experimental
water-jet rig used to simulate the secondary cooling of
magnesium AZ31 and the inverse heat-conduction
(IHC) algorithm employed to calculate the surface heat
flux and temperature are then described. The heat flux in
each boiling regime is quantified as a function of various
parameters: the cooling-water flow rate, initial sample
temperature, and water temperature. Finally, the differ-
ent empirical equations developed in this research are
combined to build idealized boiling curves and are
compared to boiling curves previously used to model the
DC casting of magnesium AZ31 but developed based on
the secondary cooling of aluminum alloys.
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II. BACKGROUND

Figure 1 shows a schematic representation of the DC
casting process. This process relies on a water-cooled
copper or aluminummold that is filled with molten metal
through a feeder. The removal of heat through the mold
wall is referred to as primary cooling. The cooling water
exits the mold bottom through an array of holes to
produce a series of water jets. This direct contact between
cooling water and the ingot or billet surface constitutes
secondary cooling. Secondary cooling is responsible for
the largest amount (circa 80 pct) of heat extraction during
steady-state operation[4] and is associated with the for-
mation of significant thermal gradients.

As shown in Figure 2, the secondary cooling zone can
be divided into an impingement zone (IZ), in which the
water jets hit the ingot or billet surface, and a free-falling
zone (FFZ), in which the water film flows down the
surface.[5] The IZ is characterized by a drop in water
pressure (corresponding to the variation in momentum)
as the water-falling velocity increases. On the other
hand, the water pressure in the FFZ is constant and the
water velocity in this region depends only on gravita-
tional acceleration.

Mathematical models for the DC casting process have
been known to rely on various assumptions to quantify
the heat transfer in the secondary cooling zone. Early
models[6–8] were based on external boundary conditions
of the Dirichlet type, i.e., a fixed surface temperature:

Tsjx¼xmax
¼ Tf ½1�

in which Tf corresponded to the cooling-water temper-
ature. Later models[9,10] specified a constant heat-trans-
fer coefficient, h, in the secondary cooling zone:

�k@Ts

@x

�
�
�
�
x¼xmax

¼ h Ts � Tf

� �

½2�

or combined boundary conditions of the Dirichlet and
Cauchy types.[11,12] Recent mathematical models[5,13,14]

evaluate the surface heat flux using idealized, nonlinear
boiling curves:

�k@Ts

@x

�
�
�
�
x¼xmax

¼ U ½3�

where the heat flux, F, is a function of the surface
temperature, Ts.
Figure 3 illustrates a typical steady-state boiling curve

and shows the four boiling-water heat-transfer regimes
that can take place in the secondary cooling zone of the
DC casting process: forced convection (FC), nucleate
boiling (NB), transition boiling (TB) and film boiling
(FB).[15] The FB takes place at high surface tempera-
tures Ts, when a stable vapor layer covers the surface
and reduces the heat transfer. Below the Leidenfrost
point, TLPt, this vapor layer breaks down and allows
partial wetting of the ingot surface. This corresponds to
the TB regime. The critical heat flux (CHF) is the upper
limit of the boiling curve and the boundary between TB

Fig. 1—Schematic of the vertical DC casting process for magnesium
billets.[2] Fig. 3—Schematic of a typical boiling curve.

Fig. 2—Geometry of cooling-water jet.[3]
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and NB, in which vapor bubbles are formed at the
surface. Finally, below the onset of NB, TONB, heat is
removed solely through FC.

Boiling curves for the DC casting of magnesium could
not be found in the published literature. A quantifica-
tion of the heat transfer in the secondary cooling zone
during steady state was conducted by Hibbins.[16]

Thermocouples cast into an AZ31 ingot allowed a
calculation of the heat-transfer coefficient h. Heat-
transfer coefficients between 1700 and 7000 W/m2ÆK
were identified at the water-jet-impingement point,
whereas the water-film FFZ was characterized by heat-
transfer coefficients between 10,000 and 12,000 W/m2ÆK.
The surface heat transfer was also found to be related to
the casting speed and the cooling-water flow rate.

This lack of data for the secondary cooling of
magnesium has forced researchers to rely either on
simple boundary conditions of the Cauchy type or on
boiling curves for the secondary cooling of aluminum
alloys. Thus, Le et al.[17] assumed that only FC with a
given heat-transfer coefficient, hFC, took place. Mean-
while, Hao et al.[2] designed a model in which boiling
curves for the DC casting of aluminum were modified to
fit with measurements from plant trials.

Although the effect of specific properties of magne-
sium (e.g., surface roughness, thermal conductivity, and
specific heat) on the boiling curve is not known with
sufficient precision to allow an extrapolation of the
results obtained for the DC casting of aluminum, a
review of the latter research provides qualitative infor-
mation regarding the influence of various parameters.
For example, quenching tests conducted by Yu[18]

showed the influence of cooling-water quality on the
boiling curve. Surface-tension-lowering surfactants,
coagulants, and suspended solids were all found to
lower the Leidenfrost point. Similar experiments con-
ducted by Langlais et al.[19] showed that mold lubricant
contamination in the cooling water generally decreases
the surface heat flux, because it prevents the formation
of steam bubbles.

Other authors used cast-in thermocouples to evaluate
the surface heat flux during the casting process. Early
experiments by Jensen et al.,[20] Bakken and Bergs-
trøm,[21] and Tarapore[22] were conducted during the
steady-state phase of the process. A temperature drop
was observed to take place before the water-jet impinge-
ment. This phenomenon, which is caused by axial heat
conduction in light metals with a high thermal conduc-
tivity, is referred to as the advanced cooling front
(ACF). Calculations that assume a purely unidimen-
sional heat flow toward the quenched surface, i.e., that
do not take into account the effect of the ACF, end up
overestimating the surface heat flux in the region above
the IZ.

Wiskel and Cockcroft[23,24] used a two-dimensional
IHC analysis to calculate the surface heat flux during
plant trials. Differences were observed between the
secondary cooling during the transient start-up phase
and in steady state. A similar analysis of plant trials
conducted by Kuwana et al.[25] showed how the cooling-
water flow rate increases the heat flux for all boiling
regimes in steady state.

The secondary cooling in the DC casting of alumi-
num alloys was also extensively investigated using
samples instrumented with thermocouples and quenched
with water jets. While conducting such experiments,
Kraushaar et al.[26] found that the surface heat flux
generally increased with an increase in the initial sample
temperatureT0. Maenner et al.[27] compiled boiling curves
calculated by various authors. The different boiling
curves showed a very good agreement in the lower-
temperature boiling regimes (i.e., FC, NB) but a signif-
icant amount of scatter at high surface temperatures.
In order to simulate the steady-state phase of the DC

casting process, Grandfield et al.[3] added a heat source
at the back of the instrumented sample so as to
compensate for the heat losses at the quenched surface.
In steady-state, the cooling-water flow rate Q was found
to increase the heat transfer by FC, FFC, as well as the
Leidenfrost point, TLPt, but did not influence the heat
flux in the NB regime, FNB.
Larouche et al.[28] used silver samples instrumented

with subsurface thermocouples to investigate the sec-
ondary cooling zone of the DC casting process at
elevated temperatures. Quenching experiments con-
ducted with pulsed water confirmed the effect of the
initial sample temperature already reported by
Kraushaar et al.:[26] each water pulse was characterized
by a different start temperature, T0, and a distinct
boiling curve. Larouche et al. also found a linear
relationship between the heat flux in the FB regime,
FFB, and the water flow rate Q.
Instead of quenching stationary samples with jets of

cooling water, Opstelten and Rabenberg[29] simulated
the secondary cooling with jets in motion with respect to
the instrumented sample. Boiling curves obtained with
moving water jets were found to differ significantly from
the boiling curves for a stationary sample. Opstelten and
Rabenberg also identified a relationship between the
thermal conductivity of the sample material, ks, and the
heat flux in the NB and TB regimes.
Kiss et al.[30] conducted quenching tests on samples

with a typical DC-cast surface as well as on samples with
a smooth, machined surface. Surface irregularities were
shown to promote the formation and anchoring of large
bubble patches that generally decrease the heat flux.
Similar results were also observed by Li et al.[31]

Quenching tests conducted by Yu[32] allowed the
development of equations to relate the Leidenfrost point
temperature, TLPt, with the cooling-water flow rate, Q,
the water-jet velocity, vf, and the water-jet-impingement
angle with respect to the vertical surface, hf. The water-
jet velocity, vf, is a function of the water flow rate, Q, but
also of the water-jet-hole cross section, i.e., the DC mold
design would appear to exert an influence on the
occurrence of FB in the secondary cooling zone.

III. METHODOLOGY

A. Water-Jet Rig

The secondary cooling in the DC casting of magne-
sium alloy AZ31 was investigated using a water-jet rig
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shown on Figure 4. An electrical furnace heated up the
instrumented sample to an initial temperature T0

between 300 �C and 500 �C prior to quenching. A water
box with round, 4.75-mm-diameter holes produced jets
of cooling water with a linear flow rate density (per unit
width), Q¢, between 85 and 150 L/minÆm. Tubular
inserts with an inner diameter of 3.18 mm allowed
higher jet velocities and linear water flow rate densities
between 50 and 125 L/minÆm.

Samples with dimensions 250 9 150 9 100 mm were
taken from an AZ31 bloom industrially cast at Timm-
inco Metals (Haley, ON, Canada). Figure 5 shows the
typical ‘‘wavy’’ surface roughness of DC-cast AZ31. The
vertical distance between two consecutive waves is
approximately 20 mm, and the thickness of a wave is
less than 1 mm. The sample face with the as-cast surface
was the one exposed to the cooling water during a
quenching experiment. The samples were instrumented
with ‘‘E’’ type subsurface thermocouples inserted from
the back of the sample. The disturbance of the temper-
ature field caused by the 1.6-mm-diameter thermocouple
holes was corrected using the ‘‘equivalent thermocouple
depth’’ method developed at the University of British
Columbia.[33,34]

The data acquisition rate during a cooling test was set
to 50 Hz. The temperature signal presented a random
noise amplitude of approximately 0.2 �C. Because of the
very high sensitivity of the IHC analysis to noise, this
signal was filtered using a five-point moving median
followed by a five-point moving average. The possibility
of a systematic temperature measurement bias was not
considered, because the IHC analysis takes into account
only the temperature variation.

Not shown on Figure 4 is the pneumatic displacement
system, which could move the instrumented sample in
order to simulate a ‘‘casting speed’’ between 10 and
40 mm/s. Quenching tests could also be conducted with
a stationary sample by delaying the application of water
jets until the sample had reached the bottom of its
course. Both types of tests led to an ACF: an upward

ACF preceding the water-jet-impingement point in tests
with a moving sample and a downward ACF preceding
the free-falling water film in stationary experiments.
Despite the relatively small size of the instrumented

samples, the limited initial temperature, and the sample
moving speeds being approximately one order of mag-
nitude higher than typical casting speeds, the experi-
mental water-jet rig can be considered an accurate
simulation of the full-scale DC casting process. As will
be shown in Section IV, tests with a moving sample and
stationary tests led to similar boiling curves (e.g., in
terms of CHF, slope in the TB regime, etc.). It can thus
be safely concluded that tests conducted at an interme-
diate speed would also have produced the same results.
Moreover, the sample thickness, xmax, the thermophys-
ical properties of AZ31, and the duration of a quench
experiment, tmax, were such that the corresponding
Fourier number, calculated using Eq. [4], was below
0.10. This indicates that the instrumented sample could
be considered a semi-infinite solid, and that larger
samples would have led to the same results.

Fo ¼ kstmax

qsCp;s xmaxð Þ2
½4�

B. IHC Analysis

The IHC algorithm used to convert the temperature
history measured by the subsurface thermocouples into
a boiling curve was based on Beck’s function specifica-
tion method.[35] Figure 6 shows a schematic representa-
tion of this algorithm. As shown in Figure 6, the IHC

Fig. 4—Schematic of the water-jet experimental rig and definition of
x, y, and z directions.

Fig. 5—Typical as-cast surface of AZ31 ingot.
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analysis solves a series of direct heat-conduction prob-
lems using the finite-element method (FEM) in order to
build a system of n equations and n unknowns, in which
n is the number of subsurface thermocouples. The n
unknowns correspond to discrete heat-flux values that
are used to model a continuous heat-flux profile along
the z direction of the sample surface. The n equations
are expressed as sensitivity coefficients, which represent
the temperature change at a given thermocouple loca-
tion for an arbitrary change in one of the discrete heat-
flux values. Correspondingly, the relationship between
the heat-flux change and the temperature variation
measured by a subsurface thermocouple can be obtained
by inverting the n 9 n sensitivity coefficient matrix.

Three types of FEM problems were solved during an
IHC analysis. An FEM problem conducted with con-
stant heat-flux values and a series of FEM problems in
which only one of the discrete heat-flux values was
increased were used to evaluate the different sensitivity
coefficients. In accordance with Beck’s function specifi-
cation method, these FEM problems were solved for a
number, m, of future time-steps. The optimal number of
future time-steps was found by trial and error: An IHC
analysis was first conducted with two future time-steps,
and this number was gradually increased until the
calculated heat-flux values were stable, i.e., did not
diverge. Three to five future time-steps was the number
of time-steps generally found to produce good results.
The calculated heat-flux values were finally used as
boundary conditions in an FEM simulation conducted
for one single time-step, in order to provide the
temperature profile for the next cycle.

The finite-element mesh that modeled the central
section of the instrumented sample was a two-dimen-
sional mesh made of 1651 rectangular elements. This
two-dimensional model considered the central section of
the sample, in which the thermocouples were located
and heat was conducted in the x direction toward the
quenched surface and in the z direction along the height
of the sample. The heat flow in the y direction was

considered negligible, because the water flow was evenly
distributed across the width of the sample during
cooling experiments.
The partial differential equation governing two-

dimensional transient heat conduction is given by
Eq. [5]:

@

@x
kx
@T

@x

� �

þ @

@z
kz
@T

@z

� �

¼ qCp
dT

dt
½5�

A heat-flux profile F(z) formed with the n discrete
heat fluxes was applied on one face of the mesh (Eq. [6]),
whereas the other faces were adiabatic (Eqs. [7] through
[9]):

�k@T
@x

�
�
�
�
x¼xmax

¼ U zð Þ ½6�

�k@T
@z

�
�
�
�
z¼0
¼ 0 ½7�

�k@T
@z

�
�
�
�
z¼zmax

¼ 0 ½8�

�k@T
@x

�
�
�
�
x¼0
¼ 0 ½9�

Heat losses by natural convection and radiation on
the sample sides were considered insignificant compared
to the boiling-water heat transfer at the quenched
surface. Typical heat fluxes for natural air convection
are in the order of 10 kW/m2. The maximal heat loss by
radiation (assuming an emissivity of 1.0) for a 600 �C
surface is circa 30 kW/m2. The heat fluxes associated
with boiling-water heat transfer, on the other hand, are
generally in the order of MW/m2, i.e., two orders of
magnitude greater than the ones for natural air convec-
tion or radiation.
The initial temperature, T0, at any given node was set

as the first temperature measurement at the closest
thermocouple location. The time-step length, Dt, used in
the different FEM heat-conduction problems was equal
to the thermocouple data acquisition period of 0.02 sec-
onds. The thermophysical properties of magnesium
AZ31 were a function of temperature and are presented
in Table I.
The heat-flux profile, F(z), at the surface of the

sample was modeled while taking into account the effect
of the ACF. Previous research by Caron and Wells[36,37]

highlighted the critical importance of taking into

Fig. 6—Flowchart of IHC algorithm.

Table I. Thermophysical Properties of Magnesium AZ31 as

Function of Temperature T (in �C)[16]

Thermophysical Property AZ31

Thermal conductivity k (W/mÆK) 77.0+0.096 T
Specific heat Cp (J/kgÆK) 1000+0.666 T
Density q (kg/m3) 1780.0
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account the role of this phenomenon. As Figure 7
shows, the n discrete heat-flux profile values were
assigned to nodes in front of the corresponding n
thermocouples. Whereas these heat-flux nodes were
stationary, an additional moving node was used to
model the sharp drop in heat flux at the boundary
between the wet and dry regions of the quenched
surface. The value of the heat flux at this extra node was
set as the maximum heat flux encountered previously in
the stationary heat-flux node above it; it therefore did
not change the number of unknowns in the linear system
of n equations.

The position of the moving heat-flux node was deter-
mined prior to the IHC analysis by calculating the second
derivative of the measured temperature with respect to
time. This variable was evaluated using discrete temper-
ature measurements according to Eq. [10]:

@2T

@t2
¼ Tiþ1 � 2Ti þ Ti�1

Dtð Þ2
½10�

The second derivative of the temperature with respect
to time is known to reach a minimum when the heat-
transfer mechanism is changed from natural air cooling
to a boiling-water heat transfer.[38] The critical time at
which this minimum was observed for a series of
temperature measurements was thus set as the time at
which the corresponding thermocouple is at the bound-
ary between the wet and dry regions. The progression of
this boundary between consecutive thermocouples was
assumed to proceed at a constant speed. As Figure 8
shows, this assumption is valid for the case of a
stationary sample.

IV. RESULTS

A. Low-Temperature Regimes

Semiempirical equations for the heat flux in the FC
and NB regimes were developed by Weckman and
Niessen[12] and were shown, in the compilation of

boiling curves by Maenner et al.,[27] to be very accurate.
According to Weckman and Niessen’s research, the
heat-transfer coefficient in the FC regime is a function of
the cooling-water flow rate, Q, the billet diameter, D, the
water temperature, Tf, and the surface temperature, Ts:

hFC;AL ¼ 704
Ts þ Tf

2

� �

þ 2:53�104
� �

Q

pD

� �1=3

½11�

in which the temperatures are expressed in degrees Cel-
sius and the water flow rate Q is expressed in cubic
meters per second. Equation [11] was developed for
the secondary cooling of aluminum alloys in the
water-film FFZ. The heat-transfer coefficient for the
secondary cooling of magnesium AZ31 was similarly
modeled by rearranging Eq. [11] and conducting a lin-
ear regression on experimental data:

hFC

Q0ð Þ1=3
¼ UFC

Ts � Tf

� �

Q0ð Þ1=3
¼ C1Ts þ C2Tf þ C3 ½12�

Equation [12] shows how the heat flux in the FC
regime, FFC, divided by the temperature gradient, Ts–
Tf, and the cubic root of the water flow rate density, Q¢
(expressed in L/minÆm), is a linear function of the
surface and water temperatures. The heat fluxes by FC
in the water-jet IZ and the water-film FFZ are given by
Eqs. [13] and [14], respectively. The higher heat-flux
values in the IZ can be attributed to the greater
turbulence caused by the water jets.

UFC;IZ ¼ 16:6Ts þ 71:6Tf � 541
� � ffiffiffiffiffi

Q03
p

Ts � Tf

� �

½13�

UFC;FFZ ¼ 13:2Ts þ 39:5Tf þ 88
� � ffiffiffiffiffi

Q03
p

Ts � Tf

� �

½14�

The heat flux in the NB regime, FNB, was modeled by
Weckman and Niessen[12] as the sum of the heat fluxes
for FC and nucleate pool boiling (NPB).

UNB ¼ UFC þ UNPB ½15�

The contribution of NPB to the heat-flux FNPB was
found to be a function of many different parameters
(water thermophysical properties, temperature gradient,

Fig. 7—Schematic of the heat-flux profile along the z direction and
FEM mesh with thermocouple locations.

Fig. 8—Wetting front progression during FEM simulation of a cool-
ing test.
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surface tension forces between the ingot or billet surface,
the water, and the ambient air, etc.), as described in
Rohsenhow’s semiempirical equation:

Cp;f Ts � Tsatð Þ
ifg

¼ Cf UNPB
1

lfifg

 ! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rfg

g qf � qg

� �

s
2

4

3

5

r

Cp;flf

kf

� �1:7

½16�

in which the parameters Cf and r are 0.016 and 0.33,
respectively. Because the different properties of water
are a function of the water temperature, Weckman
and Niessen could considerably simplify Eq. [16] to:

UNPB;AL ¼ 20:8 Ts � Tsatð Þ3 ½17�

The effect of the specific thermophysical properties
and surface roughness of magnesium AZ31 can be taken
into account by modifying the coefficient and exponent
in Eq. [17]. This was done by conducting a linear
regression between the logarithms of the pool boiling
contribution, FNB – FFC, and the temperature gradient,
Ts – Tf. As can be seen in Eqs. [18] and [19], the NB
regime for AZ31 is governed by a relatively low
exponent compared to the one recommended by Weck-
man and Niessen for the secondary cooling of aluminum
alloys:

UNPB;IZ ¼ 4120 Ts � Tsatð Þ1:40 ½18�

UNPB;FFZ ¼ 1:96 Ts � Tsatð Þ1:35 ½19�

Both parameters Cf and r in Eq. [16] have been known
to depend on the thermophysical properties of the ingot
material as well as the surface roughness. In particular,
macroscopic surface roughness features such as
scratches and scores generally increase the exponent r
and thus decrease the slope of the boiling curve in the
low-temperature NB regime.[39]

B. Critical Heat Flux

Previous research with instrumented samples showed
that the initial temperature plays a significant role in the
measured surface heat flux.[27,31,40] Beyond a certain
point, however, the initial sample temperature does not
influence the boiling curve. The effect of other param-
eters (e.g., water flow rate and water temperature) on the
CHF, FCHF, could thus be identified by considering
only the cooling tests conducted with a high initial
temperature. As Figure 9 shows, the influence of the
water flow rate on the CHF in the IZ can be quantified
with a second-order equation:

UCHF;IZ ¼ 8:8�104Q0 � 2:5�102 Q0ð Þ2 ½20�

Whereas Yu[32] identified an effect of the water-jet
velocity (for a constant water flow rate) on the CHF,
such an effect was not observed in this research. The

results presented in Figure 9 thus include both the low-
velocity as well as the high-velocity cooling experiments.
The CHF in the water-film FFZ, FCHF,FFZ, was

found to be a function of both the cooling-water flow
rate, Q¢, and the distance below the IZ, dIZ. The effect of
the distance below the IZ can be attributed to the
increase in the cooling-water temperature that takes
place as the water film flows down the surface. The CHF
in the FFZ can be related to the corresponding CHF in
the IZ by using the following equation:

UCHF;FFZ ¼ UCHF;IZ dIZ=d79:4 þ 1ð Þ�1=3 ½21�

in which the distance below the IZ, dIZ, is expressed in
mm and the parameter d79.4 is equal to 29.6 mm.
According to Eq. [21], the CHF is equal to FCHF,IZ at
a distance, dIZ, of zero, and to 79.4 pct of FCHF,IZ at a
distance of 29.6 mm. As Figure 10 shows, the relation-
ship between the relative CHF, FCHF,IZ/FCHF,FFZ, and
the distance from the IZ presents a significant amount of
scatter. Bamberger and Prinz,[41] in their study of the
water blade jet cooling of various metals, also found
similar levels of data scatter. This can be attributed to
the multiplication of measurement errors in dIZ,
FCHF,IZ, and FCHF,FFZ.

Fig. 9—Effect of cooling-water flow rate, Q¢, on CHF, FCHF,IZ.

Fig. 10—Critical heat flux as function of distance from the IZ, dIZ.
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C. Transition Boiling

Cooling experiments conducted with both stationary
and moving samples showed a strong influence of the
initial sample temperature, T0, and the sample moving
speed, vc, on the heat flux in the TB regime. However,
these two effects can be reduced to a single parameter,
namely, the initial temperature at the impingement
point, T0,IZ. Because of the ACF phenomenon that
takes place at the sample surface, a slow-moving sample
will have time to cool down before the impingement
with the water jets, and the boiling curve will corre-
spondingly start at a lower temperature. Cooling tests
conducted with a stationary sample, however, will
produce a boiling curve that starts at the initial sample
temperature, T0.

As seen on Figure 11, the effect of the initial temper-
ature at the water-jet-impingement point is actually
limited to the temperature at which the boiling curve
begins. The slope of the boiling curve as the TB regime
begins was found to be independent of the cooling-water
flow rate, initial casting speed, and sample moving
speed. In boiling curves for the secondary cooling of
magnesium AZ31, this slope is equal to �4.5Æ104 W/
m2 �C in the water-jet IZ and �5.0Æ104 W/m2 �C in the
water-film FFZ. Moreover, the heat-transfer coefficient
in the TB regime, hTB, was found to increase linearly as
the boiling-water heat transfer progresses from the TB
to the CHF. Knowledge of the initial slope can thus be
used to model this heat-transfer coefficient for the entire
TB regime:

hTB;IZ ¼ hNAC �
dU
dT

� �

TB

T0;IZ � Ts

� �

T0;IZ � Tf

� � ½22�

hTB;FFZ ¼ hNAC �
dU
dT

� �

TB

Twet � Tsð Þ
Twet � Tf

� � ½23�

in which hNAC is the heat-transfer coefficient for natural
air convection, whereas T0,IZ is the initial temperature at
the water-jet-impingement point and Twet is the water-
film rewetting temperature.

D. Film Boiling

Stable FB was not observed in the water-jet IZ during
quenching tests with instrumented AZ31 samples. This
was probably due to the relatively low thermal effusiv-
ity, eth, of magnesium. The thermal effusivity of a
material is given by Eq. [24] and is a measure of the
material’s ability to provide heat to its environment:

eth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ksqsCp;s

p

½24�

Materials with a high thermal effusivity can transfer
heat very rapidly to a wet spot at the surface and thus
prevent the breakdown of the vapor layer. Correspond-
ingly, a material with a lower thermal effusivity such as
magnesium AZ31 has a tendency to form stable wet
spots and is thus associated with a high Leidenfrost
point temperature, TLPt.
Cooling tests conducted on aluminum AA5182 sam-

ples provided a relationship between the Leidenfrost
point temperature and the cooling-water flow rate.[42]

This relationship is given by Eq. [25]:

TLPt;AA5182 ¼ 100:0þ 33:0
ffiffiffiffiffi

Q0
p

½25�

The Leidenfrost point for the secondary cooling of
other materials can be calculated by taking into account
the difference in thermal effusivity, as shown in Eq. [26]:

TLPt ¼ 100:0þ 33:0þ 0:00085 eth;AA5182 � eth
� �� � ffiffiffiffiffi

Q0
p

½26�

This equation was developed from research conducted
by Jeschar et al.[43] on the vapor layer breakdown
temperature at the surface of different materials, which
showed a linear relationship between the Leidenfrost
point temperature, TLPt, and the thermal effusivity, eth.
As Figure 12 shows, all cooling tests conducted with

low-velocity water jets started at a temperature below
the corresponding model Leidenfrost point, TLPt, for
AZ31. Safety concerns prevented the use of higher initial
temperatures. High-velocity water jets are associated
with even higher Leidenfrost point temperatures, as

Fig. 11—Calculated boiling curves for different sample moving
speeds, vc

[42] (AA5182, T0 = 400 �C, Q¢ = 100 L/minÆm).
Fig. 12—Modeled and measured Leidenfrost point, TLPt, as function
of water flow rate, Q¢.
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reported by Yu;[32] stable FB is therefore even more
difficult to observe in such conditions.

Stable FB occurs in the water-jet-impingement point,
because the horizontal componentof thewater-jetmomen-
tum compensates for the pressure associated with the
formation of steam, thus trapping the cooling water
between the vapor layer and the water jets. In the water-
film FFZ, however, there is no horizontal force to oppose
the formation of steam, and the cooling-water film is
ejected from the surface at high temperatures. The mini-
mum temperature at which water-film ejection takes place
is referred to as the wetting temperature, Twet. Above this
temperature, the ingot or billet surface is dry and cooling
occurs by natural air convection. Below this temperature,
the surface is at least partially wet and TB takes place.

The wetting temperature, Twet, was found to be
strongly correlated with the initial sample temperature,
T0. This observation underlines the transient nature of
the water-film ejection, because the criterion as to
whether the water film will be ejected depends on the
temperature history at this point of the surface. This
would indicate that the free-falling water film requires a
certain ‘‘incubation’’ time to wet the surface, and that
this incubation time increases with the initial tempera-
ture. Moreover, the wetting temperature was also found
to increase with the cooling-water flow rate. Obviously,
a higher flow rate is associated with a thicker water film,
which is more difficult to eject from the surface.

The combined effect of the initial temperature, T0,
and the cooling-water flow rate, Q¢, was evaluated by
assuming that the wetting temperature, Twet, was
governed by an equation similar to Eqs. [25] and [26]
for the Leidenfrost temperature. This assumption was
based on the idea that the water-film ejection and stable
FB are related phenomena. As Eq. [27] shows, the
influence of the cooling-water flow rate, Q¢, is minimal
compared to its effect on the Leidenfrost temperature.

Twet ¼ 100:0þ 0:00126T2
0 � 0:666T0 þ 210:6

� �

Q0ð Þ0:115

½27�

Figure 13 compares the measured wetting tempera-
tures with the corresponding modeled wetting tempera-
tures calculated with Eq. [27]. The model was found to be

very accurate (R2 = 0.885) for the range of experimental
conditions investigated in this research: an initial tem-
perature, T0, between 300 �C and 550 �C and a cooling-
water flow rate, Q¢, between 50 and 125 L/minÆm.

V. DISCUSSION

The different results presented in Section IV can be
combined to build idealized boiling curves in which the
intersection points between curve segments correspond
to the transition temperatures between boiling regimes.
Figure 14 illustrates such an idealized boiling curve for
the water-jet IZ. It also shows a boiling curve calculated
according to Hao’s model,[2] with the same parameters:
a cooling-water flow rate, Q¢, of 50 L/minÆm, a water
temperature, Tf, of 37.8 �C, and an initial temperature,
T0,IZ, of 510 �C. As Figure 14 shows, both curves
present a very good agreement in the FC and NB
regimes. However, the boiling curve based on the DC
casting of aluminum alloys is characterized by a
significantly lower Leidenfrost point temperature, as
well as by lower heat fluxes in the TB regime and at the
CHF. The lower Leidenfrost point of aluminum alloys
was already discussed in Figure 11.
Figure 15 compares boiling curves for the IZ and a

relatively high cooling-water flow rate of 125 L/minÆm.
In comparison with the idealized boiling curve calcu-
lated with the equations presented in Section IV, the
boiling curve evaluated according to Hao’s model
presents a greater heat flux in the FC and NB regime.
This discrepancy would indicate that the effect of the
cooling-water flow rate on low-temperature boiling
regimes is not purely linear. Moreover, the boiling
curves depicted in Figure 15 differ considerably in the
TB and FB regimes. This result underlines the impor-
tance of taking into account the effect of the cooling-
water flow rate and material thermophysical properties
on the Leidenfrost point.
Figure 16 shows the boiling curves for the water-film

FFZ and a low cooling-water flow rate, Q¢, of 50 L/
minÆm. The idealized boiling curve was calculated with a
distance from the IZ, dIZ, of zero. The most significant

Fig. 13—Modeled and calculated wetting temperatures, Twet.
Fig. 14—Boiling curve comparison for the water-jet IZ (Q¢ = 50 L/
minÆm, T0 = 510 �C, Tf = 37.8 �C).
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difference between the two boiling curves is the absence
of stable FB in the idealized boiling curve. The very low
heat flux that takes place above the wetting temperature
corresponds to natural air convection. In comparison,
the boiling curve calculated according to Hao’s model
overestimates the heat flux at high surface temperatures.

Idealized boiling curves can also be compared to
results published by Hibbins[16] for the DC casting of
magnesium alloys. In the water-film FFZ, the reported
heat-transfer coefficients of 10,000 to 12,000 W/m2ÆK
are only in agreement with the low-temperature regimes
of the idealized boiling curve, i.e., FC and NB In the
water-jet IZ and the relatively low heat-transfer coeffi-
cients identified by Hibbins correspond to an average
value for the TB and FB regimes, but cannot accurately
represent the heat-flux increase between the Leidenfrost
point and the CHF. Moreover, these heat-transfer
coefficients are significantly lower than the idealized
boiling curve in the NB and FC regimes.

VI. SUMMARY AND CONCLUSIONS

The DC casting of magnesium is associated with
defects such as surface folds and center cracks.

Mathematical models can provide a better understand-
ing of the DC casting process and help prevent the
formation of defects but require accurate boundary
conditions for the primary cooling and secondary
cooling zones. A review of the published literature
showed the absence of reliable data for the secondary
cooling of magnesium alloys in the DC casting process.
However, research previously conducted on the second-
ary cooling of aluminum alloys provided insight into the
effect of various parameters on the different boiling
regimes. In order to simulate the secondary cooling
zone, magnesium AZ31 samples were instrumented with
subsurface thermocouples and quenched with jets of
cooling water. An IHC analysis was conducted on the
temperature history measured by the thermocouples and
provided information on the different boiling-water
heat-transfer phenomena that take place during quench-
ing. The relationship between the heat flux and surface
temperature during a cooling experiment was expressed
as a boiling curve. The effect of the cooling-water flow
rate, water temperature, water-jet velocity, and initial
sample temperature on segments of the boiling curve
was investigated. The different equations developed in
this research could be combined to form idealized
boiling curves. A comparison between these idealized
boiling curves and the boiling curves originally devel-
oped for the DC casting of aluminum alloys highlighted
significant differences between the secondary cooling of
the two light metals.

NOMENCLATURE

LATIN SYMBOLS

Cf coefficient in Rohsenow’s NPB model (—)
Cp specific heat (J kg�1 K�1)
D billet diameter (m)
dIZ distance from water-jet IZ (mm)
Fo Fourier number (—)
g gravitational acceleration (m s�2)
h heat-transfer coefficient (W m�2 K�1)
ifg latent heat of evaporation (J kg�1)
k thermal conductivity (W m�1 K�1)
Q volumetric cooling-water flow rate (m3 s�1)
Q¢ volumetric cooling-water flow rate per unit of

perimeter (L min�1 m�1)
r exponent in Rohsenow’s NPB model (—)
T0 initial temperature (�C)
Tf water bulk temperature (�C)
TLPt Leidenfrost point temperature (�C)
TONB onset of NB temperature (�C)
Ts surface temperature (�C)
Tsat water saturation temperature (�C)
Twet rewetting temperature (�C)
t time (s)
vc sample moving speed (mm s�1)
vf water-jet velocity (m s�1)
x sample thickness dimension (m)
z sample height dimension (m)

Fig. 15—Boiling curve comparison for the water-jet IZ (Q¢ = 125 L/
minÆm, T0 = 510 �C, Tf = 37.8 �C).

Fig. 16—Boiling curve comparison for the water-film FFZ
(Q¢ = 50 L/minÆm, T0 = 510 �C, Tf = 37.8 �C).
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GREEK SYMBOLS

Dt time-step length (s)
eth thermal effusivity (J m�2 K�1 s�0.5)
F heat flux (W m�2)
lf water viscosity (kg m�1 s�1)
hf water-jet-impingement angle (deg)
q density (kg m�3)
rfg surface tension at the water/steam interface

(N m�1)
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