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Abstract: The cooling characteristic curves in a heated ingot with a diameter of 100 mm quenched by
a water jet were measured under different conditions. A two-dimensional calculation model was
established to calculate the HTC of magnesium alloy ingot with water spray cooling. Data from
cast-in thermocouples trail were input into the model and the HTCs were back-calculated for the
water quench region. The HTCs were calculated under different alloy types and roughness conditions,
and the relationship between the ingot surface temperature, roughness, and the HTC was established
accordingly. The results show that the greater the thermal conductivity of the alloy, the greater the
heat transfer coefficient (HTC). The HTCs of AZ80, AZ31, and ZK60 alloys increase successively. With
the decrease in the surface temperature, the HTC in both the impingement zone and the free−falling
zone shows a trend of a rapid increase at first, then slowly increasing to the maximum value, and
finally, a rapid decrease, with the peak value appearing at about 400 K. Considering the influence of
the ingot surface temperature and the surface roughness on the HTC, the mathematical relationships
between them are established.

Keywords: heat transfer coefficient; roughness; secondary cooling; inverse heat conduction method;
magnesium alloy; DC casting

1. Introduction

Magnesium and its alloys, as the lightest metal-based constructional alloys, have
very impressive properties, such as a good machinability, a high specific toughness and
rigidity, weldability, and cast ability. Due to these impressive properties, its fondness is
increasing in various industries [1–4]. Direct-chill (DC) casting is the main technology for
producing billets and ingots of light alloys for either remelting or forming (forging, rolling,
and extrusion) [5–7]. The DC casting process involves the continuous input of heat to the
mold in the form of liquid metal through the mold cavity, the extraction of heat via the mold
wall, and direct water cooling, wherein the cooling via the mold wall was often termed
“primary cooling”, and that the water impacting on the emerging solid product was often
referred to as “secondary cooling” [8]. Thus, the process is essentially one of establishing a
balance between the heat input to the casting mold and the heat extracted from the molten
metal and ingot to produce a solid cast product of the desired shape and quality.

Water cooling conditions have a profound effect on the DC casting process, and it
is essential to understand water cooling to achieve a good control of DC casting. Nu-
merical simulation is a low-cost and efficient method to deeply study and understand
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the matching degree between the cooling conditions and the casting process, and it is
also an effective means to optimize the casting process. Features of interest in DC cast-
ing, such as the occurrence of cracks, the ingot shape and dimensions, microstructural
refinement, macrosegregation, and the surface condition, all depend on the temperature
distribution during the casting [9]. The accurate interfacial heat transfer coefficient (HTC) is
an important basis for the simulation results to reflect the solidification physical field. The
physical characteristics of the water spray (the impact velocity, flow rate per perimeter, and
angle of the jet) all have a bearing on the cooling, but the most important parameter is the
ingot surface temperature at the impact point, which determines the boiling mode and the
corresponding HTC [8]. Weckman et al. established a numerical simulation model for the
DC casting of the 6063 aluminum alloy and obtained the functional relationship between
the effective HTC and the position of the outer surface of the ingot [10]. Moreover, the de-
pendence of HTC on the ingot surface temperature is usually described by a boiling curve.
Zhang et al. established a mathematical model that can describe the interaction of multi-
ple physical fields in the process of the conventional and low-frequency electromagnetic
semi-continuous casting of the 7××× aluminum alloy, in which the HTC in the secondary
cooling zone is described as a function of the temperature [11]. Hao et al. referred to the
relationships in the literature to describe the HTC during the secondary cooling for the
aluminum alloy’s DC casting and improved it based on experiments to obtain the variation
of HTC of the secondary cooling in the impingement zone and free−falling zone, with the
surface temperature of the billet for the AZ31 alloy’s DC casting [12]. Le and Chen et al.
accurately solved the HTC and heat flux density in the secondary cooling zone of the AZ80
alloy based on the inverse heat conduction method, and analyzed the effect of the initial
temperature on the heat flux density [13].

As for the influence of the surface topography on the HTC, many researchers believe
that the HTC increases with the increase in the surface roughness [14,15]. Lee found that
the critical heat flux measured on the metal surface of 0.41, 40, 60, and 80 µm was about
10% higher than that on the smooth surface of 0.41 µm [16]. In addition, increasing the
roughness can improve the wettability and indirectly improve the HTC. The principle is
that surface roughness makes the actual area larger, that is, it increases the wetting and
cooling area of cooling water [17,18]. When Pais used 0.3, 14, and 22 µm abrasive polished
surfaces for the spray cooling, it was found that the surface heat flux after 0.3 µm abrasive
processing was the largest; he attributed this phenomenon to the fact that nucleation density
plays a major role in the heat transfer, and the reduction in the roughness may increase the
density of the nucleation locations and thus enhance heat transfer [19].

In summary, for the DC casting of an aluminum alloy, there are abundant research
conclusions to accurately describe the corresponding relationship between the ingot surface
temperature and the HTC. However, for a magnesium alloy, there are few relevant studies;
most of the studies on the HTC are based on the early theory and model or are defined as
a constant, which does not apply to different casting alloys and a wide range of casting
conditions. This study aims to investigate the temperature drop behavior of different
magnesium alloys’ ingots when it reaches the impingement and free−falling cooling zones
and the relationship between the surface temperature, the alloy type, the roughness of
the ingot, and the HTC during DC casting, to provide basic data for the optimization of
different alloys’ ingot DC casting process parameters. The information will provide a better
understanding of the process as it currently exists and helps to provide guidelines for a
further process improvement for the DC casting of magnesium alloy ingots.

2. Experimental Method and Numerical Model Description
2.1. Experimental Method

The as-cast magnesium alloy ingot used in this work is the round ingot, which was
produced by the DC casting, and the alloy types are AZ80, AZ31, and ZK60, respectively.
The self-made experimental device consists of a heated magnesium ingot with a water-
spraying and water-cooling device; the water jet arrangement is the same as in the DC
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casting, as shown in Figure 1. The water outlet is about 15 mm away from the ingot surface,
and the cooling water spray angle is at about 35◦. In this way, the cooling behavior in the
DC casting is duplicated as closely as possible. The ingot has thermocouples (GG-K-36
type) throughout, as shown in Figure 1. The thermocouple is fixed at the edge of the ingot
in the height direction. The aperture of the fixed thermocouple is 2.5 mm, and the center
of the hole is 5 mm from the surface of the ingot. The thermocouple was embedded at
various depths and the temperatures were recorded at 55, 60, 65, 70, 75, 85, 95, 105, 115,
and 125 mm from the upper surface of the ingot, covering both the impingement zone and
the free−falling zone. The thermocouples were labeled as TC1 ~ TC10, in which TC1~TC5
are in the impingement zone and TC6~TC10 are in the free−falling zone. During the
experiment, the ingot was heated in a resistance heating furnace and then taken out for
water spray cooling according to different water spray conditions, and a multi-channel
data acquisition system was used to record the temperature changes at each test point.
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Figure 1. Schematic of DC spray rig and position of thermocouples.

2.2. Inverse Heat Transfer Model

The solution process of the inverse heat conduction method is to calculate the unknown
boundary conditions through the known temperature field inside the casting, so it is
necessary to calculate the positive heat transfer temperature field iteratively [20]. To
alleviate the computing burden, according to the heat transfer characteristic of round ingot
in DC casting, only consider the heat transfer of the same horizontal plane: take a small
area and simplify it into a two-dimensional calculation model. The plane temperature T
(x1, x2, τ) can be calculated from the finite element solution to the heat conduction equation
without an internal heat source (Equation (1)):

ρc
∂T
∂τ

=
∂

∂x1
(λ

∂T
∂x1

) +
∂

∂x2
(λ

∂T
∂x2

) (1)

where T is the temperature (K); ρ, c, and λ are the density (kg·m−3), specific heat capacity
(J·g−1K−1), and thermal conductivity (W·m−1K−1), respectively; and τ is the time (s).
According to Newton’s law of cooling, (Equation (2)):

q = h× (T − TW) (2)

where h is HTC (W·m−2K−1); q is heat flux (W·m−2); and TW is the temperature of the cool-
ing water (K). The heat flux density on the surface of the ingot can be uniquely determined
under the condition of a known ingot temperature field. Conversely, the interfacial HTC
can be obtained accordingly.
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The process of solving the interfacial HTC using the reverse heat conduction algorithm
is shown in Figure 2. First, the geometric model of the reverse heat transfer was established
according to the experimental model, and the material properties and initial boundary
conditions were input. Then, the ingot and cooling water temperature measured by the
experiment were taken as the known temperature field conditions, the initial interface
HTC was guessed, and the calculation convergence criterion was set. Based on this, the
temperature field was calculated and compared with the measured temperature. Through
a continuous iterative calculation and correction, a result that is in a good agreement with
the actual temperature was finally obtained, and the corresponding HTC can be obtained.
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3. Error Analysis of Inverse Results

Figure 3 shows the comparison between the simulated temperature and the measured
temperature of xAZ80 alloy under the conditions of the water flow rate of 4 m3/h, a cooling
water temperature of 298 K, an initial temperature of 673 K, and a surface roughness of
55.31 µm. TC2 in the impingement zone and TC8 in the free−falling zone are selected
for the comparison. The measured temperature and simulated temperature in both the
impingement zone and the free−falling zone show a good consistency, and the error is less
than 0.5%.

To verify the repeatability of the experiment, four groups of experiments were carried
out under the same condition. The boiling curves of the HTC and the heat flux were
obtained by an inverse calculation and the error was analyzed. Figure 4 shows two groups
of equivalent boiling curves obtained for the AZ80 alloy ingot with a diameter of 100 mm
under the conditions of a water flow of 4 m3/h, a cooling water temperature of 298 K, an
initial ingot temperature of 673 K, and a surface roughness of 1.08 µm. The results show
that the maximum relative errors of the HTC and the heat flux in the impingement zone are
4.24% and 3.47%, respectively. The maximum relative errors of the HTC and the heat flux in
the free−falling zone are 5.51% and 6.65%, respectively. The results of the two experiments
are in a good agreement.
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Figure 3. Comparison between simulated temperature and experimental temperature in impingement
zone (a) and free−falling zone (b).
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Figure 4. Comparison of boiling curves under the same condition, including HTC and heat flux in
impingement zone (a,b) and free-falling zone (c,d).

4. Results and Discussion
4.1. Comparison of HTC with Different Alloys

Figure 5 shows the HTC variations of the different magnesium alloys in the impinge-
ment zone and the free-falling zone as a function of the ingot surface temperature (Ts).
It can be found that whether in the impingement zone or the free-falling zone, the HTC
is roughly divided into three sections. As the surface temperature of the ingot decreases,
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it increases rapidly in the high-temperature section, then slowly increases to the peak
value, and finally decreases rapidly. The impingement zone, shown in Figure 5a, and the
free-falling zone, shown in Figure 5b, both show that the HTC corresponding to the ZK60
magnesium alloy is the largest, followed by the AZ31 magnesium alloy, and finally the
AZ80 magnesium alloy.

The solute elements in the matrix can dissipate the heat as phonons in the scattering
center. Therefore, the more elements in the alloy, the lower its thermal conductivity. In the
Mg-Al alloy, the electrons are strongly scattered because of the lattice distortion caused
by the solid solution of Al and the large amount of Mg17Al12 phase at the grain boundary,
which leads to the decrease in the electron heat transfer ability. In addition, the scattering
effect enhances with the increase in the aluminum content, so the thermal conductivity
of the AZ80 alloy is significantly lower than that of the AZ31 alloy. Comparatively, for
the Mg-Zn-Zr alloy, Zn as the solid solution element has little influence on the Mg matrix,
and the amount of Mg-Zn phase formed in the Mg matrix is also small, which makes
the thermal conductivity of the Mg–Zn alloy high. Moreover, the addition of Zr does
not significantly increase the probability of the electron and the phonon scattering, thus
it reduces the thermal conductivity of the alloy because Zr is also a non-solid solution
element that has little influence on the Mg matrix. Therefore, the thermal conductivity of
ZK60 is higher than that of AZ31 and AZ80.

In conclusion, the thermal conductivity of ZK60, AZ31, AZ80 are significantly reduced
in turn. Under the same temperature gradient, the heat transferred to the ingot surface
increases with the increase in the thermal conductivity, which continuously promotes the
nucleation, growth, and vibration of bubbles, and then its detachment from the cast ingots.
The thermal conductivity of the ZK60, AZ31, and AZ80 alloys decreases successively, and
their heat transfer coefficient also decreases correspondingly.
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As shown in Figure 6, under the same conditions, the HTCs of the AZ80, AZ31, and
ZK60 alloys increase successively. In the lower temperature range (400~450 K), the HTCs
of the impingement zone change significantly, and the increasing slope of the free-falling
zone is larger, indicating that the influence of the alloy type on the HTC is more sensitive at
a lower temperature.



Crystals 2022, 12, 1571 7 of 14

Crystals 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 5. The relationship between HTC and surface temperature of ingot under different alloy 
types in the impingement zone (a) and the free−falling zone (b). 

As shown in Figure 6, under the same conditions, the HTCs of the AZ80, AZ31, and 
ZK60 alloys increase successively. In the lower temperature range (400~450 K), the HTCs 
of the impingement zone change significantly, and the increasing slope of the free-falling 
zone is larger, indicating that the influence of the alloy type on the HTC is more sensitive 
at a lower temperature.  

 
Figure 6. Effect of alloy type on HTC in the impingement zone (a) and the free-falling zone (b). 

In the impingement zone, the temperature at which the maximum value of the HTC 
occurs is about 400 K, and the HTC maximum values of ZK60, AZ31, and AZ80 are 
13,899.6 W/(m2·K), 11,212.3 W/(m2·K), and 9626.6 W/(m2·K), respectively. During the cool-
ing process of the ingot, when the temperature drops from 673 K to about 625 K, the HTC 
increases sharply with the temperature drop, and then when the temperature drops from 
625 K to about 400 K, the HTC increases slowly until it reaches its peak value at about 400 
K. The HTC drops sharply until the boiling water saturates at 373 K. As shown in Figure 
5, for different alloys, the transition point of the increasing rate of HTC tends to shift to 
the left at high temperatures, that is, the transition from a rapid increase to a slow increase 
in the HTC occurs at a lower temperature.  

Similarly, the temperature at which the maximum value of the HTC appears is about 
400 K, and the HTC maximum values of ZK60, AZ31, and AZ80 are 13,119.6 W/(m2·K), 
11,503.9 W/(m2·K), and 10,194.2 W/(m2·K), respectively. When the temperature drops from 
673 K to about 625 K, the HTC also increases sharply with the temperature. When the 
temperature drops from 625 K to 400 K, it increases slowly compared with the above high-
temperature range, but it is higher than the impingement zone. In addition, it is found 

Figure 6. Effect of alloy type on HTC in the impingement zone (a) and the free-falling zone (b).

In the impingement zone, the temperature at which the maximum value of the HTC
occurs is about 400 K, and the HTC maximum values of ZK60, AZ31, and AZ80 are
13,899.6 W/(m2·K), 11,212.3 W/(m2·K), and 9626.6 W/(m2·K), respectively. During the
cooling process of the ingot, when the temperature drops from 673 K to about 625 K, the
HTC increases sharply with the temperature drop, and then when the temperature drops
from 625 K to about 400 K, the HTC increases slowly until it reaches its peak value at about
400 K. The HTC drops sharply until the boiling water saturates at 373 K. As shown in
Figure 5, for different alloys, the transition point of the increasing rate of HTC tends to
shift to the left at high temperatures, that is, the transition from a rapid increase to a slow
increase in the HTC occurs at a lower temperature.

Similarly, the temperature at which the maximum value of the HTC appears is about
400 K, and the HTC maximum values of ZK60, AZ31, and AZ80 are 13,119.6 W/(m2·K),
11,503.9 W/(m2·K), and 10,194.2 W/(m2·K), respectively. When the temperature drops
from 673 K to about 625 K, the HTC also increases sharply with the temperature. When
the temperature drops from 625 K to 400 K, it increases slowly compared with the above
high-temperature range, but it is higher than the impingement zone. In addition, it is
found that the temperature range in which the HTC increases rapidly is wider in the
impingement zone than in the free-falling zone, because in the high-temperature range, the
water flow rate in the impingement zone is large, and the heat transfer is stronger than in
the free-falling zone.

Figure 7 shows the boiling curves of the heat flux of the three alloys as a function of
the temperature. The boiling curves in the impingement region and the free-falling region
are parabolic, which increase first and then decrease. The core boiling is the main boiling
mode, accounting for about 2/3 of the temperature drop range, followed by the transition
boiling, and finally the single-phase forced convection. The variations in the heat flux are
the same as the HTC. Whether in the impingement zone or the free-falling zone, the heat
flux of ZK60 is the largest, followed by AZ31, and the smallest is AZ80.

Figure 8a shows the critical heat flux of the three magnesium alloys in different
cooling regions. Combined with Figure 6, it can be seen that the critical heat flux of ZK60,
AZ31, and AZ80 in the impingement zone is 2,630,712.2 W/m2, 2,270,348.2 W/m2, and
1,842,520.8 W/m2, respectively, and the corresponding surface temperature is 612.7 K,
607.6 K, and 584.2 K. In the free-falling zone, the critical heat flux of ZK60, AZ31, and AZ80
are 2,199,422.2 W/m2, 1,871,074.2 W/m2, and 1,777,296.6 W/m2, respectively, and the
corresponding surface temperatures are 594.4 K, 564.7 K, and 547.5 K. Compared with the
impingement zone, the critical heat flux decreases by 16.3%, 17.6%, and 3.4%, respectively.
Combined with the thermophysical property parameters of the material in Figure 8b, it
can be seen that the temperature corresponding to the critical heat flux gradually shifts
to the left with the decrease in the thermal conductivity, that is, the temperature of the
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transition from the nuclear boiling to the transition boiling gradually decreases. For three
kinds of alloy, the impact of the critical heat flux and surface temperature is higher than the
critical heat flux and surface temperature of the free-falling area; this is due to the impact
velocity being larger and the water pressure being strong. The latter can accelerate the
bubble nucleation and growth, and can thus rupture, thereby promoting the ingot surface
wettability, strengthening the effect of the cooling capacity.
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4.2. Effect of Surface Morphology of Ingot on HTC

In the DC casting of the magnesium alloy, due to the influence of the alloy’s charac-
teristics or the casting process parameters, the surface of the ingot often produces cold
isolation, segregation nodular, and/or surface oxidation defects, which not only greatly
increase the surface turning thickness of the ingot, reducing the yield, but this also affects
the heat transfer behavior between the surface of the ingot and the secondary cooling water,
and further affects the internal metallurgical quality of the ingot.

To investigate the influence of the different surface morphology of ingot on the HTC
of the secondary cooling zone, four ingots with a different surface roughness were selected
to quantitatively characterize the surface characteristics of an ingot with a different mor-
phology and compare with the original ingot surface. The surface morphology of the ingot
was quantitatively analyzed by a 3D measurement laser microscope, as shown in Figure 9,
and the roughness values of the different morphologies were recorded, as shown in Table 1,
where sample five is the surface of the original ingot and is used as the reference value.
Different roughness parameters (including the arithmetical mean height, root mean square
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height, skewness, kurtosis, fractal dimension, Hurst coefficient, topographical entropy,
etc.) were quantified in these analyses for the comparison of the surface morphology of
the different samples. Arithmetic means height (Sa) is a commonly used parameter for
evaluating a three-dimensional surface roughness, which refers to the arithmetic mean or
geometric mean of the distance between the points in the contour surface and the center
surface. Therefore, this value is used to characterize the numerical size of the surface
roughness of each sample.
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Table 1. Surface roughness parameters of AZ80 magnesium alloy.

Roughness Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Sa/µm 1.08 59.39 80.47 115 55.31

The experimental material was an AZ80 magnesium alloy ingot with a diameter of
160 mm. The initial temperature was 673 K, the water flow rate was 4 m3/h, and the
cooling water temperature was about 298 K. As shown in Figure 10, the HTC of the ingot
surfaces with a different roughness varies with the temperature in the impingement zone
and the free-fall zone. It can be found that the curve is also roughly divided into three parts.
The first part is the rapid increase stage at a higher temperature range. At this stage, the
temperature transition region tends to shift to the left as the roughness increases, as the
area marked yellow in the figure. Then, it slowly increases until the HTC reaches its peak
value. The temperature range corresponding to the peak value of the HTC is narrow, that
is, the sensitivity of the roughness to the peak value of the HTC is low. Finally, the HTC
decreases sharply at the lower temperatures (T < 400 K).

The HTC in both the impingement zone and the free-falling zone increases with the
increase in the roughness, which is mainly because the surface area of the ingot contacting
with cooling water increases with the increase in the surface roughness [16]. As shown
in Figure 11, from the bubble nucleation theory, within a unit length, the increase in the
roughness leads to the increase in the contact area between the cooling water and the ingot,
which increases the density of the nucleation position. Therefore, the increase in the HTC
with the increase in the roughness is essentially attributed to the increase in the density of
the bubble nucleation position [21].
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When the roughness is 1.08 µm, 59.39 µm, 80.47 µm, and 115 µm, the HTC maximum
values are 8936.4 W/(m2·K), 10,290.82 W/(m2·K), 10,473.4 W/(m2·K), and 10,907.5 W/(m2·K),
respectively. Then, when the temperature drops from 673 K to 525 K, it is obvious that the
HTC increases with the increase in the roughness. However, when the roughness exceeds
59.39 µm and the temperature is lower than 525 K, the HTC is no longer significantly af-
fected by the roughness. In the experimental and statistical studies of the surface roughness
changes associated with the spray quenching, Bernardin et al. found that the effect of the
roughness on the boiling heat transfer was mainly related to the ability of the liquid to enter
the surface of the sample [21]. When the temperature is lower than 525 K, the heat transfer
mode is core boiling, and the cooling water is in direct contact with the surface of the ingot.
The contact area of the rough surface is larger than that of the smooth surface, so the HTC
of the rough surface is significantly higher than that of the smooth surface. However, due
to the fast water flow and the strong impact force in the impingement area, the influence
of the roughness on the HTC is smaller than that of the water spraying pressure, so the
sensitivity of the roughness to the HTC is low, and the HTC of the rough surface has little
difference in the nuclear boiling mode. When the temperature is higher than 525 K, the heat
transfer mode is in the transition boiling phase, and the nucleation density will increase
with the increase in the roughness, but it is difficult to form a continuous bubble film
under the action of the water flow impact. Therefore, the larger the roughness is in the
high-temperature range, the higher the bubble nucleation density is. Due to the instability
of the bubble film, bubbles are constantly generated and separated from the ingot surface.
In the case of the repeated impact of cooling water, the HTC increases with the increase in
the roughness.

When the roughness is 1.08 µm, 59.39 µm, 80.47 µm, and 115 µm, the HTC maximum
value is 11,271.2 W/(m2·K), 13,632.5 W/(m2·K), 14,061.6 W/(m2·K), and 15,364.3 W/(m2·K),
respectively. As can be seen from Figure 10, the peak value of the HTC in the free−falling
zone is significantly higher than that in the impingement zone, and the HTC in the
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free−falling zone increases more obviously with the increase in the roughness. The above
phenomena are related to the cooling intensity. The water flow rate in the free−falling zone
is lower than that in the impingement zone, so the cooling intensity in the impingement
zone is higher than that in the free−falling zone, especially the HTC in the high-temperature
range is significantly higher than that in the free−falling zone.

4.3. Determination of HTC in Different Roughness
4.3.1. Impingement Zone

As shown in Figure 12, the HTC of each interval is regression analyzed according
to the roughness, and the influence of the roughness on the HTC is positive exponential.
With the increase in the roughness, the HTC increases rapidly at first and then tends to
increase slowly. The transition point is about 20 µm, that is, when the roughness is less than
20 µm, the HTC is more sensitive to the change in the roughness, and when the roughness
is greater than 20 µm, the sensitivity gradually decreases. As shown in Figure 12b, in the
temperature range of 550~673 K, the value of n is 0.039.
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When the surface temperature is 550~673 K and the roughness is 1.08 µm, the relation-
ship between the HTC and the ingot surface temperature can be obtained by mathematic
fitting, as shown in Equation (3).

h(IZ−1.08) = −0.336T2
s + 370Ts − 95, 666 (3)

Considering the surface temperature and the surface roughness of the ingot, the
following mathematical relation of the HTC can be obtained by (Equation (4)):

h = Ch′Sn
a (4)

When h′ = h(IZ−1.08) h and n are known, C is an undetermined constant. According to
the above conditions, the value of C is one. Therefore, under different roughness conditions,
when the surface temperature of the ingot is between 550 K and 673 K, the relationship
between the HTC and the surface temperature and roughness is as follows:

h = (−0.336T2
s + 370Ts − 95, 666)S0.039

a (5)

When the surface temperature of the ingot is lower than 550 K, the HTC of an ingot
with a roughness of 59.39 µm, 80.47 µm, and 115 µm is a little different, but the HTC of an
ingot with a smooth ingot (Sa = 1.08 µm) is much different. Therefore, the average values
of the first three HTCs were fitted according to the surface temperature, and when the
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roughness Sa = 1.08 µm, the HTCs were fitted separately to obtain the HTCs of the rough
(hr) and the smooth surfaces (hs) with the temperature from 373 K to 550 K, as shown in
Equations (6) and (7), respectively.

hr = −0.14T2
s + 114.1Ts − 13, 541.2 (6)

hs = 0.004T3
s − 5.49T2

s + 2595.8Ts − 395, 974.1 (7)

4.3.2. Free−Falling Zone

In the free−falling zone, the HTC is solved the same way as in the impingement zone.
As shown in Figure 13a, six characteristic temperatures were selected in the temperature
range of 373~673 K, and the HTC was regression analyzed according to the roughness at
each characteristic temperature. It can be seen that the roughness has a positive exponential
effect on the HTC, and its change law is similar to that of the impingement zone. The
roughness is also about 20 µm, which is regarded as the transition point of the sensitivity of
the HTC to the change in the roughness. The value of the index n at different temperatures
is shown in Figure 13b, and its average value is 0.045, which is taken as the effective value.
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When the roughness Sa is 1.08 µm, the relationship between the HTC and the surface
temperature is fitted as follows:

h(FFZ−1.08) = −0.02T2
s − 4.62Ts + 15, 699.46 (8)

According to the undetermined coefficient method, the roughness of 1.08 µm in the
free−falling zone was substituted into Equation (4), and the constant C = 1 was solved.
Therefore, the relationship between the free-fall zone HTC and the surface temperature and
the roughness of the ingot can be obtained as follows:

h = (−0.02T2
s − 4.62Ts + 15, 699.46

)
S0.045

a (9)

5. Conclusions

(1) For the AZ80, AZ31, and ZK60 alloys, under the same cooling conditions, the
variations in the HTC and the heat flux are mainly related to thermal conductivity. The
greater the thermal conductivity of the alloy, the greater the HTC. The HTCs of the AZ80,
AZ31, and ZK60 alloys increase successively.

(2) With the decrease in the surface temperature, the HTCs in both the impingement
zone and free−falling zone show a trend of a rapid increase at first, then they slowly
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increase to the maximum value, and finally show a rapid decrease, with the peak value
appearing at about 400 K. At the lower surface temperature of the ingot, the heat transfer
behavior is close to the stage of the single forced convection and the initial stage of nuclear
boiling, and the HTC in this stage is more sensitive to the alloy type.

(3) Under different surface roughness conditions, the HTC increases with the increase
in the roughness. When the surface roughness of the ingot is small (Sa < 20 µm), the HTC is
more sensitive to the change in the surface roughness. When the surface roughness of the
ingot is larger than 20 µm, the surface roughness has little effect on the HTC. Considering
the influence of the ingot surface temperature and the surface roughness on the HTC, the
mathematical relationships between them are established as follows:

The impingement zone:
h = (−0.336T2

s + 370Ts − 95, 666)S0.039
a

hr = −0.14T2
s + 114.1Ts − 13, 541.2

hs = 0.004T3
s − 5.49T2

s + 2595.8Ts − 395, 974.1

550 K < T < 673 K
373 K < T < 550 K and Sa > 59.39 µm

373 K < T < 550 K

The free−falling zone:

h = (−0.02T2
s − 4.62Ts + 15, 699.46

)
S0.045

a 373 K < T < 673 K
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