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ABSTRACT

Dynamic wetting spread factors and interfacial heat transfer coefficients were
determined for aluminum droplets solidifying on copper substrates. The spread factors
were determined from the droplet geometries while the heat transfer coefficients were
obtained by solving inverse heat conduction problems. 1-D and 2-D heat transfer models
are presented and the results they provided are compared. For the latter, a sensitivity
analysis was also performed to determine the influence of thermophysical properties and
boundary conditions. Experiments were alternatively carried out with three different
gaseous atmospheres and the dynamic wetting spread factors were correlated to the
interfacial heat transfer coefficients.

INTRODUCTION

Many defects develop at the initiation of solidification where dynamic wetting
and heat transfer intervene. Understanding and controlling these two phenomena is thus
instrumental in many processes involving liquid metals solidifying on metallic substrates,
for example die casting (1,2), strip casting (3-5) and thermal spraying (6). Wetting
defines the capacity of a liquid to spread on a given surface (7). Under non-equilibrium
solidification conditions, it is a dynamic process that evolves over a short time scale. As
dynamic wetting occurs, heat is also transferred from the solidifying metal to the
substrate. The thermal resistance that develops at the interface between the metal and the
substrate is in many cases the primary factor that dictates the cooling rate and this has
repercussions on the mechanical properties of the solidified component.
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Figure 1 - Schematic of the Experimental Set-Up for the Simultaneous Characterization

of Dynamic Wetting and Heat Transfer

Table 1 — Thermophysical Properties of ETP Copper and AA 1080 Aluminium

Property (Units) Value Ref.

ETP Copper

Heat capacity (kJ kg' K™) 4.77-10" -1.68:10*T -5.07-10°T- 16
+1.49-107T?

Thermal Conductivity (W m™ K™) 419-6-102T 17

Density (kg m™) 8960 18

Aluminium AA 1080

Heat Capacity, Solid (kJ kg K™) 1.16—-6.08-10*T -1.33-10°T " 16
+7.69-107T?

Heat Capacity, Liquid (kJ kg K™) 1.17 16

Thermal Conductivity, Solid (W m™ K™) 2.64-10° -5.63-107T 17

Thermal Conductivity, Liquid (W m™” K"  6.0-10' +3.27-102T 17

Solidus Temperature (K) 919.15 19

Liquidus Temperature (K) 930.15 19

Density (kg m™) 2700 19

Latent Heat of Solidification (kJ kg™) 396.6 16




THEORY

Evaluation of the Dynamic Wetting

Amanda and al. (10) and Ulrich and al. (20) have evaluated the dynamic wetting
using a spreading factor defined as:

6= (1)

.2
D
where d is the diameter of the splat at the contact area with the substrate and D is the

mean diameter of the falling droplet (Figure 2), as captured by the high speed camera.
This simple and efficient method to evaluate dynamic wetting was adopted in this study.

Figure 2 — Illustration of the Mean Diameter of the Falling Droplet, D, and Diameter of
the Splat, d, Used for the Calculation of the Spreading Factor

Evaluation of the Interfacial Heat Transfer Coefficient

As the liquid metal droplet impinged the substrate, heat was transferred at the
interface with the substrate. The transient heat flow at this interface can be described by
Newton’s law of cooling (21):

q(t) = h(t)(Tp(t) - Ts (t)) )

In this study, the parameters in Equation 2 were determined in two distinct steps.
The first involved solving a classical inverse heat-conduction problem (IHCP) to obtain
the heat flux entering the substrate, ¢(7). It was assumed that this flux did not vary along
the radius of the splat. The sequential function specification method was used to
determine the flux and details on its use have been given elsewhere (22). The second
step involved solving two direct problems (one for the substrate and one for the droplet)
to determine the temperature profiles in the substrate and the droplet. The interfacial



temperatures of the droplet and the substrate, 7. (z) and T.(t), were then extracted from

these profiles and inserted with the heat flux, ¢(z,) in Equation (2) to obtain the interfacial
heat transfer coefficient, /(z).

The direct problem was solved using the heat conduction equation for unsteady
states, expressed below for the substrate in 2-D Cartesian coordinates:

E[kﬂ).,_i pos =pC T 3)
ox\ ox) oy oy &

Explicit finite difference approximations of this equation were used to calculate
the temperature evolution in the substrate. Some of the calculations in this work
compared a 2-D with a 1-D formulation for the substrate. In the latter case, Equation (3)
was simplified to account for a single coordinate. For the droplet, a 1-D model was used
along with an enthalpy formulation (23) to account for solidification. The selection of
the 1-D model for the droplet was based on the observation that the amount of heat
transferred from the free surface of the splat was small compared to what is transferred at
the interface with the substrate. This aspect is further discussed in the next section.
Thermal energy transported by convection in the liquid pool of the droplet was also
accounted with an effective thermal conductivity, k., defined as (24).

kg =k, *k(T) . 1 4)

2
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The value of £, in those equations is typically between 5 and 10. The solid and
liquid fractions, f; and f}, respectively, were calculated assuming they varied linearly with
temperature. The boundary conditions of the substrate were fixed by imposing the heat
flux, q(7) in Equation (2), at the substrate/droplet interface while all the other substrate
boundaries were treated adiabatically. For the droplet, the heat flux, g(7), was also used
as a boundary condition for the interface with the substrate and the top surface was
treated with heat flow by natural convection, (h = 15 W m- K, (25)), and radiation,
(emissivity = 0.17, (26)). The initial temperature of the substrate was given by its
thermocouples and was typically 25 °C while the initial temperature for the droplet was
T2

RESULTS AND DISCUSSION

In the experiments conducted in this study, the size of the droplet was small
compared to that of the substrate. A consequence of that was that heat diffused in the



substrate from top to bottom as well as laterally. A 1-D model only accounts for the top
to bottom heat flow while a 2-D model accounts for top to bottom and lateral heat flows.
The 2-D model should in principle provide more accurate results since it is a more
complete description. To this effect, it is therefore interesting to compare differences in
the solutions produced by the 1-D and 2-D models.

The first set of calculations was carried out by imposing adiabatic conditions at
the back of the substrate. This was a fair assumption considering the respective sizes of
the droplets and the substrates. The experiments required for these calculations were
conducted with droplets falling in a gas phase composed of air. The results are shown in
Figure 3 and it is observed that the 1-D model provides a lower interfacial heat flux than
the 2-D model. This is consistent since a greater flux is required to account for the heat
transferred laterally.

The area under these curves yields the total energy per unit area at the
splat/substrate interface and in the 0.5 s time period shown in this Figure, it is
approximately 35 % greater with the 2-D model. The lateral heat flow is therefore an
important element of the process. Also shown in Figure 3 are grayscale illustrations of
the substrate temperature fields that the two models yield at 100, 250 and 500 ms. In
Figure 4, the heat transfer coefficients obtained with the 1-D and 2-D models are shown.
It is seen that the values with the 1-D model are also lower than those obtained with the
2-D model.
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Figure 3 — Heat Flux Evolution for the 2-D and 1-D Model. The Results Were Obtained
With Droplets Falling on the Substrate in a Gas Phase Composed of Air. Adiabatic
Conditions Were Imposed at the Back of the 20 mm Thick Substrate in Both Models.
The Grayscale Representations of the Temperature Fields Adjoining the Curves Illustrate
the Differences in the Lateral Temperature Distributions Between the 1-D and 2-D
Models.
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Figure 4 — Evolution of the Heat Transfer Coefficients Calculated With the Heat Fluxes

in Figure 3

A different set of experiments and calculations were then carried out to evaluate
the influence of the boundary condition at the back of the substrate. The 2-D model with
the adiabatic condition used previously was compared to a 1-D model with a Dirichlet
condition (23). The latter was obtained by placing a thermocouple 5 mm below the
surface of the substrate. This thermocouple was in addition to the one normally placed 1
mm below the surface of the substrate used to characterize the boundary condition at the
interface between the droplet and the substrate. In this version of the of the 1-D model, it
was thus assumed that the substrate had a thickness of only 5 mm and the boundary
condition at this location was given by the thermocouple at this location. This model was
also used in a previous study (15).

The results are shown in Figure 5 and it is noted that the difference between this
new 1-D model and the 2-D model is small. As mentioned earlier, the 1-D and 2-D
models differ in that the latter accounts for lateral heat flow while the former does not.
However, the results in Figure 5 suggest that this lateral flow is small over a thickness of
5 mm. A 1-D model can then be a good approximation of the heat flow, provided that a
Dirichlet condition sufficiently close to the surface is supplied. The 2-D model remains
advantageous in that it does not require this extra thermocouple. To this effect, it should
be realized that thermocouples and the holes that need to be drilled for their insertion
produce perturbations in the heat flow and uncertainties are affixed to the values they
provide. There is thus an incentive to minimize their numbers. In Figure 6, the
interfacial heat transfer coefficients associated to these two models are shown. It is seen
that as for the heat fluxes, the values are close to one another.
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Figure 5 — Heat Flux Evolution for the 2-D and 1-D Models. An Adiabatic Condition
Was Imposed at the Back of the Substrate for the 2-D Model While a Dirichlet Condition
Was Used for the 1-D Model. With the Application of the Dirichlet Condition, the 1-D
Model Provides Results in Close Agreement With the 2-D Model.
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Figure 6 — Interfacial Heat Transfer Coefficients Calculated Using the Fluxes in Figure 5.

Other factors that may influence the calculated interfacial heat fluxes and heat
transfer coefficients are heat flows by convection and radiation from the droplet to the
surrounding gas phase. As mentioned earlier, these were accounted in the present work
for the top surface of the droplet. In Figure 7, the evolution of the interfacial heat
transfer coefficients when convection and radiation are accounted can be compared to the



solution obtained when this is replaced by an adiabatic condition. It is seen that the
contribution of convection and radiation on the calculated interfacial heat transfer

coefficient is negligible.

Also shown in this Figure is the evolution of the temperature of the droplet at the
interface with the substrate where a rebound is produced after approximately 0.1 s. This
can be explained from the evolution of the interfacial heat transfer coefficient shown in
the same Figure. Its very large initial value is indicative of the good thermal contact
between the solidifying metal and the substrate and this produces a rapid temperature
drop. The heat transfer coefficient however decreases rapidly and this is normally
attributed to formation of a gap at the interface which produces a poor thermal contact
between the droplet and the substrate (1). However, there is still metal that remains to be
solidified in the liquid pool of the droplet and the heat this pool contains is conducted to
the interface. Since the thermal contact with the substrate is poor, the heat is not
transferred to the substrate as readily and the surface temperature of the droplet then
increases.
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Figure 7 — Influence of Heat Losses by Convection and Radiation to the Surroundings on

the Interfacial Heat Transfer Coefficients and the Interfacial Droplet Temperatures. The

Curves that Account for the Heat Losses are Superimposed on those that Do Not Account
for them Indicating the Losses are Negligible.

Another factor that may affect heat transfer during solidification is convection
within the droplet. As shown in Figure 8, the droplet wiggles after impinging the
substrate and this produces convection in the liquid pool of the droplet that may enhance
the heat transfer. As described in the previous section, this convection may be accounted
by using an effective thermal conductivity, as defined in Equations (4) and (5). Figure 9
illustrates the results obtained when the multiplying factors of this effective conductivity



are varied in the typical range of 1 to 10. There is no significant difference in the values
of the interfacial heat transfer coefficients and it thus appears that conduction is the main
heat flow mechanism in the droplet.
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Figure 8 - Droplet Shape Evolution During Solidification. A Significant Movement of
the Free Surface is Observed.
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Figure 9 - Influence of the Multiplying Factor k. Accounting for the Convection in the
Droplet on the Calculation of the Interfacial Heat Transfer Coefficient

The results presented thus far have dealt with heat transfer models, their boundary
conditions and their thermophysical properties. Experiments were also carried out to
determine if dynamic wetting spread factors would correlate with interfacial heat transfer
coefficients. The effect of surrounding gas phase was investigated for this purpose and



tests were carried out alternatively with air, helium and argon. The interfacial heat
transfer coefficients were obtained with a 2-D model for the substrate, having an
adiabatic boundary at the back and a 1-D model for the droplet, also with an adiabatic
condition at the free surface.

The results of this investigation are shown in Figure 10 where the spread factors,
&, are shown in conjunction with the interfacial coefficients. It is noted that the order in

the values for the spread factors is the same as the one for the heat transfer coefficient.
In a previous research, Leboeuf reported a similar behavior with heat fluxes (15). In the
presence of a gas, several factors may affect dynamic wetting and heat transfer of the
solidifying droplet, for example, the formation of an oxide layer on the droplet and the
thickness of this layer, a layer of gas entrapped between the droplet and the substrate, the
thermal conductivity of the gases, surface tension of aluminum with these gases, etc.
More research will be required to identify the mechanisms that influence dynamic
wetting and heat transfer and to determine if high values of dynamic spread factors
always correlate with high values of heat transfer coefficients.
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Figure 10 — Interfacial Heat Transfer Coefficients and Spread Factors Obtained in Three

Different Atmospheres: Helium, Argon and Air. The Final Shapes of the Droplets are
Also Shown.

CONCLUSIONS

A heat transfer analysis was performed for solidifying aluminum droplets on
substrates. 2-D and 1-D models for the substrates were evaluated and it was observed
that a 1-D model could produce results in very good agreement with the 2-D model when
a Dirichlet boundary condition was imposed. The analysis performed on the droplet



revealed that heat loss by convection and radiation to the surrounding gas had a
negligible incidence on the calculated interfacial heat transfer coefficients. Thermal
energy transported by convection in the liquid pool of the droplet was also found to be
negligible. Solidification experiments carried out alternatively in the presence of air,
helium and argon revealed a good correlation between the dynamic wetting spread
factors and interfacial heat transfer coefficients.
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NOMENCLATURE

C,  heat capacity (k] kg' K™)

d diameter of the splat area in contact with the substrate (mm)
D mean diameter of the falling droplet (mm)

& spreading factor (dimensionless number)

fi liquid fraction in the mushy zone

I solid fraction in the mushy zone

h interfacial heat-transfer coefficient

k thermal conductivity (W m™ K™)

ke multiplying factor to the thermal conductivity that accounts for convection
kg effective thermal conductivity (W m™ K

ki thermal conductivity in the liquid state (W m’' K1

ks thermal conductivity in the solid state (W m’ K™

q heat flux per unit surface area (W m?)

P density (kg m™)

t time (s)

T temperature (K)

T  interfacial temperature of the droplet (K)
Ty liquidus temperature (K)

Ts solidus temperature (K)

T interfacial temperature of the substrate (K)
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Several studies on dynamic wetting (8-10) and heat transfer (11-14) have shown
the crucial roles they play in solidification processes. These studies have however
treated dynamic wetting and heat transfer as separate entities. In this work, a drop-splat
set-up was used to simultaneously study dynamic wetting and heat transfer occurring in
the solidification of aluminum. It is a follow-up of a previous work that examined the
effect of selected experimental factors on wetting and heat transfer (15). In the previous
study, dynamic wetting was characterized with spread factors while heat transfer was
characterized with heat fluxes. The present study compares 1-D and 2-D heat transfer
models and looks at the influence of boundary conditions and thermophysical properties
on the results. Relationships between interfacial heat transfer coefficients and dynamic
wetting spread factors obtained by conducting the drop-splat experiments in three
different gaseous atmospheres are also presented.

EXPERIMENTAL

A depiction of the drop-splat set-up used for the experiments is given in Figure 1.
It is similar to the ones constructed by Ebrill et al. (8, 9) and Leboeuf et al. (15). A
resistance-heating element and a graphite crucible were used to melt commercially pure
aluminum (AA 1080, 99.8%) to a temperature of 725°C. The graphite crucible had an
approximate height of 155 mm and a diameter of 75 mm and 200 g of aluminum was
typically melted. A graphite spindle in which a cavity was machined was fixed to the
bottom of the crucible. During an experiment, an electric motor rotated the spindle,
filling its cavity with molten aluminum and a droplet was released. Droplet volumes
were determined by the size of the dimple machined in the spindle. Typically, droplet
weights were in the range of 0.5 to 1.5 g to ensure that enough heat was transferred to the
substrate. The substrates used were made of electrolytic tough pitched, ETP, copper
(99.9+%) machined into 20 mm thick blocs having a width and length of 50 mm and 130
mm, respectively. The surface on which the droplets fell was polished to roughness of
0.15 um R,. This droplet impinged onto the substrate under free-fall conditions while a

high-speed camera (Optikon, FastCam PCI) was used to film the sequence. A hole was
drilled 1 mm below the surface of the substrate, parallel to the isotherms, in order to
insert the type-T thermocouple that measured the temperature evolution of the substrate.

Images and temperatures were recorded simultaneously at a frequency of 1000
Hz. A moving table assured the proper alignment of the droplet with the thermocouple.
A cooling system was fastened to the back of the substrate to cool the substrate between
each experiment. Table 1 lists the thermophysical property data of the substrate and
droplet materials utilized in the heat transfer calculations. The whole set-up was
enclosed in an acrylic chamber to provide a controlled atmosphere and proper filming
and lightning. Experiments were carried out alternatively with air (H,O < 10 ppm, BOC
Canada Ltd), helium (99.999%, Air Liquide Canada) and argon (99.998%, Air Liquide
Canada).



