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Abstract 

As a part of ground support activities for the upcoming experiments in the International Space Station (ISS), convection inside a molten Zr, 

one of flight samples was numerically predicted.  The sample will be processed with the materials science laboratory – electromagnetic 
levitation (MSL-EML) facility which has already been installed in the European deck.  Thermophysical properties, such as, heat capacity, 

thermal conductivity, viscosity and surface tension of the molten Zr will be measured.  The validity of some of these properties are 

significantly affected by convection during the measurements and the convection must be predicted in advance to help design the space 
experiments.  Utilizing the magnetohydrodynamic (MHD) model developed in the previous research, a series of simulations was performed 

in order to investigate the convection during the space experiments. 
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1. Introduction 

Acquiring accurate thermophysical properties of industrially 

important metals benefits both industry and science.  Density, 

viscosity, surface tension, heat capacity, and thermal 

conductivity are the essential properties needed for 

understanding and controlling of various kinds of liquid metals 

processing, such as casting.  An accurate measurement of these 

properties at high temperatures is a challenging task due to high 

reactivity.  Containerless processing can be an effective way of 

dealing with highly reactive liquid materials at high 

temperatures.  During last decades, several containerless 

processing methods have been developed and utilized to 

measure thermophysical properties of molten metals and 

ceramics.  One of widely applied methods is electromagnetic 

levitation (EML).  EML utilizes an electromagnetic (EM) field 

to levitate and to heat a conductive sample simultaneously.  On 

the ground, the minimum strength of an EM field to counteract 

gravity is large enough to induce a significant amount of stirring 

in a molten metal.  Therefore, with ground-based EML, we 

always have a turbulent flow which affects some 

thermophysical properties measured by EML.  In order to 

overcome this negative effect of gravity, a series of experiments 

will be performed in ISS by early 2015.  Using MSL-EML, 

thermophysical properties mentioned above will be measured.  

In microgravity, one can induce a much wider range of 

convection in a molten sample, i.e., from laminar to turbulent 

regimes.  For an effective and efficient design of space 

experiments, the convection in the sample must be predicted 

with a reasonable level of accuracy.  This research predicts the 

convection in one of flight samples, Zr, using the MHD model 

developed and experimentally validated in the previous research 1).  

The simulation results will inform the amount of convection as a 

function of processing parameters during the space experiments. 

2. Property Measurement using EML 

2.1 EML 

A conductive sample sized 5-8 mm in diameter can be 

levitated and processed using EML.  EML employs a set of 

coils wound with copper tubes which generates an EM force 

field around the sample.  Excessive heating of the copper tubes 

is prevented by water coolant.  The coil consists of two parts: 

upper and lower coils.  For the ground-based EML which 

typically induces one electric current through one set of coil to 

levitate and heat up the sample simultaneously, the upper and 

lower coils must be wound in the opposite direction to each 

other.  The lower coil creates an EM force field upward to 

cancel the weight of the sample, meanwhile the upper coil 

downward to press down the sample securing the stability 

during processing.  The mass of EML samples is around 1 g.  

On earth, a minimum EM force needed for stable levitation of 

the sample is large enough to induce a turbulent flow.  The 

turbulence in the molten sample is beneficial for the 

measurement of heat capacity in that it provides much higher 

convective heat transfer within the sample and reduces time to  
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Fig. 1 SUPOS coil set used in MSL-EML 4)  

reach thermal equilibrium.  However, for other properties such 

as viscosity, surface tension, and thermal conductivity, the 

presence of turbulence must be avoided at all costs. 

Acceleration inside ISS is less than gravity on Earth by an 

order of 10-4.  In such a microgravity condition, the minimum 

amount of current to stabilize a sample is reduced drastically 

and the range of accessible convection becomes much wider.  

For instance, the Reynolds number (Re) for a molten 7 mm 

Fe50Co50 sample in ground-based EML is 2800 whereas in space 

the Re ranges from 40 to 1400 2).  Considering that the 

Reynolds number near the laminar to turbulent transition is 

around 600 3), it can be known that one can access both the 

laminar and turbulent regimes using space EML. 

MSL-EML is equipped with one set of coil, called SUPOS 

which stands for superposition, as shown in Fig. 1.  Through 

this coil set, alternating currents for both heating and positioning 

purposes run at 350 kHz and 150 kHz respectively.  The 

directions of heating currents in both the upper and lower coils 

are the same such that a dipole EM field is generated (upper 

figure).  This dipole field is efficient in heating a sample.  

Meanwhile, the positioning currents create a quadrupole EM 

field to stabilize a sample near the center of the coil set.   

During operation, an astronaut will control the coil current by 

adjusting voltage nobs on the control panel.  This control 

voltage varies from 0 to 10 V.  The heating and positioning 

currents are proportional to the control voltages as shown in 

Equation (1). 
 

 
𝐼𝐻 = 19.09 + 19.09 ∙ 𝑉𝐻

𝐶𝑡𝑟𝑙 

𝐼𝑃 = 27.21 + 27.21 ∙ 𝑉𝑃
𝐶𝑡𝑟𝑙 

(1) 

 

where 𝐼𝐻 is the heating current, 𝐼𝑃 is the positioning current in 

A, 𝑉𝐻
𝐶𝑡𝑟𝑙  is the heater control voltage, and 𝑉𝑃

𝐶𝑡𝑟𝑙  is the 

positioner control voltage in V.  The maximum heating and 

positioning currents happen when the control voltage is set at 10 

V and the values are 209.99 A and 299.31 A respectively.  The 

minimum currents are set to be above zero even without control 

voltage in order to keep the system in the ‘warmed-up’ 

condition.  The size of samples for the MSL-EML also has a 

range of 5-8 mm.   

2.2 Viscosity and Surface Tension 

The viscosity and surface tension are measured by a method 

called the oscillating droplet technique.  A levitated sample is 

excited by a modulating EM field at a frequency near the natural 

frequency of the sample.  After obtaining adequate excitation, 

the modulating EM field is removed and the sample begins to 

dampen freely.  The dampening motion of the sample is 

captured with a high-speed camera and the captured images are 

analyzed to extract the decay time and the oscillation frequency, 

from which the viscosity and surface tension can be estimated 

by the relationships given in Equation (2) 5). 
 

 

𝜇 =
𝜌𝑅𝑜

2

(𝑙 − 1)(2𝑙 + 1)𝜏
 

𝛾 =
3𝜋𝑚𝑓2

𝑙(𝑙 − 1)(𝑙 + 2)
 

(2) 

 

where 𝜇 is the viscosity, 𝜌 is the density, 𝑅𝑜  is the initial 

radius of a sample, 𝑙 is the mode number which is 2 in this case, 

𝜏  is the damping constant, 𝛾  is surface tension, 𝑓  is the 

oscillation frequency of a sample in cycles per second. 

In order to measure the molecular viscosity, the main 

mechanism of damping must be intermolecular friction.  If the 

turbulence presents in the sample, the measured viscosity should 

become much higher due to the effect of turbulent eddy 

dissipation.  Our prediction showed that the effective turbulent 

viscosity of a molten Cu84Co16 sample was about 50 times 

higher than its molecular viscosity at the estimated Reynolds 

number of 2400 1).  For the viscosity measurement using the 

oscillating droplet technique, it is of critical importance to know 

the convection status, i.e., either laminar or turbulent, under 

given combinations of test parameters. 

 

2.3 Heat Capacity and Thermal Conductivity 

The modulation calorimetry is a method of measuring heat 

capacity and thermal conductivity for both solids and liquids.  

When applied in EML 6)-8), a heating EM field is modulated to 

heat up the sample.  In an EML sample, most of the eddy 

current happens near the surface, called skin depth (𝛿) defined 

as  
 

 𝛿 = √
2

𝜇𝑚𝜔𝜎𝑒
 (3) 

 

with 𝜇𝑚  and 𝜎𝑒  being the magnetic permeability and the 

electrical conductivity respectively.  𝜔  is the modulation 

frequency which is to be small enough to allow much faster 

internal thermal relaxation of the sample than the period of 
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modulation.  Due to resistance of the sample, heat is generated 

in the skin depth near the side surface and transferred to the 

middle and top part of the sample.  By measuring the time lag 

between the modulation current and the temperature response 

measured from the top portion of the sample, the thermal 

conductivity can be estimated.  Possible mechanisms of heat 

transfer are conduction, convection, and radiation.  For a solid 

sample, convection is ruled out.  If the temperature is not very 

high, radiation can also be neglected.  Meanwhile, a great care 

must be taken for the case of a liquid sample.  Either the EM 

force or the temperature gradient induces convection inside the 

sample.  As the convection increases, the convective heat 

transfer becomes dominant and the measured thermal 

conductivity becomes invalid.  Therefore, the status of 

convection in the EML sample must be ensured to be in an 

extreme laminar regime, when the thermal conductivity is 

measured. 

3. Governing Equations and Modeling 

3.1 Governing Equations for Fluid Flow 

Fluid flow in molten metals can be assumed to be viscous and 

incompressible, and it is governed by the Navier-Stokes 

Equations. 
 

 

𝛁∗ ∙ �⃗� ∗ = 0 

𝜕�⃗� ∗

𝜕𝑡∗
+ �⃗� ∗ ∙ 𝛁∗�⃗� ∗ = −𝛁∗𝑃∗ +

1

𝑅𝑒
𝛁∗2�⃗� ∗ + 𝐹 ∗ 

(4) 

 

where �⃗� ∗ is the velocity, 𝑃∗ is the pressure, and 𝐹 ∗ is the 

body force in a dimensionless form.  𝐹 ∗ is the EM force for 

the case of an EML sample.  It can be noticed that the flow is 

characterized by a single dimensionless number, the Reynolds 

number, which defines the ratio of inertial effects to viscous 

effects. 
 

 𝑅𝑒 =
𝜌𝑈𝐷

𝜇
 (5) 

 

where 𝜌 is the density, 𝑈 is the velocity, 𝐷 is the diameter of 

a droplet, and 𝜇 is the molecular viscosity.  No flow across 

and no shear stress on the surface of a droplet were assumed as 

described in Equation (6). 
 

 �⃗� ∗ ∙ 𝑖 𝑟|𝑟∗=1 = 𝜏 ∗ ∙ 𝑖 𝑡|𝑟∗=1 = 0 (6) 
 

where, 𝑖 𝑟  and 𝑖 𝑡  are the unit vectors in the radial and 

tangential directions respectively. 

For turbulence, the renormalization group (RNG) k- model 

was adopted.  The RNG k- model adds two more equations on 

the turbulent kinetic energy (k) and the turbulent dissipation () 

in order to deal with the Reynolds stress term introduced by the 

random nature of turbulence.  The RNG k- model has been 

proven to be suitable for swirling flows, stagnation flows, and 

low Reynolds number and transitional flows 9).  No gradient in 

the radial direction on the boundaries was assumed for k and  

as written in Equation (7) 
 

 
𝜕𝑘∗

𝜕𝑟∗|
𝑟∗=1

=
𝜕𝜀∗

𝜕𝑟∗|
𝑟∗=1

= 0 (7) 

 

3.2 Electromagnetic Force 

An EM force field generated in the volume of an EML 

droplet was obtained by numerically solving the Maxwell’s 

equations with parameters such as the geometry of the sample 

and coil, the electrical conductivity of the sample, and the 

positioning/heating currents and frequencies.  The EML system 

can be regarded as magnetoquasistatic and the Maxwell’s 

equations can be simplified as in Equation (8) 1). 
 

 

𝛁 × �⃗� = 0 

𝛁 × �⃗� = −
𝜕�⃗� 

𝜕𝑡
 

𝛁 × �⃗⃗� = 𝐽  

(8) 

 

where �⃗�  is the magnetic flux density, �⃗�  is the electric field, 

�⃗⃗�  is the magnetic field, and 𝐽  is the current density.  The 

system of differential equations was solved using an appropriate 

numerical technique and the resulting distribution of EM forces 

in the sample was implemented into the numerical model using 

a user-defined subroutine.   

3.3 Numerical Modeling 

The MHD model which had been developed using ANSYS 

FluentTM and experimentally validated in the previous research 1) 

was used for the current study.  In this model, the flow was 

assumed to be axisymmetric and the flow domain was modeled 

with a half circle with the diameter of 6.71 mm.  The density 

(𝜌), the viscosity (𝜇), and the electrical conductivity (𝜎) of Zr 

used for the simulation are listed in Table 1.  The melting point 

of Zr is 2128 K.  More details on the numerical modeling can 

be found elsewhere 1)-4).   

4. Results and Discussion 

The Zr sample included in the first batch for the ISS 

experiments is to be used for the calibration of cameras and to 

serve as a reference sample for some thermophysical properties, 

such as density and heat capacity both in solid and in liquid  

 

Table 1 Material properties of Zr 

Properties Temperature Dependence 

𝜌 (kg·m-3) 6240 − 0.29(𝑇 − 𝑇𝑚) 

𝜇 (mPa·s) 4.74 − 4.97 × 10−3(𝑇 − 𝑇𝑚) 

𝜎 (-1·m-1) 6.79 × 105 
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states, and surface tension and viscosity.  The status and 

magnitude of convection were predicted under possible 

combinations of positioner, heater control voltage, and 

temperature.  Based on the predicted results, allowable 

combinations of test parameters are to be determined for the 

viscosity and thermal conductivity measurements. 

4.1 Convection Velocity 

A series of simulations was performed with the increasing 

heater control voltage (0 – 10 V) while the positioner voltage 

being fixed at 8 V.  The predicted maximum convection 

velocities and the corresponding Reynolds number were plotted 

at various temperatures in Fig. 2.  It was assumed that the 

sample would be superheated up to 300 K above and 

undercooled down to 400 K below the melting point. The 

maximum convection velocity and the corresponding Reynolds 

number were plotted only up to the heater control voltage of 4 V 

to show more details in the region of lower heater control 

voltage.  For the measurements of viscosity and thermal 

conductivity, the convection must be minimized and any small 

amount of turbulence in the sample must be avoided.  

Therefore, it is reasonable to use the maximum convection 

velocity for the estimation of the Reynolds number to judge the 

status of the flow conservatively.  The laminar to turbulent 

transition was assumed to occur near the Reynolds number of 

600 3).  The laminar model was applied until the Reynolds 

number reached 600 and the turbulent model was used thereafter. 

From the left plot in Fig. 2, it can be noticed that in the 

laminar regime, the maximum convection velocity decreases up 

to around the heater control voltage of 1 V and then it starts to 

increase as the heater control voltage is added up.  This is 

because the direction of EM forces generated by the positioner 

current are opposite to that by the heater current in some region 

of the sample.  After 1 V of the heater control voltage, the EM 

field becomes heater-dominant and the convection velocity 

increases monotonically.  In the turbulent regime, the 

maximum convection velocity increases almost linearly with an 

increase of the heater control voltage.  At 10 V of the heater 

control voltage, the maximum convection velocity reaches 0.49 

m·s-1.  Higher temperature yields larger convection as the 

viscosity drops down.  Under a given range of temperature 

(1728 – 2428 K), the influence of temperature on the maximum 

convection velocity is less than 9 % and 1% in the laminar and 

turbulent regimes, respectively.   These differences are smaller 

compared to the case of the Fe50Co50 sample 4).  The smaller 

temperature dependence for Zr could be attributed to the fact 

that the temperature dependence of the density and viscosity of 

Fe50Co50 is larger than that of Zr over the simulated temperature 

range. 

From the Reynolds number plot, it can be noticed that at 

Tm+300 K, the flow becomes transitional even with no heater 

control voltage.  It implies that the positioner current alone 

does affect the status of the flow at high temperatures and that at 

Tm+300 K with the positioner control voltage of 8 V, the 

measurement of viscosity or thermal conductivity must not be 

made.  Since the viscosity drops at a rate faster than density   

with an increasing temperature, the Reynolds number becomes 

 

  

Fig. 2 Maximum convection velocity developed inside a molten Zr sample of 6.71 mm in diameter as a function of the heater 

control voltage and temperature.  The positioner control voltage was fixed at 8 V for all cases. 
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larger even with the similar convection velocities.  The 

Reynolds number with 10 V of the heater control voltage at 

Tm+300 K is around 6200.  As is in the case of the convection 

velocity, the Reynolds number in the laminar regime first 

decreases and increases before and after 1 V of the heater 

control voltage and increases in the turbulent regime almost 

linearly. 

In order to examine the influence of positioner current on the 

convection status, more simulations were performed with the 

varying positioner control voltage (6 – 10 V) and the smaller 

heater control voltage (0 – 0.6 V).  The Reynolds number for 

each case was estimated again with the maximum convection 

velocity and tabulated in Fig. 3.  Assuming that the laminar to 

turbulent transition occurs over the range of Reynolds number 

from 500 to 700, the cells were colored in white (laminar), 

orange (transition), and red (turbulent) based on the flow status.  

At undercooled temperatures, the flow remains mostly either in 

the laminar or transition regime over the range of the positioner 

control voltage considered due to the increased viscosity.  In 

contrast, no laminar flow can be obtained at superheated 

temperatures.   

4.2 Application to Viscosity Measurements 

Figure 4 shows a typical temperature-time plot for the 

viscosity measurement.  A solid sample is heated until it is 

melted and superheated up to a desired temperature.  Both the 

positioner and heater control voltages were set at high enough 

values up to the maximum superheated temperature.  As 

depicted in Fig. 1, the heating current exerts an upward and 

downward resultant force to the sample.  High heater current 

may jeopardize the stability of the sample.  Therefore, if the 

heater control voltage increases, the positioner control voltage 

must be also increased to secure the stability of the sample.  In 

the opposite case, if the heater control voltage decreases, the 

positioner control voltage can be reduced.  In Fig. 4, the 

positioner control voltage is also decreased to reduce convection 

 

Fig. 3 Distribution of the Reynolds number as a function of the positioner and heater control voltages. 
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Fig. 4 Temperature-time plot for viscosity measurement. 
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in the sample as the heater control voltage is turned off at the 

maximum temperature.  As soon as the heater control voltage 

is turned off, the sample begins to cool down.  During this 

cooling stage, the sample is oscillated by adding a small amount 

of heater current alternating at the frequency near the natural 

frequency of the sample. Depending on the degree of 

undercooling, a few oscillations can be induced – some possibly 

in the superheated region and some possibly in the undercooled 

region.  With the positioner control voltage of 6 – 10 V, there 

will be a high probability of having turbulence even without 

heater control voltage.  It means that the viscosity data at 

superheated temperatures must be measured with the 

positioning control voltage less than 6 V.  The influence of the 

positioner current on convection is not negligible such that even 

for the undercooled region, it is safer to set the positioner 

control voltage as low as possible to avoid turbulence. 

4.3 Application to Thermal Conductivity and 

Heat Capacity Measurements 

A typical thermal profile for the modulation calorimetry is 

shown in Fig. 5.  After reaching the maximum temperature, 

only the heater control voltage was lowered to a certain amount 

and held to reduce the sample temperature down to the desired 

equilibrium temperature.  For each thermal hold, the 

modulation calorimetry is performed to measure the heat 

capacity and thermal conductivity of the sample.  The range of 

planned thermal hold temperature is from 1923 K to 2193 K.  

Our calculation showed that the required heater control voltages 

are 6.9 V and 8.7 V for the lower and upper equilibrium 

temperatures, respectively.  With such high heater control 

voltages, the EM force field becomes heater-dominent and the 

influence of the positioning control voltage on the convection 

velocity becomes negligible (0.3 % with a span of 6 to 10 V).  

The estimated Reynolds numbers for the lower and upper ends  

 

 

 

are 2550 and 4330 repectively, which implies that under the 

desired range of temperature, the flow will be turbulent.  With 

turbulence, the heat capacity can be measured effectively due to 

the enhanced heat transfer by turbulent mixing, whereas, the 

thermal conductivity cannot be measured due to turbulent 

mixing.   

5. Summary 

Convection inside an EM-levitated Zr sample in microgravity 

was predicted using the MHD model which had been developed 

and experimentally validated in the previous research.  The 

maximum convection velocity and the corresponding Reynolds 

number were predicted under possible combinations of the 

positioner and heater control voltages at various temperatures.  

Based on the predicted convection status, the feasibility of the 

measurement of some thermophysical properties sensitive to 

convection, such as viscosity and thermal conductivity was 

evaluated.  For the case of viscosity, the positioner control 

voltage must be kept below 6 V in order not to induce 

turbulence.  Meanwhile, under the planned range of 

temperature (1923 – 2193 K) for the modulation calorimetry, the 

flow will always be turbulent.  With turbulence, heat capacity 

can be measured effectively with help of turbulent mixing, 

however, thermal conductivity cannot be measured because the 

generated heat in the skin depth area will be transferred mainly 

by convection rather than conduction. 
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Fig. 5 Temperature-time plot for modulation calorimetry. 
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