

Chapter 1
Experimental Setup and Materials
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As illustrated in Figure 1-1a, high vacuum inside the alumina tube is performed from the top
of the tube via a turbo pump (Agilent Twistorr 84FS) coupled with a scroll pump (Varian
300 Triscroll); the vacuum pipeline (thick continuous blue line in Figure 1-1a) is connected
with a sampling line (thin continuous blue line) that uninterruptedly feeds a Residual Gas
Analyzer (RGA) 100 (Stanford Research Systems) with an outlet gas stream to determine its
composition. Thermocouples on both sides of the alumina tube and two vacuum gauges
transmit their analog-type readings to a LabView desktop application developed by the
author via analog transmission lines (orange continuous line in Figure 1-1a). The RGA, the
turbo pump, and temperature controller generates digital-type readings and are transmitted
to the LabView desktop application via digital transmission lines (dashed green lines in
Figure 1-1a). Figure 1-1b clearly shows the desktop running the LabView application and
connected with two screen monitors, one in the front showing the RGA’s analysis results
and the second behind showing all other Input-Output (IO) readings, such as temperature,
vacuum level, temperature control output, and turbo pump power. In Figure 1-1c three key
components of the VFTC’s unit are shown, the heating alumina tube with the insulation
section wrapping the tube inside an aluminum-made rectangular frame, the turbo pump on
the top of the alumina tube (the scroll pump can be seen below on the right side), and the
RGA on the right side.
The VFTC unit is equipped with two layers of insulation on the outside as shown in Figure
1-1b and a set of sixteen vertical 220-volt silicon carbide (SiC) resistive heating elements (I
Squared R Element Co.) with a small air gap to the inner ceramic heating tube. The
cylindrical heating alumina tube (Coorstek) is open ended and holds two alumina crucibles
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(AdValue Tech), one housing the sample and the other, larger in diameter, housing and
protecting the crucible housing the sample. To position the sample within in the heating
zone, another open-ended alumina oxide tube (Sentro Tech) is used to support the crucible.
Both ends of the alumina tube are sealed from the atmosphere using stainless steel (SS)
flanges equipped with a vacuum seal system (MTI Corporation) depicted in Figure 1-2. The
vacuum seal system is based on two high-temperature silicone O-rings separated by a SS
pressing ring and a second SS open-end case flange that holds the O-rings which is attached
to the outer SS flange.

Figure 1--2. SS flange (manufactured by MTI Corporation) used on both ends of the alumina tube
and equipped with a vacuum sealant system to reach vacuum sealant.

Figure 1-2 also shows the porous alumina block that is inserted into the tube to limit the
heat loss on both ends of the alumina tube. The upper SS flange is equipped with a connection
that allows its assembly to connect to a scroll type vacuum pump in line with a turbo pump
while the lower SS flange is sealed from the atmosphere. Details on the specifications of the
heating components (alumina tube, insulation, heating elements, and heating flux controller)
are described in Appendix A.

Temperature Acquisition System
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that the lenses, made of fused silica, is opaque to the IR within the range generated by the
sample at 800-850 °C range.

Figure 1-3. IR images taken through VFTC’s silica-fused viewport having the sample at 800-850 ◦C:
a) single point value (38.6 ◦C) in full visible, b) surface values (26-40 ◦C range) in full IR.

Although dozens of IR materials with the feasibility of being used in optics exist, only a few
offer transparencies beyond the fused-silica’s IR limit of 2 micron (NIR), among them
potassium bromide, sodium chloride, zinc selenide, and zinc sulfide.
The viewport was removed to go back to the original experimental setup (depicted in Figure
1-1) with the turbo pump vertically connected to the alumina tube instead of 90 degrees as
the viewport is the one vertically connected to the alumina tube. The installation of the
viewport also required making a hole on the porous alumina block used to internally insulate
the sample.

Software Data Acquisition System
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Figure 1-4 depicts the schematic of the data acquisition system implemented to retrieve and
save the experimental data generated by sensors (thermocouples and vacuum gauges) and
controllers (embedded in the RGA, furnace, and turbo pump units) via an in-houseimplemented LabView application.

Figure 1-4. Schematic of the LabView-based data acquisition system built
to retrieve and save experimental data generated at the VFTC unit.

As illustrated in Figure 1-4, a set of four k-type 4-input thermocouple modules and one
analog 4-input module are connected in series to the data acquisition system through a RS485
port retrieving a total of 18 readings from 16 k-type thermocouples and 2 vacuum gauges
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respectively. An 8 input R-type thermocouple module is connected to the data acquisition
system through a USB port retrieving a total of 8 readings from equal number of R-type
thermocouples. All three controllers used by the RGA, the heating source, and the turbo
pump are connected to the data acquisition system via RS232 ports.
Data retrieved from the RGA controller includes H2O, O2, N2, CO, and CO2 composition as
well as vacuum level. The VFTC’s controller provides the temperature Set Point (SP) value,
controlled temperature value, power output limit, current power output, and PID parameters.
The turbo pump controller provides readings such as rpm, controller’s temperature, and
output current. Data acquired and displayed was logged and saved in Excel-format files.
Two stand-alone data acquisition application were developed by the author using LabView,
one specifically to acquire and save data generated by the RGA and the other to acquire and
save data generated by the thermocouples, vacuum gauges, furnace controller, and turbo
pump controller. Both applications save the data in independent Excel-format files. An
Excel-based macro merges both files into a single one using their respective time stamps as
baseline.

Lunar Regolith Simulant
The term regolith refers to the layer of loose, unconsolidated rock of all sizes overlying
bedrock; the depth of the regolith is estimated to be between 4 and 5 meters in mare areas,
and 10 to 12 m in highland areas (McKay et al. 1991), and has been determined, using radar
and optical data, to average between 5 and 12 m globally (Shkuratov and Bondarenko 2001).
Lunar regolith simulants are fabricated primarily to simulate the characteristics of actual
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lunar regolith, such as chemical composition and geotechnical properties. JSC-1 (Johnson
Space Center Number One) was the first lunar regolith simulant developed in 1994 under
the auspices of NASA and the Johnson Space Center to approximate the lunar mare samples
collected during the Apollo landings. Unlike Minnesota Lunar Simulant (MLS-1), a basaltic
rock used as lunar regolith simulant mined from a quarry in Duluth, Minnesota, JSC-1
simulates a soil that is poor in titanium. It is a basaltic ash with a high glass content (McKay
et al. 1994). In 2005, NASA contracted with Orbital Technologies Corporation (ORBITEC)
for a second batch of simulant to replicate JSC-1 lunar regolith simulant in three grades,
JSC-1A (less than 1 mm size), JSC-1AF (fine, 27 µm average size), and JSC-1AC (coarse,
a distribution of sizes < 5 mm) (Gustafson, 2009).
JSC-1A lunar regolith simulant was selected and used to run all the experimental runs in this
dissertation work, it was facilitated by researchers from the Granular Mechanics and
Regolith Operations (GMRO) laboratory at NASA Kennedy Space Center. GMRO develops
technologies for handling Lunar and Martian regolith. Table 1-1 contains the JSC-1A lunar
regolith simulant composition reported by Gustafson (2009) in 4th column labeled
“Reported.” The last column of Table 1-1 contains the respective element composition
including oxygen based on the reported metal-oxide composition. The thirteen elements
yielding twelve metal oxides listed in Table 1-1 were used as baseline for the experimental
results. Scanning Electron Microscopy - Energy-dispersive X-ray analysis (SEM/EDX)
analysis was conducted on a sintered JSC-1A sample under helium atmosphere to
experimentally determine the sample’s baseline composition (SEM/EDX analysis on JSC1A sample is described in Chapter 3).
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Table 1-2 shows in the second column the SEM/EDX baseline element composition (see
chapter 3 for details), the fourth column shows the metal-oxide composition derived from
the second-column element composition, the fifth and last columns show the metal-oxide
composition reported by Gustafson (2009) and listed in the fifth column of Table 1-1.

Table 1-1. JSC-1A lunar regolith simulant composition reported by Gustafson (2009) in 4th column
labeled “Reported.” The last column contains the respective element composition including oxygen
based on the reported metal-oxide composition.
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Table 1-2. SEM/EDX on baseline sintered JSC-1A sample (Table 1-1) converted from elements
(second column) to metal-oxides (fourth column). In fifth column results reported by Gustafson,
2009.

The difference in the JSC-1A composition between values experimentally determined via
SEM/EDX analysis and those reported in the literature (Gustafson, 2009) both listed in Table
1-2 (fourth and fifth columns respectively) is not generally substantial, only FeO and MgO
show a significant difference. The composition based on the SEM/EDX analysis is the one
taken as baseline for the experimental results presented and assayed in Chapter 3.

Chapter 2
Thermal Model
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Justification
A key part of the research work is to be able not only to demonstrate experimentally the
feasibility of using a terrestrial-precursor-free thermal-driven-based process to transform
extraterrestrial in-situ resources into usable products but also to estimate the temperature
distribution profile and heat flux throughout the raw material at which it becomes product.
This temperature distribution profile cannot be directly measured as the sample is housed
within double crucibles inside the VFTC that is wholly sealed to hold vacuum conditions.
The thermal model allows the determination of the temperature distribution profile within
all elements inside the alumina tube including not only the sample but also the inner crucible
housing the sample, the outer crucible, the crucible holder, and the porous alumina block
used inside as internal insulation.
As described in Chapter 1, measuring the temperature profile of the surface’s sample was
attempted by modifying the original experimental setup and equipping the top flange with a
viewport to allow an IR camera to measure the temperature profile on the sample surface
and some upper areas of the inner and outer crucibles. Commercially available vacuumoperation viewports are based on fused silica that happens to be basically opaque within the
IR wavelength spectrum blocking any IR thermal radiation transmission from the sample
through the viewport’s lenses. The unfeasibility of directly measuring of the sample’s
surface temperature profile justifies even more the need for a validated thermal model that
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not only determines the sample’s surface temperature profile but also the temperature profile
inside the sample.
Once the thermal model is validated using experimental temperature values (acquired with
thermocouples and IR imaging) along the different surfaces of the VFTC unit the model can
be used to optimize the VFTC operational design, such as the optimal location of the porous
alumina block inside the alumina tube that leads the highest temperature on the sample but
not high enough to exceed the temperature limit of the epoxy used to coat the porous alumina
block and avoid block’s dust contaminating the sample.

Model Spatial Domains
The thermal model is based on eleven 3D coupled domains representing eleven key VFTC
components. Figure 2-1 shows the assembly of six of a total of eleven 3D spatial domains
used in the thermal model, and each domain in Figure 2-1 is individually highlighted in
violet. These 3D domains correspond to a) outer soft insulation, b) inner hard insulation, c)
Sixteen SiC heating rods assembled around the alumina tube, d) fixed top SS flange that is
directly connected to the vacuum generation pipeline and indirectly with the RGA sampling
line, e) removable bottom SS flange that allows loading the sample and holding it during the
test, and f) alumina tube that houses the sample under vacuum conditions. These six 3D
domains have the same dimensions as the equivalent components that are part of the actual
VFTC located at the laboratory and used in the experimental runs (See chapter 1 for details).
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The alumina tube depicted in Figure 2-4f houses the other five 3D domains that are included
in the thermal model. These six domains are shown in Figure 2-2: a) porous alumina block
hanging from the top SS flange used not only as internal insulation but also as thermal shield
to reduce and limit the temperature where two silicon O-rings seal the void formed at the
intersection between the end surface of the alumina tube and the SS flange, b) inner alumina
crucible that houses the sample, c) sample, d) outer alumina crucible that houses the inner
crucible, and e) crucible holder, a hollow alumina cylinder used to raise the crucible housing
the sample to the proper position within the heating zone. These five 3D domains located
inside the alumina tube have also the same dimensions as the equivalent components used
in the experimental runs.

Figure 2-1. Key VFTC's components highlighted in purple.
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Figure 2-2. Assembly inside VFTC's alumina tube.

As indicated in Figure 2-2, vacuum is initiated and maintained at the top of the alumina tube
through a SS flange equipped with two connectors and depicted in Figure 2-1d. The sample
is loaded from the bottom of the alumina tube that is sealed with a detachable SS flange.
Some key domains present in the actual VFTC are omitted in the thermal model as their role
on the sample’s temperature distribution profile is negligible and add unnecessary
complexity to the model. These domains neglected in the model include: 1) four silicon Orings used to externally wrap the alumina tube against an extension of both the top and
bottom SS flanges (two O-rings per flange) sealing the alumina-flange contact on the top
and the bottom of the alumina tube, 2) two SS wires that hold the porous alumina block and
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hang from the top SS flange, and 3) the SS separator used between the two O-rings in each
one of the two SS flanges.

Heat Transfer Mechanisms
The thermal model includes the following heat transfer mechanisms:

1) Conduction heat transfer mechanism is computed within all eleven domains listed above
and depicted in Figures 2-1 and 2-2. As the void volume inside the tube is under vacuum,
heat transfer by conduction within this void volume is basically nonexistent and there is
no need for having a domain filling the void volume inside the alumina tube.

2) Natural and forced convective heat transfer mechanisms are neglected within all eleven
solid domains including the sample in its molten/liquid phase, but natural and forced
convective heat transfer mechanisms play a significant role at the outer surfaces of four
domains (alumina tube, soft outer insulation, and both flanges) as their surfaces are
exposed to the laboratory surroundings and air flow caused by two fans operated above
the top SS flange and underneath the bottom SS flange. The outer surfaces of the soft
outer insulation and the alumina tube are mainly under natural convective heat transfer
mechanism while the top and the bottom SS flanges are mainly under forced convective
heat transfer mechanism due to the small fans that operate near both flanges to reduce
and limit the temperature of the O-rings used to seal the void formed by the flange-tube
contact.
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3) Net thermal radiation exchange between surfaces correctly assumes radiation heat

transfer between the model’s domain surfaces are separated by a medium (in this case
not a medium but a vacuum domain, that does not, as in vacuum, emit, absorb, or scatter),
a nonparticipating medium that is completely transparent to thermal radiation. The key
domain properties needed to compute net thermal radiation exchange between surfaces
are the material-based emissivity and the surface-orientation-based view factor. Net
thermal radiation exchange between surfaces is computed in the model not only between
the outer surfaces of all six domains depicted in Figure 2-2, inside the alumina tube but
also on the outer surfaces of another four domains that, as depicted in Figure 2-1, are
exposed to the ambient-temperature surrounding. Besides the thermal radiation
interchange between all outer surfaces of the six domains placed inside the alumina tube,
two more additional surfaces need to be added to this net thermal radiation exchange,
the bottom and top SS flanges areas that seal the tube at both ends. The model treats net
thermal radiation exchange between surfaces as a process that transfers energy directly
between boundaries (the domain's surfaces). The radiation therefore contributes to the
boundary conditions rather than to the heat equation itself.
Thermal radiation in participating media considers radiation heat transfer between surfaces
that are separated by a medium that does emit, absorb, or scatter thermal radiation through
its entire volume. Absorption, emission, and scattering are a function of the wavelength and
happen at all locations within the medium, which make it mathematically very difficult thus
demanding significant computational time. Thermal radiation in participating media is
currently computed by the thermal model within four domains, the tube, both crucibles, and
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the sample as they are the most relevant high-temperature participating media. The thermal
model assumes no gaseous medium (spectral effects are more pronounced in gases than in
solids) as the operation under vacuum generates gases at very low partial pressure and
density, their spectral effect is basically negligible.

Modeling Software
COMSOL Multiphysics® is a general-purpose software platform, based on advanced
numerical methods, for modeling and simulating physics-based problems. COMSOL's Heat
Transfer Module was used to define and solve the thermal model. The Heat Transfer Module
is an optional package that extends the COMSOL Multiphysics® modeling environment with
customized physics interfaces for the analysis of heat transfer. The Heat Transfer Module
can be used to study the three types of heat transfer in detail, expanding the analyses that are
possible with the core COMSOL Multiphysics® simulation platform. To describe
conduction that occurs in any material, the thermal conductivity can be defined as isotropic
or anisotropic, and it may be constant or a function of temperature (or any other model
variable). Convection accounts for the motion of fluids in heat transfer simulations. The
model allows the use of features for modeling pressure work; viscous dissipation; as well as
forced and free (or natural) convection. Natural convection is automatically modeled when
the gravity (or reduced gravity) option is selected in the Single-Phase Flow interface. The
Heat Transfer Module enables the user to model surface-to-surface radiation using the
radiosity method as well as radiation in participating media using the Rosseland
approximation, P1 approximation or discrete ordinate method (DOM). The Rosseland
approximation is the simplest and less computational demanding approach to model thermal
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radiation in participating media and recommended for use in problems where the absorption
length is greater than 3 (1/m). The Rosseland radiation model differs from the P1 model in
that the Rosseland model assumes that the intensity is the black-body intensity at the medium
temperature. In the P1 model, it is assumed that the radiative intensity can be expressed as a
Fourier series which is variable separated into a function depending on coordinates and
another on the direction. DOM is one way to approximately solve the Radiative Transfer
Equation (RTE) that governs the thermal radiation within participating media, by
discretizing both the xyz-domain and the angular variables that specify the direction of
radiation (Crnjac et al. 2017). Radiative beam can be also modeled in absorbing media
radiation using the Beer-Lambert law and couple the effect with other forms of heat transfer.
The Beer-Lambert law (or Beer's law) states that the relationship between absorbance and
concentration of absorbing species is linear.
The mathematical models in COMSOL are discretized by the Finite Element Method (FEM),
The discretized equations are solved and the results are analyzed, hence the term finite
element analysis. The description of the laws of heat transfer physics for space- and timedependent problems are expressed in terms of partial differential equations (PDEs). These
discretization methods approximate the PDEs with numerical model equations, which can
then be solved using numerical methods by COMSOL. The solution to the numerical model
equations are, in turn, an approximation of the real solution to the PDEs. The finite element
method (FEM) is used to compute such approximations.
The COMSOL Optimization Module, an add-on package that can be used in conjunction
with any existing model built using COMSOL Multiphysics® to iteratively run the model
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changing the model’s parameter values until the specific objective is reached. This was used
to iteratively handle the process constraint that requires reaching the temperature setpoint
value in a specific location of the alumina tube by managing the heat flux provided by the
heating elements. The COMSOL Optimization Module was also used to determine
convective heat transfer coefficients by minimizing the error on the predicted temperature
values throughout the 3D surface of the VTFC unit.
The COMSOL Optimization Module includes two different optimization techniques:
Derivative-Free and Gradient-Based optimization. Derivative-Free optimization is useful
when the objective functions and constraints may be discontinuous and do not have analytic
derivatives. Five Derivative-Free methods are available in the Optimization Module: Bound
Optimization by Quadratic Approximation (BOBYQA) method, the Constraint Optimization
by Linear Approximation (COBYLA) method, Nelder-Mead method, and the Monte Carlo
method. Gradient-Based optimization computes the exact analytic derivative of the objective
and constraint functions using the adjoint method of the SNOPT optimizer. A second
gradient-based algorithm is a Levenberg-Marquardt solver. A third method, the Method of
Moving Asymptotes (MMA), The advantage of the gradient-based method is that it can
address problems involving hundreds, or even thousands, of design variables with very low
increase in computational cost as the number of design variables increases. The Adjoint
method simultaneously computes all analytic derivatives, whereas the derivative-free
method has to approximate each derivative and takes more time as the number of design
variables increases.

Material Thermophysical Properties
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Five material types are used in the model, alumina, stainless steel, hard and soft insulation,
and JSC1-A lunar regolith simulant, see Appendices B and C for details. Alumina’s
thermophysical properties available in COMSOL Material Library are used in the model for
five of the six domains depicted in Figure 2-2, the porous alumina block, inner and outer
crucibles, crucible holder, and alumina tube. Thermophysical properties of the insulation and
stainless-steel are also available in the COMSOL Material Library for soft/hard insulation
and flange domains depicted in Figure 2-1. A summary of the thermophysical properties of
all these four material types (alumina, stainless-steel, soft and hard insulation) used in the
VFTC’s thermal model are posted in appendix B.
In contrast with the thermophysical properties of the above four materials used in the VFTC
thermal model, such as alumina, stainless-steel, and soft/hard insulation that have been
extensively validated and documented, thermophysical properties of JSC-1A simulant lunar
regolith, the sample domain depicted in Figure 2-2, have been barely validated and
documented at high temperature. VFTC thermal model uses thermophysical properties of
lunar regolith modeled and reported by Schreiner et al., 2016. These modeled
thermophysical properties include density, specific heat, latent heat of melting, thermal
conductivity, electrical conductivity, optical absorption length, Gibbs Free Energy, and
Enthalpy of Formation of lunar regolith. These models are rooted in data from hundreds of
minerals including Apollo samples and analogous materials published in over 25 articles in
the literature. The models describe how regolith’s thermophysical properties depend on
temperature, a critical aspect in many thermal-driven engineering applications, especially
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within the field of ISRU. To allow these property models to be used across a wide range of
temperature regimes, the experimental data and fits of the data are not limited to solid
granular regolith only, but also extend to the molten (liquid) regolith. Appendix C
summarizes the approaches used by Schreiner et al., 2016 to estimate the thermophysical
properties (heat capacity, thermal conductivity, density, and optical absorption length)
required to conduct thermal modeling on granular and molten phases of lunar regolith.
The VFTC thermal model includes thermal radiation in participating media within the
sample (JSC1-A Simulant lunar regolith) as the sample reaches high temperature at which
thermal radiation in participating media becomes the dominant heat transfer mechanism
within the sample superseding conduction heat transfer mechanism. The major uncertainty
on thermophysical properties of both JSC1-A Simulant and actual lunar regolith is the optical
absorption length that governs the transmission of thermal radiation through semitranslucent medium as reported values in sinter and molten phases are essentially
nonexistent. Sibille and Dominguez (2012) used wavelength-dependent data reported on
molten glasses to represent absorption length of lunar regolith and fit it with a step function
of 0.3 cm-1 for wavelengths below 2750 nm and 4 cm-1 above 2750 nm. The upper value of
the step function compares well with those of Arndt et al. (1979) for basalt and anorthosite
samples at higher wavelengths, but the drop to lower absorption lengths at lower
wavelengths remains to be validated. Schreiner et al., 2016 weighted this step function by
the Planck black body energy density and integrated over all wavelengths to determine the
average absorption length as function of temperature as described in Appendix C.

22
The thermal model uses the temperature-dependent regression function proposed by
Schreiner et al., 2016 to estimate the absorption length of the sample domain (JSC1-A
Simulant lunar regolith) depicted in Figure 2-2. Thermophysical properties that include heat
capacity at constant pressure, thermal conductivity, density, and optical absorption length
modeled by Schreiner et al., 2016 and used in the thermal model are summarized in
Appendix C.

Model Assumptions
The assumptions in the thermal model are basically intended to reduce computational
complexity without compromising the reliability of the model on emulating the actual
thermal-driven process. Besides the fact that, as stated above, some VFTC elements are
omitted as model domains since they do not significantly contribute to the temperature
distribution profile within the sample, other assumptions on domain thermophysical
properties, heat transfer mechanisms, and heat flux symmetry are used in the thermal model.
These assumptions include:

1) Heat flux generated by sixteen evenly distributed heating rods around the alumina tube
and located between the outer side of the alumina tube and the hard insulation is
simplified to an equivalent heat flux source occupying a tubular area wrapping the outer
side of the alumina tube and generating heat flux toward the outer side of the alumina
tube and the hard insulation.

2) Due to the demanding computational effort to model thermal radiation in participating
media, the thermal model computes it only within key domains, the sample (Simulant
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lunar regolith), the crucibles (alumina) and the alumina tube as these domains are those
that reach the highest temperature values at which thermal radiation in participating
media becomes relevant.

3) Symmetric 3D VFTC geometry having heat flux coming from evenly distributed heating
elements around the alumina tube leads to symmetric temperature distribution allowing
the model to use one symmetric half of the entire VFTC domain illustrated in Figure 23, saving significant computational time. The one-half splitting areas are set as
symmetric boundaries. Symmetry in temperature distribution was experimentally
verified by acquiring temperature values using not only thermocouples installed along
oppose sides of the bare sections (top and bottom) of the alumina tube but also scanning
the outer surface of the entire VFTC via a high-temperature IR camera.

Figure 2-3. Two views of the domain utilized in the thermal
model. As symmetry is assumed only half of the actual
domain is modeled.

4)
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Thermophysical properties of all domains are isotropic, all materials used in the VFTC
domains have in general identical values of a thermophysical property in all directions.

5) While optical absorption length, a measure of thermal radiation absorbed in participating
media, is estimated for the crucibles (Appendix B) and the sample (Appendix C, Figure
2C), the scattering coefficient, a measure of the ability of thermal radiation to scatter in
participating media, is not considered in the thermal model using only the absorption
length to compute the thermal radiation in participating media.

6) Natural and forced convective heat transfer coefficients are constant but with different
values on seven different outer VFTC surface sections that include top and bottom
flanges, top, bottom and front sides of the soft insulation, top and bottom bare-alumina
tube sections. These seven convective heat transfer coefficient values are estimated by
fitting experimental temperature values acquired, via thermocouples and IR camera, on
these VFTC surface sections.

Mathematical Formulation
The general heat transfer equation used in the model is derived from the fundamental law
governing all heat transfer, the first law of thermodynamics also known as the principle of
conservation of energy expressed in temperature terms:

𝜕𝑇
𝑇 𝜕𝑝 𝜕𝑝
𝜌𝐶𝑝 ( + (𝑢. 𝛻)𝑇) = −(𝛻. 𝑞) + 𝜏: 𝑆 −
( + (𝑢. 𝛻)𝑝) + 𝑄
𝜕𝑡
𝑝 𝜕𝑇 𝜕𝑡
Where

(2.1)

𝜌

= density (kg/m3)

𝐶𝑝

= Heat capacity at constant pressure (J/(kg.K))

𝑇

= Temperature (K)

𝑢

= Velocity vector (m/s)

𝑞

= Conduction heat flux (W/m2)

𝑝

= Pressure (Pa)

𝜏

= Viscous stress vector (Pa)

𝑆

= 2 (𝛻𝑢 + (𝛻𝑢)𝑇 ) Strain-rate tensor (s-1)

𝑄

= Heat sources other than viscous heating (W/m3)
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1

The heat transfer interface expressed in the first term on the right of Equation (2.1) uses
Fourier’s law of heat conduction, which states that the conductive heat flux, q, is proportional
to the temperature gradient:

𝑞𝑖= − 𝑘

𝜕𝑇
𝜕𝑥

(2.2)

Where 𝑘 is the thermal conductivity (W/(m·K)). The model assumes isotropic thermal
conductivity (the same values in all different directions) for all the domains.
The second term on the right of Equation (2.1) represents viscous heating of the fluid. This
term is dropped as the model does not deal with any type of fluid. All domains in the model
are solid, the sample reaches melted/liquid phase but it does not flow.
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The third term on the right of Equation (1) represents pressure work and is responsible for
the heating of a fluid under adiabatic compression. This term is also dropped as the sample
is under vacuum and not under compression.
Inserting Equation (2.2) into Equation (2.1), reordering the terms and dropping viscous
heating and pressure work as stated above leads to the heat equation:

𝜌𝐶𝑝

𝜕𝑇
+ 𝜌𝐶𝑝 𝑢. 𝛻𝑇 = 𝛻. (𝑘𝛻𝑇) + 𝑄
𝜕𝑡

(2.3)

The second term on the left of Equation (2.3) is dropped as velocity is zero (not fluid) for all
the domains in the model leading to the fundamental conductive heat equation:

𝜌𝐶𝑝

𝜕𝑇
+ 𝛻. (−𝑘𝛻𝑇) = 𝑄
𝜕𝑡

(2.4)

The model couples the fundamental heat transfer Equation (2.4) with five different heat
transfer interfaces, four interfaces at the domain boundaries (natural convection, forced
convection, surface-to-ambient thermal radiation, and surface-to-surface thermal radiation)
and one interface within the entire domain volume (thermal radiation with participating
media).
Natural and forced convective heat transfer interface at the boundaries are modeled by
specifying the heat flux on the boundaries that interface with the solid domain as being
proportional to the temperature difference across a fictitious thermal boundary layer.
Mathematically, the heat flux is described by the equation:
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−𝒏. (−𝑘𝛻𝑇) = ℎ(𝑇𝑖𝑛𝑓 − 𝑇)

(2.5)

Where ℎ is a heat transfer coefficient and 𝑇𝑖𝑛𝑓 the temperature of the external fluid far from
the boundary. The main difficulty in using heat transfer coefficients (ℎ) is in calculating or
specifying the appropriate value of the coefficient. That coefficient depends on the cooling
fluid, the fluid’s material properties, and the surface temperature, and on the cooling-fluid
flow rate for forced-convection heat flux. In addition, the geometrical configuration affects
the coefficient. The model uses built-in functions for heat transfer coefficients. For most
engineering purposes, the use of these coefficients is an accurate and numerically efficient
modeling approach.
Surface-to-ambient thermal radiation interface at the boundaries exposed to the ambient or
surroundings is modeled as:

𝑞 = 𝜀𝜎(𝑇𝑎𝑚𝑏 4 − 𝑇 4 )

(2.6)

Where 𝜀 is the surface emissivity, 𝜎 is the Stefan-Boltzmann constant (a predefined physical
constant), and 𝑇𝑎𝑚𝑏 is the ambient temperature.
A surface-to-surface thermal radiation interface at the boundaries exposed to other
boundaries requires accurate evaluation of the mutual irradiation, Gm. The incident radiation
at one point on the boundary is a function of the exiting radiation, or radiosity, J (W/m2), at
every other point in view. The radiosity, in turn, is a function of Gm, which leads to an
implicit radiation balance:

𝐽 = (1 − 𝜀)𝐺 + 𝜀𝜎𝑇 4 = (1 − 𝜀){𝐺𝑚 (𝐽) + 𝐺𝑒𝑥𝑡 + 𝐹𝑎𝑚𝑏 𝜎𝑇𝑎𝑚𝑏 4 } + 𝜀𝜎𝑇 4
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(2.7)

The strategy for evaluating view factors is central to any radiation simulation. A view factor
is basically a measure of how much influence the radiosity at a given part of the boundary
has on the irradiation at some other part. The quantities 𝐺𝑚 and 𝐹𝑎𝑚𝑏 in Equation 7 are not
strictly view factors in the traditional sense. 𝐹𝑎𝑚𝑏 is the view factor of the ambient portion
of the field of view, which is considered to be a single boundary with constant radiosity. Gm,
on the other hand, is the integral over all visible points of a differential view factor times the
radiosity of the corresponding source point. In the discrete model, it can be thought of as a
product of a view factor matrix and a radiosity vector.
The model performs a separate evaluation for each unique point where Gm or 𝐹𝑎𝑚𝑏 is
requested, typically for each quadrature point during solution. Differential view factors are
normally computed only once, the first time they are needed, and then stored in memory
until next time the model definition or the mesh is changed. View factors are always
calculated directly from the mesh, which is a polygonal, flat-faceted representation of the
geometry. To improve the accuracy of the radiation heat transfer simulation, the mesh must
be refined rather than raising the element order.
The balance of the radiative intensity for thermal radiation in participating media including
all contributions (propagation, emission, absorption, and scattering) is modeled as:

𝜎𝑠 4𝜋
𝛺. ∇𝐼(𝛺) = 𝜅𝐼𝑏 (𝑇) − 𝛽𝐼(𝛺, 𝑠) +
∫ 𝐼(𝛺)𝛷(Ώ, 𝛺)𝜕Ώ
4𝜋 0

(2.8)
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Where

𝐼𝑏 (𝑇) =

𝑛2 𝜎𝑇 4
𝜋

(2.9)

Equation (2.9) is the blackbody radiation intensity, and 𝑛 is the refractive index of the media.

𝛷(Ώ, 𝛺) is the phase function that gives the probability that a ray from the Ώ direction is
scattered into the 𝛺 direction. The phase function definition 𝛷(Ώ, 𝛺) is material dependent,
its definition can be complicated and it is common to use approximate values as 1/4π if
isotropic scattering is assumed.

Model Validation Approach
Natural/forced convective coefficients on seven different VFTC surface sections (the top and
bottom flanges, the top, bottom, and front of the soft insulation, and the top and bottom of
the bare alumina tube) were determined and tuned via COMSOL’s Optimization Module by
minimizing the total error between model and experimental temperature values along the
outer surfaces of these seven VFTC surface sections. COMSOL’s Optimization Module also
is set to iteratively determine the heat flux provided within the heating zone that allows the
thermal model to reach the temperature set point value located at 700 mm (Figure 2-16) from
the top to down of the alumina tube. The R-type thermocouple located at this position (700
mm) is actually connected to the VFTC heat controller. For the thermal model this
temperature set point is actually an objective value used by the Optimization Module to
iteratively determine the needed heat flux that leads to reaching this temperature set point
value at 700 mm down on the outer bare alumina tube. Without the Optimization Module,
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the thermal model needs to be run manually guessing a heat flux value in each run until the
modeled temperature value at the set point thermocouple position (700 mm down on the
outer bare alumina tube) gets a value close to the set point value within ±2 ◦C error.
Besides the thermocouples installed along the alumina tube to acquire experimental
temperature values on the bare surface of the alumina tube including the section wrapped
and covered with the insulation, a high-temperature infrared (IR) camera (Fluke® Ti400
model) was used to acquire outer surface temperature values on the top and bottom sections
of the alumina tube, the soft insulation, and top and bottom flanges. Figure 2-4a illustrates
the sections scanned by the IR camera to acquire their temperature distribution while Figure
2-4b illustrates the location of the thermocouples along the outer surface of the alumina tube
to acquire discrete the VFTC surface sections values (mainly in the section wrapped and
covered by the insulation).
The estimation of seven convective heat transfer coefficients on the outer surfaces shown in
Figure 2-4a, top and bottom of SS flanges, top and bottom of bare alumina tube, and front,
top and bottom of the soft insulation were conducted by minimizing the error between the
experimental IR-camera temperature readings on these seven sections along with the
thermocouple temperature readings along the alumina tube as shown in Figure 2-4b.
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Figure 2-4. VFTC’s locations (in purple) for
temperature acquisition using a) IR camera and
b) thermocouples.

The optimization/minimization involves four steps. First, definition of the error as the
objective function. Second, selection of the heat flux provided at the heating zone along with
a set of seven convective coefficients corresponding to seven VFTC surface sections shown
in Figure 2-4a as design variables. Third, definition of a set of constraints on the heat flux
and the convective heat transfer coefficients (the design variables), such as the fact that the
optimal values have to be in an expected range of values reported in the literature. Last,
execution of the Optimization Module that changes the design variables (convective heat
transfer coefficients), while satisfying the imposed constraints (convective heat transfer
coefficient values within the expected range) until it satisfies the objective function (minimal
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total error on a selected set of modeled temperature values compared with equivalent
experimental data).

Experimental Case Study to Validate Model
A first case conducted at 1,100 C as operating temperature set point is used here to show
how the convective heat transfer coefficients were determined via the COMSOL
Optimization Module. A second case conducted at 1,000 C as operating temperature set point
is executed using the thermal model with optimized convective heat transfer coefficients
generated in the first case is then corroborated by comparing modeled and experimental
temperature values. In these two cases besides the fact they run at different operating
temperature set points, only the second case was conducted without internal insulation (a

porous alumina block near to the crucible). Both cases were conducted at the same heating
rate (2 Celsius/minute) and soak temperature-setpoint time (one hour). As stated in Chapter
1, two systems were used to acquire temperature values throughout the outer surface of the
VTFC’s unit, thermocouples and a FLUKE Ti400 high-temperature IR camera.

IR-based Experimental Data
The FLUKE Ti400 high-temperature IR camera was used to acquire temperature values on
different VTFC’s sections illustrated in Figure 2-4a. These sections include the bare sections
of the top and bottom sections of the alumina tube, the front section of the soft insulation,
and the upper sections of the top and bottom SS flanges. FLUKE Ti400’s software allows
the edition of the IR images to retrieve the temperature values along straight or rounded lines
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(blue area) calculated along the red straight line is 56 C, b) the insulation (yellow-green area)
calculated throughout the inner area of the triangle is 123 C, and c) aluminum-insulation
combination calculated throughout the inner area of the rectangle drawn along the edges of
Figure 2-9 is 80 C.

Figure 2-9. Average temperature values acquired by
the IR camera on three sections (limited in red lines)
of the outer front of soft-insulation surface.
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Figure 2-14a. Figures 2-14c show the IR image cropped from image 2-14b with the
respective temperature-value legend listed on the left of the image.

Figure 2-15. Average temperature (50 C) acquired by IR
camera on the section limited by the white line and
drawn on the upper side of the bottom SS flange (Fig.
12c).

Figure 2-15 depicts the inner area drawn in Figure 2-13c using a white continuous line.
Average temperature, 50 C, is computed using all values acquired within this inner area and
assigned as the experimental temperature value throughout the upper section of the bottom
SS flange domain.
FLUKE Ti400 IR camera allows the acquisition of continuous temperature values along both
surface sections of the bare alumina tube, front side of the soft insulation, and average values
for both SS flanges, Direct reading of temperature on the sample was attempted through a
commercially available high-vacuum-sealed viewport equipped with a silica fuse glass that
is basically opaque for almost the entire IR range (0.7 to 1,000 microns), fuse glass
transmission drops dramatically at 2 microns. The only VTFC’s surface section that IR
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camera cannot be used to acquired temperature values is the alumina tube wrapped by the
hard insulation leading to the need of thermocouple along this section.

Thermocouple-based Experimental Data
Thermocouples were used mainly to acquire and record continuously temperature values
along the alumina tube primarily in the section underneath the insulation where the heating
zone is located and the highest controlled temperature is achieved. The IR camera cannot
be used to acquire temperature values along this section as it is blocked by the hard insulation
that wraps the alumina tube.

Figure 2-16. K-R-type thermocouple layout
along alumna tube.
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A total of 24 thermocouples (8 R-type and 16 K-type) were used to acquire temperature
values along opposite sides of the alumina tube, an additional R-type thermocouple (for a
total of 25 thermocouples) was used on one side of the alumina tube to control the
temperature based on the set point value set in the VFTC controller. Figure 2-16 depicts the
layout and position of the 25 thermocouples installed along the alumina tube, the
thermocouple tags in Figure 2-16 contain the thermocouple type (K or R), ID (0-7 for R type
and 0-15 for K type), and the respective location in mm starting from the top of the alumina
tube.

SP = 1,100 C

Figure 2-17. Thermocouple values acquired in one side of the alumina tube.
Green dot represents the thermocouple reading acquired at 700 mm and used by
VFTC temperature controller as temperature setpoint.

As illustrated in Figure 2-16, a total of 4 R-type and 8 K-type thermocouples were used in
each side of the alumina tube, 4 R-type thermocouples along with 4 K-type thermocouples
were used underneath the insulation to acquire temperature values along the alumina tube
within the heating zone, the other 4 k-type thermocouples were used on top and bottom
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sections of the alumina tube, 2 thermocouples on each section. As seen in Figure 2-16, an
additional R-type thermocouple labeled as “Ctrl” with green-border tag was used on the right
side of the alumina tube, this thermocouple is connected to the VFTC temperature controller
and used to set the heat flux output at the heating zone to reach the temperature set point
value, set at the controller, in this thermocouple.
Figure 2-17 depicts thermocouple values acquired along one side of the alumina tube
including the thermocouple value (dot filled with green color) used by VFTC’s temperature
controller. The thirteen temperature values in Figure 2-17 were acquired by the thirteen
thermocouples illustrated on the right side of the alumina tube in Figure 2-16.

Convective Coefficients via Experimental Data
Optimization
The model’s natural/force convective heat transfer coefficients on seven different VFTC’s
outer surface sections along with the heat flux value at the heating zone were iteratively
determined via COMSOL’s Optimization Module. The optimal values of these seven
coefficients are determined by the Optimization Module by minimizing the objective
function that is set as the total error between selected experimental temperature values and
the temperature values predicted by the thermal model.
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0RGXOHUHVSHFWLQJWKHYDOXHFRQVWUDLQVLPSRVHGE\H[SHFWHGOLWHUDWXUHEDVHGYDOXHVXQGHU
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similar conditions until the predicted values yielded by the model reaches the minimum error
with respect to the corresponding experimental values.

Table 2-1. Final design variable values yielded by COMSOL Optimization Module by
minimizing the total error with respect to actual temperature values and setting a
temperature value at 700 mm equal to a temperature setpoint value of 1,100 C.

Table 2-1 displays the values of the eight final design variables (seven convective heat
transfer coefficients and the heat flux at the heating zone) along with their respective
constrains. These design variable values were iteratively determined by the thermal model
with the assistance of the Optimization Module yielding the minimal value on the total error
displayed in table 2-2. The COMSOL optimization module yielded convective heat transfer
coefficient values for the upper sides of the bottom and top SS flanges (17.4 and 22.3 w/Km2 respectively) higher than the other five values agreeing with what it was expected as fans
were installed close to these two sides increasing the forced convection heat transfer
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coefficient and making them higher that the other five coefficients that are basically natural
convective types.
Table 2-2 shows the sixteen temperature values selected and used in the Optimization
Module to compute and minimize their individual error on predicting their actual values
along the alumina tube. The second column labeled Type lists the system used to acquire the
actual (experimental) values, IR (Infrared camera), K (K-type thermocouple), R (R-type
thermocouple), and Ctrl (R-type for controlled temperature).

Table 2-2. Final sixteen temperature values predicted by the
model along the alumina tube and iteratively found by
COMSOL Optimization Module by minimizing the total error
with respect to actual temperature values.
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The third column labeled Distance shows the distance from the top of the alumina tube in
mm where the thermocouple is located. The fourth and fifth columns labeled Actual and
Model respectively show the experimental/actual values acquired experimentally and the
predicted/modeled values yielded by the thermal model with the assistance of the
Optimization Module.
Table 2-3 shows the ten temperature values selected and used in the Optimization Module
to compute and minimize their individual error on predicting their actual values along the
outer surface of the soft insulation. As shown in the last row of Figure 2-2, the average error
for all sixteen predicted temperature values was 3.2%. Only two of the sixteen predicted
temperature values showed a large error value to the actual value, 18.8% and 13.1%
corresponding to readings located on 216 and 268 mm respectively, still far from 400-700mm heating zone where the sample is located.
As in Table 2-2, the second column in Table 2-3 labeled Type lists the system used to acquire
the actual (experimental) values, in this case all values were acquired via IR camera (Type
IR). The third column labeled Distance shows the distance from the top of the soft insulation
in mm where the thermocouple is located. The fourth and fifth columns labeled Actual and
Model respectively show the experimental/actual values acquired experimentally and the
predicted/modeled values yielded by the thermal model with the assistance of the
Optimization Module. Table 2-3 also includes in separate rows the actual and predicted
averaged temperature values on both SS flanges.
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The predicted average error (9.3%) on the ten predicted temperature values on the insulation
surface was three times higher than the average error (3.2%) on the sixteen predicted
temperature values on the tube’s outer surface, a reason on this difference might be explained
taking in account the noisy nature of the insulation’s temperature reading due to the nonhomogeneous surface (insulation and aluminum screen) with scattered temperature values.
The average error on the insulation’s surface temperature values might seem relatively high
compared with the average error on the predicted tube’s surface temperature values but it is
not critically high considering the large distance that separate both surfaces.

Table 2-3. Final ten temperature (insulation) and averaged values
(SS flanges) predicted by the model iteratively found by
COMSOL Optimization Module by minimizing the total error
with respect to actual values.
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As illustrated in last row of Table 2-3, the average error on the predicted average temperature
value on the upper surface of both SS flanges (3.3%) is low and similar to the tube’s surface.
Figures 2-19 and 20 depict both experimental and modeled temperature values along the
outer surface of the alumina tube and the insulation based on Tables 2-2 and 2-3 respectively.
Figures 2-21 depicts the 3D temperature profile yielded by the COMSOL-based thermal
model on VTFC unit using the parameters determined by COMSOL’s Optimization Module
and listed in Table 2-1.

SP = 1,100 C

Figure 2-19. Experimental (acquired by IR camera and thermocouples) and
modeled (yielded by COMSOL’s Optimization Module) temperature values
along one side of the alumina tube having 1,100 C as temperature setpoint
(green dot).
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Figure 2-20. Experimental (acquired by IR camera) and modeled (yielded by
COMSOL’s Optimization Module) temperature values along one side of the
insulation having 1,100 C as temperature setpoint at 700 mm in the alumina
tube.

The temperature profile depicted in Figure 2-21 was generated by minimizing the predictedvalue error on a total of twenty-eight temperatures, sixteen along the alumina tube (Table 2),
ten along the soft insulation (Table 2-3), and two averaged values on both top and bottom
SS flanges (Table 2-3). Figures 2-22, 2-23 and 2-24 depict the temperature profile on key
individual VTFC domains shown in Figure 2-21, such as sample, crucible, alumina tube, and
insulation.
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Thermal Model Validation
$IWHUHVWLPDWLQJFRQYHFWLYHKHDWWUDQVIHUFRHIILFLHQWVDURXQGWKH9)7&XQLWVXUIDFHGXULQJ
H[SHULPHQWDO UXQV E\ PLQLPL]LQJ WKH HUURU RQ WZHQW\HLJKW SUHGLFWHGWHPSHUDWXUH YDOXHV
VL[WHHQDORQJWKHDOXPLQDWXEHWHQDORQJWKHLQVXODWLRQWZRDYHUDJHGYDOXHVRQERWKWRS
DQGERWWRP66IODQJHV WKHWKHUPDOPRGHOZDVYDOLGDWHGXVLQJH[SHULPHQWDOGDWDDFTXLUHG
IURP DQ RSHUDWLQJ VHWXSWKDW KDG QRW RQO\ GLIIHUHQWWHPSHUDWXUH VHW SRLQW YDOXHV EXW DOVR
LQWHUQDOLQVXODWLRQYLDDQSRURXVDOXPLQDEORFNKDQJLQJIURPWKHWRS66IODQJHDQGJHWWLQJ
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close to the top of the crucible housing the sample as shown in Figure 2-2. The alumina block
has cylindrical shape with 90-mm diameter and 127-mm length. The block is porous and has
a clearance of 10 mm with the tube’s wall to facilitate vacuum throughout the tube. It is
desirable having the Alumna block on both sides of the crucible housing the sample but due
to the vertical orientation of the tube the crucible’s holder occupies the volume underneath
the crucible thus not leaving room for a second alumina block on the bottom side of the
crucible.
As in all cases, the thermal model coupled with the Optimization Module uses the heat flux
on the heating zone as a design variable subject to a temperature-set point constraint. The
Optimization Module iteratively sets the heat flux value to be used in the thermal model, the
model’s output (temperature value in the set point location) in each iteration is compared by
the Optimization Module with the controller’s set point value and then sets a new heat flux
value to run the thermal model again until the heat flux value set iteratively by the
Optimization Module leads to a temperature value at the controller thermocouple’s position
(700 mm) close to the temperature set point value set in the VFTC’s temperature controller
with an error of ±2 Celsius.
Figure 2-24 depicts the experimental and modeled values for an experimental run having
1,000-C set point and an alumina block on top of the sample hanging from the top SS flange.
The insulation created by the alumina tube allows reaching relative higher temperature on
the crucibles leading to relative higher temperature within the sample as illustrated in Figure
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2-24. Figure 2-25 depicts the temperature profile on the sample as the temperature profile
along the alumina tube is that depicted in Figure 2-24.

SP = 1,000 C

Figure 2-24. Model validation (black line) using thermocouple values
acquired on both side of the alumina tube. Experimental setup includes
internal insulation via a porous alumina block. Green dot represents the
thermocouple setpoint reading (1000 C) acquired at 700 mm.

Figure 2-25. Top (a) and bottom (b) views of the 3D temperature profile on
the lunar regolith sample yielded by the COMSOL-based thermal model using
optimized parameters listed in Table 1. a) top view, b) bottom view.

Summary and Conclusions
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A rigorous 3D thermal model was implemented and successfully validated using
experimental temperature values along the VFTC outer surface. The thermal model is aimed
to estimating the temperature distribution profile within all elements inside the alumina tube
including not only the sample but also the crucible housing the sample, the sample’s crucible
holder, and the porous alumina block used inside as internal insulation.
Besides the fact that the thermal model estimates, in a reasonable degree of confidence, the
temperature profile on the sample by knowing the temperature set-point value on the outer
surface of the alumina tube, the model was also beneficial in weighting: a) the magnitude of
the temperature gradient along the tube that might explain the upwards migration of the melt
(discussed in chapter 5), and b) the optimal position of the porous alumina block (shown in
Figure 2-2) having a maximum allowable temperature due to the coating applied to the
alumina block to avoid alumina dust contamination on the sample.
The more relevant limitation on the model is the discontinuity of thermophysical properties
of JSC-1A simulant regolith within the solid-melt phase region. The model used
thermophysical properties of lunar regolith reported by Schreiner et al., 2016 (the author is
a coauthor of this report) who compiled over 25 sources in the literature, integrated and fit
them with regression models. The source includes data from Apollo samples and hightemperature molten regolith simulants, extending significantly beyond existing models in
the literature.
.
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Chapter 3
Fractional Thermal-Driven Production of Oxygen and
Metals
Justification

A critical part of settling and mining at the moon, Mars and beyond is the implementation
of a single, sustainable, and simple process capable of yielding key commodities, such as
metals, alloys, energy-carrier/fuel in hydrogen/carbon form, and breathing oxygen utilizing
native resources (regolith and water/CO2 ice) as raw material without the need of terrestrial
precursors. Direct thermal decomposition (also known as pyrolysis or pyrolytic process) of
regolith and water/CO2 ice present in the surface and subsequent gasification of their
components (metals, carbon, oxygen, and hydrogen) would be feasible at significantly
reduced temperature when performed under vacuum conditions that are already present in
some degree at most of interplanetary surfaces (2 torr at Mars, 10 -10-10-12 torr at the moon
and asteroids).
Extraction of oxygen from lunar soil has been researched for years, all processes that have
been proposed fall into three general categories: chemical, electrolytic, and pyrolytic. The
primary advantages of pyrolytic process over the chemical and electrolytic processes are
basically due to: 1) relativity simplicity of a thermal-driving process, 2) capability of using
un-beneficiated feedstock, 3) no need for terrestrial precursors, 4) potential for fractional
production of byproducts, such as metals, alloys and volatile components, 5) early reduction
of silicate (SiO2), the most abundant component in a number of extraterrestrial surfaces
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including the moon, to a sub-oxide (SiO) with liberation of oxygen; besides silicate other
less abundant components such as hematite (Fe2O3) also undergoes early reduction to FeO
with liberation of oxygen.
Technological readiness of high vacuum thermal-decomposition/pyrolysis processes is high
as vacuum refining and distillation are practiced on large scale in the production of metals
on earth, but none of these industrial processes has a feedstock with such diversity of metaloxide components as lunar regolith, Martian and other extraterrestrial soils. Thermophysical
properties and fractional liquid-gas equilibrium of the components within extraterrestrial
feedstocks under native high/moderate vacuum level are completely unknown making the
production of commodities from extraterrestrial soil via high vacuum thermaldecomposition/pyrolysis process a technology with still a very low technological readiness.
Vaporization and decomposition of the minerals containing metal oxides into sub-oxides,
metals, and oxygen face a great difficulty in efficiently separating oxygen and the metals as
uncontrolled/rapid condensation leads categorically to the recombination of the metals and
oxygen along with regeneration of the metal oxides yielding a deficient oxygen production
process (Yakovlev et al. 1985).

Experimental Research Background
Pyrolysis was originally proposed to produce oxygen in 1980 (Steurer and Nerad 1983)
using a single component, Si2O3, heating it up by induction to 2,377 C and collecting silicon
metal and sub-oxide on a cold finger (Steurer 1985). Apollo 12 samples were heated under
vacuum and the composition of the vaporizing gas measured (De Maria et al. 1971). Oxygen

59
evolution was observed at temperatures above 1,127 C. Meteoritic material was heated in a
solar furnace designed and used to emulate the formation process of the solar system
reaching temperatures as high as 2,700 C and vaporizing about 70% of the sample into the
vacuum chamber (Grossman et al. 1982). Basaltic samples were heated in the same solar
furnace yielding remainders containing only calcium, aluminum, and oxygen (Notsu et al.
1978). Heating at 1400-1800 C other meteoritic materials led to condensate containing
silicon and iron (Hashimoto et al. 1979).
Experiments conducted and reported by Matchett (2006) at George Washington University
used solar power to perform pyrolysis on Minnesota Lunar Simulant (MLS-1) and produce
oxygen. MLS-1 samples of 20 grams were fully melted and partially (10%) vaporized under
10-1-10-2 torr vacuum range and temperatures in the 900-1400 C range. In 2007 a team from
NASA Goddard Space Flight Center reported a study on oxygen production MLS-1A lunar
regolith simulant via vacuum pyrolysis (Cardiff et al. 2007). A prototype Fresnel-type solar
concentrator was used by Cardiff et al. to demonstrate the production of small quantities of
oxygen using MLS-1A samples of 10 grams.

Industrial Background
Large scale vacuum processing has been used industrially for more than hundred years to
produce high-quality ferrous and non-ferrous alloys having feedstock weighting 1 to 30 tons
(Betz et al, 1989). In World War 2 the need for alloys with high temperature resistance to
creep failure led to the addition of elements such as Titanium and Aluminum to stainless
steels and nickel-based alloys (Cremisio 1989). Superalloys cannot be melted in air due to
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the formation of oxides. Their demand in the aerospace industry has steadily increased and
vacuum induction melting furnaces have been used more and more for degassing, refining,
and casting. Vacuum melting furnaces are operated in batch mode using a refractory-lined
crucible which is filled with an initial charge. Heating is accomplished by induction or arc
melting. In some cases, the crucible can be tipped to pour the charge into molds under
vacuum conditions. Scale up of vacuum systems is readily accomplished provided that
attention is paid to mass transfer considerations. To promote good mass transfer, good
mixing in the liquid phase is important. More than half the vacuum induction melting
furnaces use electromagnetic stirring devices and others bubble an inert gas through the melt
to increase mixing and liquid-to-gas mass transfer (Betz et al. 1989). Melt surface area is the
other important factor in design of vacuum degassing and refining systems. Higher surface
area reduces the processing time by increasing the rate of evaporation from the melt. Vacuum
distillation of metals, although not widespread, is also used in process metallurgy. A pilot
scale demonstration was made of the distillation of lithium and other impurities from an
aluminum melt (Krone et al. 1989). Laboratory tests with a two kg charge led to the design
and operation of a pilot scale unit with charge weights of 100 to 150 kg. The distillation took
place at a pressure of 10-6 torr and temperatures of 927 to 1,227 C. In the pilot scale tests,
the distillation rate of lithium, basically controlled by both diffusion in the melt evaporation
in the surface, was 14 to 20 kg m-2kg-1. The condensate contained up to 80% lithium while
the lithium content of the melt was reduced by 2 orders of magnitude from 2% to 0.002%.

Characterization of JSC-1A Lunar Regolith Simulant

61

To have a baseline for the decomposition of JSC-1A’s into its components by a thermaldriven process under vacuum conditions is necessary to experimentally determine its native
composition via SEM/EDX analysis, which is the most widely-used of the surface analytical
techniques. Since JSC-1A’s lunar regolith simulant components are not homogenously
distributed experimental conditions of temperature (950 C) under sub-atmospheric helium
were set up on the VTFC’s unit to reach an agglomerated phase (sinter) to perform
SEM/EDX analysis on larger areas of the sinter and yield a more representative composition.

Figure 3-1. SEM/EDX on sintered JSC-1A’s sample
sintered at 950 C under sub-atmospheric helium.

Figure 3-1 depicts the SEM image on the JSC-1A’s sintered sample with EDX
analysis on three rectangular-shaped spectrum areas marked with white lines. Table
3-1 shows the EDX analysis results on these three Spectrum areas. Spectrum 1, the
largest area, includes a vast number of minerals blobs formed during the sintering
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process allowing its use as the baseline of the JSC-1A’s composition. SEM image on

Spectrums 2 and 3 show a much more even texture than Spectrum 1, predominantly
a precipitated mineral blob, probably containing large quantity of calcium
aluminosilicate (CaAl2Si2O8) as calcium and aluminum percentage markedly
increase with respect to spectrum 1 analysis.

Table 3-1. SEM/EDX results on sintered JSC-1A sample of
Figure 3.1. In second column results reported by Gustafson
(2009). In third, fourth, and fifth columns EDX results from
spectrums 1, 2, 3 respectively.

Vaporization and Decomposition Model
Modeling of the chemistry of the vaporization of the JSC-1A components and subsequent
dissociation into their respective components was conducted via minimization of the Gibbs
free energy via HSC Chemistry®, a chemical reaction and equilibrium software package with
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extensive thermochemical database and flowsheet simulation. The HSC’s version used
contains fourteen calculation modules, the Equilibrium Compositions Module was used to
determine the vaporization compositions of the JSC-1A components and subsequent
dissociation into their respective elements. To gain an understanding of the complex
interplay of multiple oxide behavior, the HSC Chemistry® computer program was employed
to model how each solid metal oxide breaks into constituent parts as temperature is increased.
As JSC-1A lunar regolith simulant is heated to a vapor phase, additional heating causes its
oxides to dissociate into sub-oxides and free oxygen. The heating breaks molecular bonds
modeled by the Gibbs free energy equation:

𝐺 = 𝐻 − 𝑇𝑆

(3.1)

Where: 𝐺 is Gibbs free energy, 𝐻 refers to enthalpy, 𝑇 is temperature, and 𝑆 refers to
entropy. The Gibbs equation is needed to compare and model the mutual stability of
individual sub-oxides, oxygen and metals. The dissociation process is dependent on both
temperature and pressure. Lower pressures reduce the energy needed for free radicals to
escape. Therefore, to achieve maximum oxygen production, a pyrolysis system principally
requires high temperature that can be dramatically reduced if under vacuum. A balance must
be established between pressure and temperature to achieve optimal conditions for oxygen
production since pressure increases with increased temperature. This balance depends on the
volume of the pyrolysis chamber, the energy flux, and the amount of regolith in the reaction.
In multicomponent mixtures, the total Gibbs free energy is the sum of the free energies (gas,
liquid, and solid) for all coexisting phases (Senior, 1993):
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𝐺 = 𝐺𝑔 + 𝐺𝑙 + 𝐺𝑠

(3.2)

JSC-1A simulant regolith and actual lunar materials are oxides, making oxygen the
most abundant element of lunar surface by weight. The oxide components present in
the JSC-1A simulant regolith (listed in first column of Table 3-1) lead to a total of eighteen
dissociation equilibrium reactions as follows:
(1)

SiO2 → SiO + ½O2

(2)

SiO → Si + ½O2

(3)

Al2O3 → Al2O2 + ½O2

(4)

Al2O2 → Al2O + ½O2

(5)

Fe2O3 → FeO + O2

(6)

FeO → Fe + ½O2

(7)

TiO2 → TiO + ½O2

(8)

TiO → Ti + ½O2

(9)

P2O5 → P2O3 + O2

(10)

P2O3 → 2P + 3/2O2

(11)

Cr2O3 → Cr2O2 + ½O2

(12)

Cr2O2 → 2Cr + O2

(13)

Na2O → 2Na + ½O2

(14)

MgO → Mg + ½O2

(15)

CaO → Ca + ½O2

(16)

MnO → Mn + ½O2

(17)

O2 → 2O

(18)

O2 + O → O3
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All forty-five species involved in the above nineteen equilibrium reactions were
included in the HSC-based model. Appendix D lists all these forty-five species along
with their Frec and Lrec Gibbs parameter values.
Besides indicating forty-five species and their respective phases (solid/liquid and
gas) listed in Appendix D, the HSC-based equilibrium model requires the starting
composition of the twelve metal-oxide species in the solid phase. SEM/EDX element
composition analysis on the JSC-1A regolith simulant sample used as baseline and
listed in Table 3-1 (spectrum 1) are converted to their respective metal-oxide species
as listed in Table 3-2.
The metal-oxide compositions derived from component compositions obtained from
SEM/EDX analysis on the sintered JSC-1A regolith sample (Figure 3-1) was also
used as baseline for other experimental runs under similar vacuum level but at higher
temperature at which melting of the sample occur along with vaporization and
disassociation of its constituents.
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Table 3-2. SEM/EDX results on baseline sintered JSC-1A
sample (Table 1.2) converted from elements (second
column) to metal-oxides (fourth column). In fifth column
results reported by Gustafson, 2009.

Figure 3-2 depicts the vaporization/dissociation of the JSC-1A regolith predicted by
Gibbs energy minimization conducted using HSC’s Equilibrium Module using the
45 species listed in Appendix D and the experimental baseline metal-oxide
composition listed in the fourth column of Table 3-2 under optimal vacuum
conditions of 10-4 torr obtained for a number of experimental runs for a 100-1,600◦C
temperature range (1,600◦C the highest experimental temperature obtained at the
alumina tube).
As depicted in Figure 3-2, early, within 300-400 C range, vaporization of K2O and
Na2O and subsequent dissociation into K(g), Na(g) and O2(g) leads to a primary

gas phase enriched in K and Na. For better appreciation of Figure 3-2, individual
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vaporization/dissociation of the metal-oxides are depicted in Figures 3-3 and 3-4.

Figure 3-2. Predicted Weight (%) versus Temperature (C) vaporization and subsequent dissociation
of JSC-1A’s baseline sample (Table 3.2) under 10-4 torr of vacuum level.
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a) SiO2

c) Al2O3

e) MgO

g) Na2O

b) Fe2O3
FeO

d) TiO2

f) CaO

h) MnO

Figure 3-3. Predicted Weight (g) versus Temperature (C) vaporization and subsequent
dissociation of metal-oxides on JSC-1A’s baseline sample under 10-4 torr of vacuum.
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i) K2O

j) Cr2O3

Figure 3-4. Predicted Weight (g) versus Temperature (◦C) vaporization and subsequent
dissociation of different metal-oxides in the JSC-1A’s baseline sample (Table 2) under 104 torr of vacuum level.

Vaporization of metal oxides K2O (0.72%) and Na2O (4.37%) and dissociation into
K(g), Na(g), and O2(g) respectively are predicted to happen in the 300-400-C range.
Fe2O3 (4.83%) is predicted to be first reduced into FeO (10.71%) that undergoes
vaporization into FeO(g) and starts dissociation into Fe(g) and O2(g) at about 1,250
◦

C. SiO2 (46.43%) vaporizes into SiO2(g) at 1,325 C and almost at the same

temperature starts dissociating into SiO(g) and O2(g) taking off for a huge high
dissociation rate at 1,375 ◦C. Metal Oxides, such as MgO (4.54%), CaO (8.95%),
MnO (0.13%), and Cr2O3 (0.01%) vaporize within the 1,250 to 1,450 ◦C range. Al2O3
(16.82%) is the only metal oxide in the baseline JSC-1A sample that is predicted to
vaporize at temperature higher than 1,600 ◦C, TiO2 (2%) is predicted to vaporize at
1,450 ◦C but dissociates at a temperature higher than 1,600 ◦C.

Experimental Results
The baseline’s composition on the thermal-driven vaporization and dissociation of
JSC-1A lunar regolith simulant is listed in Table 3-2. As gaseous O2 is a looked-for
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dissociation’s product for all metal oxides present in the JSC-1A lunar regolith
simulant, an RGA unit, mounted to the top SS flange on the VFTC’s vacuum path,
was used to experimentally determine gasification and subsequent dissociation of
one or more JSC-1A’s metal oxides. Composition of samples from experimental runs
with RGA’s oxygen peak are determined via SEM/EDX analysis to look for what
metal oxides underwent vaporization and subsequent dissociation.
The experimental run with the highest temperature set point on the surface of the
alumina tube was performed at 1,350 ◦C as temperature at both ends of the alumina
tube approached the 300 ◦C, temperature limit for the high-temperature silicone Orings that seal the contact area of the alumina tube and the SS flanges at both ends.
Vacuum level at this maximum temperature reached 10-4 torr. The crucible was
longitudinally cut in half revealing a compact JSC-1A melt on the bottom and
upwards migration of the melt along the crucible’s wall as depicted in Figure 3-5.
Thermal upwards migration is evident as in other study cases as explained in chapter
5, the melt basically migrates from the bulk to the walls through the meniscus formed
at the surface of the melt in contact with the crucible’s wall. SEM/EDX analysis was
conducted in four different points, inside the melt (labeled as plug) and three more
points along the wall (labeled Bottom, Middle, and Top). Table 3-3 lists the
SEM/EDX analysis results on each of these four points, the analysis on the baseline
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RGA results on O2 partial pressure and sample’s SEM/EDX analysis on O
composition for an experimental run performed at a set point temperature value of
1,350 C and E-4 torr of vacuum lead to the conclusion that effectively oxygen was
generated by gasification of three metal oxides, K2O, Na2O, and Fe2O3 according to
the Free-Gibbs-based model used to estimate gasification and subsequent
decomposition of the JSC-1A’s species. The decomposition in the gas phase of these
three metal oxides into the respective metals and oxygen led to the O2 detection by
the RGA at the outlet vacuum line and the return of the gaseous metals to the melt as
they condensed due to the temperature decrement along the VFTC’s ascending path.
The two processes that occurr simultaneously on the melt, decomposition and
upwards migration (see chapter 5) lead to a potential and innovative approach to
conduct generation of O2, metals and alloys from lunar regolith via thermal-driven
fractional separation without the necessity of terrestrial precursors. Following the
fractional distillation concept, the melt would decompose generating O2 on its
ascending way to the trays at which the different products (alloys) would be
withdrawn. The main difference of this new terrestrial-precursor-free melt fractional
approach with current industrial fractional distillation processes it would be that the
melt would ascend to the trays in liquid form through vertical surfaces while in the
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crude fractional distillation case the crude ascends in vapor form and condense on
the trays.

Future work will need to run cases at higher temperature and if feasible, higher
vacuum (the case with proven melt’s decomposition was conducted at 1,350 C
setpoint value on the outer surface of the alumina tube and 10-4 torr vacuum). The
crucibles in future work would also need to be much taller that the one used in this
dissertation (150 mm) to have longer path to evaluate melt’s decomposition as the
melt migrates upwards. As temperature and/or vacuum increase, the metal oxides
with higher composition in JSC-1A and lunar regolith, such as silica will decompose
and have a larger impact on not only the upwards migration pattern but also the
physical properties of the melt.

Chapter 4
Vacuum Void Formation
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Justification
JSC-1A samples experienced the formation of vacuum voids in all experimental runs
during the melting process. Two sample sizes, 500 and 125 grams, were used in all
experimental runs housing them in cylindrical alumina crucibles having all the same
dimensions, 65-mm (2.6”) internal diameter (ID) and 146-mm (5,7”) height. JSC1A melt’s vacuum void phenomenon was more evident on the bulk of the larger
sample (500 grams) that originally filled 102 mm (4”) of the 146 mm (5.7”) of the
crucible’s height, numerous spherical-shaped vacuum voids were formed within the
sample’s bulk lifted the sample’s surface along the 44 mm (1.7”) remaining of bare
crucible wall reaching the crucible top end and filling the melt bulk with numerous
well-formed spherical vacuum voids. In the case of the smaller sample (125 grams)
that filled 25 mm (1”) of the 146 mm (5.7”) of the crucible’s height, the formation
vacuum voids ended near the sample’s surface and vented without lifting the
sample’s surface height.
This vacuum void formation experienced within the bulk of the JSC-1A’s melt would
present a challenge for in-situ large and medium scale melting processes of not only
lunar regolith but also extraterrestrial soil with silicate-based composition and texture
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similar to lunar regolith. The widely known eruption of magma, defined as molten
rock stored in the Earth’s crust that reaches the surface of our planet as lava through
a volcano vent, is driven by initial bubble nucleation of volatiles in the bulk that leads
to fiery release of these bubbles from the bulk to the surface. In contrast with the
well-comprehended magma’s bubble nucleation phenomenon, the nucleation
experienced by the JSC-1A’s melt under vacuum needs to be understood as, volatiles
and water within the JSC-1A’s sample at the melting temperature proved, via RGA
analysis on the VFTC’s outlet stream, to be extremely low. Understating how
vacuum voids are generated during the melting of thick JSC-1A simulant lunar
regolith samples under vacuum is important as its original solid phase volume
increases significantly due to the numerous voids formed during the melting process
under vacuum.

Research Background
Studies on void formation within melts is mostly reduced to magma-melt type. Void
formation in magma is a complex process, its different symbiotic stages have been
widely studied: bubble nucleation (Toramaru, 1989; Navon and Lyakhovsky, 1998;
Gonnermann and Gardner, 2013), growth (Proussevitch and Sahagian, 1998;
Gardner et al., 2000; Lensky et al., 2002; Masotta et al., 2014), ripening (Lautze et
al., 2011) and coalescence (Sahagian et al., 1989; Castro et al., 2012). The
supersaturation pressure triggering the nucleation of gas bubbles in a magmatic melt
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hinges on the melt–gas surface tension (Navon and Lyakhovsky, 1998). As in most
of the magmas the dominant volatile is H2O and the studies worldwide have been
focused on H2O to develop a model of melt–gas surface tension.
Nucleation of bubbles in silicate melts is dictated strongly by the surface tension
(Gardner J. E., 2012), so the melt’s surface tension should be a key factor to
understand vacuum voids during the melting process of thick JSC-1A simulant lunar
regolith samples. It is thus clear that to understand the conditions necessary for not
only magmas but also molten JSC-1A simulant lunar regolith to generate voids,
surface tension must be well understood. It is thought that surface tension varies with
melt composition, dissolved H2O content, and temperature (Gardner and Ketcham,
2011; Gardner, 2012).
Rather than void formation due to nucleation of volatile and/or H2O previously
trapped within the bulk, it can also happen due to thermal decomposition under
vacuum as reported by Watanabea and Ikarashi (2006) who investigated the stability
of a ZrO2/SiO2 bilayer on a silicon substrate in terms of thermal decomposition
during ultrahigh-vacuum (UHV) annealing. In spite of the intrinsic thermal stability
of the ZrO2/SiO2 system, void nucleation initiated by local defects and subsequent
lateral growth of the voids proceed at temperatures over 900 °C. In spite of the
intrinsic thermal stability of the Zr–Si–O ternary system, void nucleation occurs at
local defects in the bilayer such as at oxygen vacancies in the oxide. Then, the lateral
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growth of these voids proceeds by SiO desorption mediated by surface Si migration
and consumption at the edge of the voids.

Miyata et al (2003) examined void nucleation in a thin HfO2 film on Si at 820–920
°C in ultrahigh vacuum. The clustering of mobile species on the HfO2 surface led to
the opening of micron-scale voids containing Hf silicide. Miyata et al (2003)
proposed a three-step reaction for void nucleation in the thin HfO2 layer on Si and
suggested that the corresponding reaction-step energies correspond to the creation of
mobile species on the HfO2 surface and the decomposition of HfO2 under the cluster.
Protrusions of various sizes were always found around the center of the void, small
amounts of oxygen were recognized from large protrusions, but oxygen from the
other smaller protrusions was generally below the detection limit.
Vacuum voids can be also induced by crystallization of silica-based-forming liquids
due to the difference between the densities of the original silica-based material and
newly formed crystals. Internally induced elastic stresses (Christian, 1991) may
strongly affect the kinetics of phase transitions in condensed systems and may trigger
the precipitation of new phases that do not commonly develop at the respective
values of vacuum and temperature inducing vacuum void nucleation. Fokin et al.
(2010) showed that, besides their effect on crystallization kinetics, elastic stresses
may affect the crystallization pathways and may result, similarly to segregation
processes of dissolved gases in liquids or solids, and especially cavitation processes
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in liquids, in the formation of voids in crystallizing glass samples. These voids are

formed to compensate, at least partly, the elastic strains caused by the density
difference between glass and crystal phase. The formation of voids is typical in glass
crystallization if isolated areas of a residual glass phase crystallize, e.g., in the case
of surface crystallization during sintering of glass powders. Hence, in addition to its
scientific importance, the problem of void formation in glass–ceramics is a theme of
considerable technological significance.

Experimental Results
As stated above, two sample sizes (125 and 500 grams) were used in the experimental
runs, JSC-1A melt’s vacuum void phenomenon was more evident on the larger
sample size (500 grams) that originally filled 102 of the 146 mm of the crucible’s
height and yielded numerous spherical-shaped vacuum voids within the sample’s
bulk lifting the sample’s surface along the 5 cm remaining of the bare crucible wall
and reaching the crucible top end. Figure 4-1a depicts the top view crucible housing
of a charge of 500 grams of JSC-1A simulant lunar regolith filling 106 mm of a total
height of 146 mm leaving 44 mm of inner bare wall. Figure 4-1b depicts also the top
view of the crucible depicted in Figure 4-1a after housing it in the VTFC’s unit set
to reach a tube’s wall temperature setpoint of 1,000 ◦C from ambient temperature at
3 ◦C/minute, one-hour soak time at 1,000 ◦C, and cooling at 8-9 ◦C/min. 7E-1 torr of
vacuum was originally set at ambient temperature and turned 2E-1 at 1,000 ◦C.
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of the sample generating vacuum voids and sintering the bottom and the top of the
sample as illustrated in Figures 4-2a and 4-2b. It is hypothesized that as the vacuum
voids were formed in the middle part while the top and bottom parts remained in the
sinter phase, the vacuum void expanded and pushed upwards the top sintered part
lifting it to the top end of the crucible as illustrated in Figure 4-2b. Figure 3 depicts
a magnification of a JSC-1A’s molten cross section taken from the section in Figure

4-2 and shows in detail the formation of the vacuum voids cut across. The smaller
voids have spherical geometry while the large ones, presumably formed after several
small spherical vacuum voids coalescence with the neighboring ones, have irregular
geometry.

Figure 4-3. JSC-1A’s Melt sample cut across to show
vacuum voids (also cut across).

As stated above in a smaller sample size (125 grams), formation of vacuum voids
was also observed in the middle of the sample but the fundamental difference with
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large samples (500 grams) was the fact that the formation and coalescence of these

vacuum voids in small samples did not generate enough stress to dramatically lift the
sintered sample’s surface, a very modest upwards displacement was observed. As
the temperature was increased in experimental tests using small sample size, the
sinter phase on the sample’s surface was replaced by a melt phase allowing the
vacuum voids generated in the middle to not only reach the surface but also to surge
reducing the vacuum voids in the sample’s bulk and finally generating a homogenous
melt free of vacuum voids. Figure 4-4 depicts 125 grams of JSC-1 sample melted
on its middle core and sintered on the top and the bottom sections after treating it at
1,050-°C alumina-tube-wall setpoint and 2E-1-torr vacuum level. Figures 4-4a and 44b clearly show the sample's core melted while the top and bottom surface sections
of the sample remained in the sintered phase. Figure 4-4c depicts the top and bottom
sintered surface sections. Figure 4-4d depicts the rear sections of the sections
depicted in Figure 4-4c that correspond the sample’s middle core sections. Figure 44d shows the middle core sample fully melted having a number of vacuum voids
throughout the core section.

87

Figure 4-4. 125 grams of JSC-1A’s sample treated at 1,050 C
tube’s wall set-point under vacuum (E-1 torr). a) Sample in the
crucible, b) Sample outside the crucible, b) Top and bottom of
sample’s sintered surface, and c) Flipped views of b).

Theoretical Interpretation and Discussion
The first attempt to interpret the vacuum void formation within the melt core of JSC-1A
samples at 1000-1100 C under 2E-1 torr of vacuum level is to take degassing of water and
volatile originally trapped in the sample as the source of bubble formation. The RGA’s
partial pressure reading did not register peaks of either water or volatiles. Water’s RGA
reading asymptotically decreased as temperature increased during the entire test that
included heating at 2-3 C/min until reaching the temperature setpoint value (1000-1100 C),
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keeping the setpoint value for an hour, and finally cooling naturally at 6-8 C/min until
reaching ambient temperature.
Another plausible source of vacuum void formation within the melt core of JSC-1A samples
is thermal decomposition at the experimental conditions (1,000-1,100 C under 2E-1 torr of
vacuum level) and subsequent degassing of the volatile components (mainly O2) generated
in the thermal decomposition process. Individual temperature-pressure-dependent Gibbs free
energy that indicates the mutual stability of sub-oxides, oxygen and metals in the JSC-1A
sample was estimated using HSC software. As stated in Chapter 4, K 2O (0.72% in the
sample) and Na2O (4.37% in the sample) are the first sub-oxides to vaporize and decompose
into K(g), Na(g), and O2(g) respectively in the 680-820-C range. Vaporization and
decomposition of Fe2O3 (4.83%), the third sub-oxide to vaporize and decompose at the next
higher temperature, is improbable to happen as the vaporization/decomposition temperature,
1270-1345 C, is substantially above 1000-1100 C, the temperature reached during the
experimental run. As mentioned above the RGA did not register any O2 peak leading to the
conclusion that if K2O and Na2O did vaporize and decompose into O2, it was below the
RGA’s reading limit, the contents of K2O and Na2O in JSC-1A is 0.72% and 4.37%
respectively yielding a small contribution of the total O2 present in the sample. O2 generated
by K2O and Na2O decomposition might be also recombined regenerating the sub-oxides.
A third alternative, and probably the most feasible one to consider is that the vacuum voids
were formed to compensate, at least partly, the elastic strains caused by the density difference
between the melt (a crystalized phase) and sinter (an agglomerated solid phase). The
formation of voids is typical in silica-based glass crystallization if isolated areas of a residual
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glass phase crystallize, e.g., in the case of surface crystallization during sintering of glass
powders (Fokin et el, 2010). The growth of the crystalline layer as the sinter melts results in
stretching the residual liquid inside the sintered volume and finally in the formation of pores
or voids via nucleation and fast growth up to a volume that compensates the density
difference between the amorphous and crystalline phases. Thus, it is reasonable to suppose
that pore nucleation is the limiting process (Fokin et el, 2010).

Summary and Conclusions
Surface tension as in the case of nucleation of bubbles in silicate melts (Gardner J.
E., 2012) coupled with difference between the densities of the original sinter material
and newly formed liquid/melt ((Fokin et el, 2010) seem to be key factors to understand
vacuum voids formation during the sintering-melting transition process of JSC-1A
simulant lunar regolith samples. It seems also that surface tension is a key factor to
understanding melt sample migration (Marangoni effect) through the crucible’s walls
(see chapter 5).
This vacuum void formation experienced within the bulk of the JSC-1A’s melt would
present a challenge for in-situ large and medium scale melting processes of not only
lunar regolith but also extraterrestrial soil with silicate-based composition and texture
similar to lunar regolith

Chapter 5
Thermal Migration
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Justification
As stated in Chapter 4, vacuum void formation was observed in the molten core bulk
of both sample sizes (125 and 500 grams) at temperature values as high as 1,100 C
under a vacuum level of 2E-1 torr. Further experimental runs used the 125-gram
sample size only and were conducted at higher temperature (as high as 1350 C) and
vacuum level (E-4 torr) to not only evaluate the feasibility of yielding oxygen and
metal/alloys via fractional pyrolysis (see chapter 3), but also asses the vacuum void
formation phenomenon (see chapter 4) as the sample is totally melted without
remaining sintered regions. The vacuum voids were no longer present in the 125gram samples at operating temperature values that were large enough to melt entirely
the sample. Instead of vacuum void formation within the core of the melt, uniform
upwards migration of the melt along the crucible’s wall in thin-film pattern was
observed in all experimental runs conducted at those temperature and vacuum
conditions that completely melted the sample.
Surface tension happens to be a key factor to understand vacuum voids formation
during the sintering-melting transition process of JSC-1A simulant lunar regolith
samples (see chapter 4). It seems surface tension also plays a key factor to understand
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melt sample migration through the crucible’s walls (Marangoni effect). Thermal

migration consistently observed on JSC-1A simulant lunar regolith melt might make
actual lunar regolith’s outdoors melting processes quite challenging as molten bulk
material will not be entirely restrained to just the material’s core section , but at the
same time it presents new opportunities for ISRU’s sustainable processes as the
regolith sample’s migration takes place in uniformed thin-film pattern, among the
potential ISRU’s processes that might use controlled thermal thin-film-based
migration without additional terrestrial precursors are feedstock generation for 3D
printing, fractional separation of regolith’s component’s (O2, metals, and alloys) via
pyrolysis, film coating, fabrication microfluidic and MEMS devices via casting
procedures, etc.

Research Background
The Marangoni effects (Scriven et el, 1950) consist of a set of phenomena that lead
to the motion of liquids by surface tension gradients that can be generated by changes
in composition and temperature, the main two variables that affect surface tension.
A surface tension gradient induced by local variations in composition is called solutal
Marangoni effect (Fanton, and Cazabat, 1998). Surface tension gradients induced by
changes in temperature are usually known as thermocapillary flow (Levich, 1962),
or thermal Marangoni effect.
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In tears of wine (Fournier et el, 1992; Walker, 1983), a classical example of solutal
Marangoni effect, a meniscus is formed at the three-phase junction between the wine
glass walls, wine, and air then the liquid in the meniscus loosely clings to the surface
of the glass. The meniscus is formed because the walls of the glass have a hydrophilic
surface. Wine contains ethanol that evaporates faster in the meniscus than in the flat
bulk flat surface due to the meniscus higher surface area in relation to its small
volume. Therefore, it generates an ethanol concentration gradient between the
meniscus and the flat bulk causing a surface tension gradient that moves the meniscus
up the walls of the glass. As the meniscus gets more depleted of alcohol, which in
turn causes a larger surface tension gradient, more wine gets pulled up the walls of
the glass until droplets form. Gravity takes effect and tears of wine run down the
sides of the glass and back into the flat bulk of the wine.
Research, examples, and applications on the Marangoni effect have been widely
reported but the Marangoni effect causing upwards migration is basically limited to
the tears of wine example. An extensive literature search on the Marangoni effect
under vacuum conditions found only one citation as Tazioukov et al., (1996) reported
a comprehensive investigation on thermal Marangoni effect yielding surface
migration of oil in vacuum systems caused by a temperature gradient along the wall.
Theoretical calculations were performed which are based on the film flow
approximation taking the conditions at the moving contact line into account.
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Experiments using different vacuum working fluids on metallic surfaces, often used
in vacuum technology, were used to prove the theoretical results. The results
obtained provide a better understanding of the surface migration process due to the
temperature gradient and allow for control of the oil film displacement.

The

phenomenon of thin liquid drop displacement on a non-uniformly heated wall is
explained by the tangential force derived from surface tension (thermal Marangoni
effect), applied to the drops free surface and leading to thermocapillary convection
in the drop. This convection results in surface deformation, increasing the contact
angle at the advancing front and leads to drop displacement.

Experimental Results
Uniform upwards migration along the crucible wall was observed on all 125-gram
samples that were entirely melted and free of sintered segments. An evenlydistributed 0.5-mm-thick thin-film originally generated at the meniscus evenly
covered the entire surface of the initially bared alumina-crucible wall. The reach of
the thermal upwards thin-film migration is basically dependent on temperature, the
higher the temperature the higher the reach, in most of the cases the thin-film reached
the 146-mm crucible’s height and continued its upwards migration on the second and
taller crucible’s wall (a second crucible is used to house the sample’s crucible and
protect the VTFC’s alumina tube) as the inner crucible bends on the outer one
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melt completely the sample (at 1,065 C the sample’s surface was not melted but

sintered) and generate uniformed upwards migration along the crucible wall. Both
experimental runs (a and b) were conducted under E-2 torr of vacuum level. Figure
5-1b shows that the sample’s thin-film migration generated at the sample on the
bottom of the crucible reached the top edge of the crucible and continued the thinfilm migration along the wall of the second outer crucible that has higher height and
is touching the sample’s crucible.
Figure 5-2 depicts two images of the JSC-1A-based thin film generated at 1,200 C
under 2E-2 torr of vacuum (Figure 5-1b). Figure 5-2a shows the cross area (red
rectangle) cropped, magnified, and depicted in Figure 5-2b. The thickness of thin
film, 0.5 mm (5,000 μm), was obtained directly from Figure 5-2b. As illustrated in
Figure 5-2b, the thin-film is compact and most important, faultlessly adhered to the
substrate (in this case the alumina crucible’s wall) without reacting with or eroding
the alumina’s substrate (crucible wall). The thickness of the thin film basically
remained constant (0.5 mm) throughout the entire surface area that happens to be the
inner area of the crucible as shown in Figure 5-2a. The JSC-1A bulk melt on the
bottom of the crucible becomes the source for the thin film generation along the inner
crucible’s wall observed in all experimental runs in which the JSC-1A sample was
entirely melted.
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density and crystallization, it also might indicate internal interconnected flows within
the melt forming the channels.

Theoretical Interpretation and Discussion
The tears of wine example is the most known case of the thermal Marangoni effect
that compares with what was experimentally observed, a melt phase forming a
meniscus on the wall interface and migrating upwards in a thin-film pattern along
the wall. The fundamental difference between these two cases is the fact that the tears
of wine is driven by surface tension variation with ethanol concentration (solutal
Marangoni effect) while upwards migration of JSC-1A melts is seemingly driven by
surface tension variation with temperature within the bulk and crucible wall (thermal
Marangoni effect). As mentioned above, thermal Marangoni effect under vacuum
conditions, comparable with those set in the experimental runs, was reported by
Tazioukov et al., (1996) on surface migration of oil in vacuum systems caused by
temperature gradient along the wall. The phenomenon of thin liquid drop
displacement on a non-uniformly heated wall is explained by the tangential force
appearing due to the Marangoni effect, applied to the drops free surface and leading
to thermocapillary convection in the drop. This convection results in surface
deformation, increasing the contact angle at the advancing front and leads to drop
displacement.
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The simplest and most common reason for the formation of an even distribution of
the surface tension (γ) is its temperature dependence (thermal Marangoni effect). For
most liquids, including melts, surface tension decreases linearly with increasing
temperature, so that the motion of the liquid along the surface is directed toward the
colder region. The strength of the thermocapillary force responsible for the
Marangoni effect is determined by the dimensionless Marangoni number (Ma):
𝑑𝛾 𝑑𝑇 𝐿2
𝑀𝑎 =
𝑑𝑇 𝑑𝑥 𝜂𝛼

5.1

Where
𝛾 = Surface tension (N/m)
𝜂 = Dynamic viscosity (Kg/(s.m))
𝑇 = Temperature (K)
𝛼 = Thermal diffusivity (m2/s)
𝐿 = characteristic length (m)
𝑥 = spatial x direction (m)
What this means is that a flow is driven by a surface tension gradient that is larger
𝑑𝛾

for large values of the rate of change of surface tension with temperature 𝑑𝑇 and, of
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𝑑𝑇

course, a large temperature gradient 𝑑𝑥 between the surface and base of the melt thin
film. The Marangoni Number (equation 5.1) clearly states that surface tension
𝑑𝛾

𝑑𝑇

variation with temperature 𝑑𝑇 and non-isothermal conditions 𝑑𝑥 are the key factors
in assessing the relevance of the Marangoni effect. As is the case of JSC-1A’s optical
absorption length, JSC-1A’s surface tension is a function of temperature of molten
JSC-1A simulant regolith and basically unknown making it necessary to use
temperature-dependent surface tension reported in the literature of a material similar
in composition with JSC-1A. Walker and Mullins (1981) experimentally reported
surface tension of natural silicate melts, including oceanographer fracture zone
crystalline basalt (OFZ-P22), from 1,200-1,500 C. Table 5-1a shows the composition
of OFZ-P22 basalt along with the composition of the JSC-1A melt experimentally
obtained via SEM/EDX (see Chapter 3) to compare them. Table 5-1b shows the
surface tension values of molten Basalt OFZ-P22 for 1,242-1,400 C temperature
range. Table 5-1c shows the surface tension of liquid water for comparison. Figure
5-6 depicts the surface tension, 𝛾(𝑇) for basalt OFZ-P22 (blue dots) shown in Table
5-1b and its respective linear regression (red line) that yields 𝛾(𝑇) = −1.23𝐸 −4 𝑇 +
0.53269 (T in οC and 𝛾 in N/m) with a gradient (also called the Marangoni
𝑑𝛾

Coefficient) 𝑑𝑇 of -1.23E-4 N/(m.K).
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Figure 5-7 depicts the estimated temperature profile throughout the inner crucible’s

wall surface (including the surface in contact with the sample) for a 1,150 C setpoint
value set on the outer wall of the alumina tube. As illustrated in Figure 5-7, the region
with the maximum temperature value (880 C) is the bottom of the crucible covered
with melt sample.
Figure

5-8
2

depicts
2

the

magnitude

of

the

temperature

gradient

2

√ (𝑑𝑇) + (𝑑𝑇 ) + (𝑑𝑇) performed throughout surface sections that experienced
𝑑𝑥
𝑑𝑦
𝑑𝑧
sample migration seemingly due to the thermal-capillarity phenomenon (thermal
Marangoni effect), the bare section of the inner crucible’s wall (Figure 5-8a) and the
top section of the sample (Figure 5-8b).
As illustrated in Figure 5-8, the temperature gradient on both surface sections
(sample’s upper surface and bare inner crucible’s wall) that experienced sample melt
migration is significantly high and decreases from 1,000 to 85 K/m along the
crucible’s wall (Figure 5-8a) and from 1,800 to 3,200 K/m along the upper surface
𝑑𝛾

of the melt sample. As stated above with a negative Marangoni coefficient 𝑑𝑇 = 1.23E-4 N/(m.K) the melt thin film formed on the meniscus is expected to migrate on
the colder path as estimated by the thermal model (Figure 5-8a) and experimentally
observed.
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The Marangoni effect expressed as a shear stress which depends on the tangential

temperature gradient is set along the free surface (see Figure 5-9). It has the following
contribution described by forces induced on the phase/phase interface:

[−𝑝𝐼 + 𝜇(𝛻𝑢 + (𝛻𝑢)𝑇 ) −

2
𝜇(𝛻. 𝑢)𝐼] 𝑛 = 𝛾𝛻𝑡 𝑇
3

5.3

Where γ is the temperature derivative of the surface tension σ (N/(m·K)). This
expression is intended for laminar flow regimes only.
Figure 5-10 depicts the boundary conditions on the model’s 2D domain for the
physics of heat transfer for the non-isothermal fluid. The bottom and the wall of the
crucible (blue lines) are assumed to be insulated as the initial temperature profile
within the model’s domain of Figure 5-10, set to be the one estimated by the thermal
model for the JSC-1A’s melt (Figure 8b). Since it takes a very short time to form the
meniscus and migrates upwards in a thin-film pattern that insulation on these two
sides this should be a reasonable approximation.
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Figure 5-11. Estimated transient formation of a meniscus and thin film due
thermal Marangoni effect on JSC-1A melt

Summary and Conclusions
Thermal migration consistently observed on JSC-1A simulant lunar regolith melt
will make actual lunar regolith’s outdoors melting processes quite challenging as
molten bulk material will not be entirely restrained to just the material’s core section.
At the same time, it presents new opportunities for ISRU’s sustainable processes as
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the regolith sample’s migration takes place in uniformed thin-film pattern. Among

the potential ISRU’s processes that might use controlled thermal thin-film-based
migration without additional terrestrial precursors are feedstock for 3D printing,
fractional separation of regolith’s component’s (O2, metals, and alloys) via pyrolysis
(see summary of chapter 3), film coating, and fabrication of microfluidic and MEMS
devices via casting procedures.
A mathematical model built to explain transient formation of the meniscus and an
incipient thin film due to thermal Marangoni effect on JSC-1A melt agrees with what
was experimentally observed. Experimental temperature-dependent surface tension
of molten OFZ-P22 basalt was used in the model as its composition is similar to
JSC-1A’s composition.
The design of a thermal-driven process to generate oxygen, metal, and alloys from
lunar regolith under native vacuum conditions with and without terrestrial precursors
should take into consideration the two transport properties revealed in this
dissertation, vacuum void formation and upwards migration (See chapter 3 for
further summary on terrestrial-precursor-free thermal-driven generation of
commodities, such as O2, metals, and alloys).

General Conclusions and Recommendations
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The research presented here is aimed at 1) the feasibility of producing commodities,
such as O2, metals , and alloys from lunar regolith by thermal-driven processes with
minimal terrestrial precursors, and 2) the characterization, reproduction, and
understanding of two unforeseen phenomena on molten lunar regolith under lunar
vacuum conditions at a scalable sample size. These two unanticipated phenomena,
void formation and upwards migration under vacuum, are seemly caused by lunar
melt’s surface tension under large temperature gradient and will be a game changer
on thermal-driven production of commodities and other ISRU melting-based
processes on the moon and asteroids.
RGA results on gas outlet and SEM/EDX analysis on the molten regolith simulant
sample lead to the conclusion that effectively O2, K, Na, and Fe were generated at
1,240 C and E-4 torr by gasification and subsequent decomposition of three metal
oxides, K2O, Na2O, P2O5, and Fe2O3 respectively. Free-Gibbs-Energy based model
used to estimate gasification and subsequent decomposition of the JSC-1A’s species
corroborated these experimental results on generation via metal-oxide decomposition
of K2O, Na2O, P2O5, and Fe2O3.
Future work will need to run cases at 1,550 C or higher and at least E-4 torr to also
reach decomposition of Si2O3, the more abundant metal oxides in JSC-1A lunar
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regolith. The two processes that occurr simultaneously on the melt, decomposition
and upwards migration lead to a potential and innovative approach to conduct

generation of O2, metals and alloys from lunar regolith via thermal-driven fractional
separation without the necessity of terrestrial precursors.
Thermal upwards migration phenomenon on JSC-1A’s melt is formulated and
explained by the thermal Marangoni effect (also known as thermo-capillarity) in
which temperature gradients within the melt’s bulk and along the crucible’s wall
yield the surface tension large enough to supersede the gravitational force and yield
the experimentally observed upwards thin-film migration. As far as the author
knows, upwards thermal migration of molten JSC-1A (or other lunar simulant
regolith) under vacuum has not been reported in the literature. A thermal
mathematical model accounting for thermal Marangoni effect on molten JSC-1A
agrees with what experimentally was observed. The formation of the meniscus on
the melt-wall surface interface along with an incipient upwards migration in thinfilm pattern along the crucible wall that, according to a model built in this research
work, experiences large temperature gradient, an important factor to trigger the
thermal Marangoni effect along with the fact that surface tension of the molten lunar
regolith material is temperature dependent. Upwards migration of molten lunar
regolith will make future lunar ISRU’s melting processes both challenging as molten
bulk material would migrate upwards along the container’s walls, and also promising
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on new opportunities for alternative ISRU’s sustainable processes as regolith’s

upwards migration takes place in uniformed thin-film pattern. Among the potential
ISRU’s processes that might use controlled thermal thin-film-based migration
without the necessity of terrestrial precursors are production of feedstock for 3D
printing, fractional separation of regolith’s component’s (O2, metals, and alloys) via
pyrolysis, film coating, purification of valuables solid crystals including silicon, and
fabrication of microfluidic, and MEMS devices.
For future experimental work it will be crucial to be able to directly measure the sample’s
temperature and observe the two phenomena on molten lunar regolith simulant revealed in
this dissertation, vacuum void formation and upwards migration. As learned in this
dissertation, commercially available fused-silica viewports are basically opaque within the
IR wavelength spectrum blocking mostly all IR thermal radiation transmission from the
sample through the viewport’s lenses. A customized viewport equipped with IR-transparent
lenses will be essential for future work. Among the alternative candidates to consider for the
fabrication of IR-lenses are potassium bromide, sodium chloride, zinc selenide, and zinc
sulfide.
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Appendix A
Specifications of Heating Unit
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The heating unit described here is a single zone furnace designed to have close top access to
the hot zone. The furnace is intended to operate at temperatures on the order of 1500 ◦C.
This heating unit (shown schematically in Figure 1A) is a resistively heated, hot-wall tube
vacuum/atmosphere furnace.
R 2.250

R 2.750
45

Alumina Tube
4 1/8" ID, 4 1/2" OD
6" Conflat Flange
Threaded Holes

36.00

C

C
SiC Heating Elements,
Starbar RR,
20” long heated zone x 3.5” x3.5”
(27” overall length) –
1/2” diameter Type RR

Insulation

To Vacuum

Figure 1A. Schematic of VFTC heating unit.
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The hot zone is fabricated from high purity alumina tubing. The furnace uses silicon carbide
(SiC) heating elements enclosing an O-ring/Silicone sealed alumina tube, insulated by a set
of concentric insulating tubes and blankets. The alumina process chamber, located within
the hot zone, provides a clean, dry, controlled atmosphere environment for the process.
Stable, programmable temperature control capability is provided by a process controller
system.
Performance Specifications:
Work Volume: 4.125” diameter.
Heating zone: Approximately 20” long.
Operating Temperature: 1600 ◦C Maximum.
Maximum Heating Rate: 20 ◦C/minute typical.
Natural Cooling Rate: Slow, strongly ambient temperature dependent.
Forced cooling Rate: Process tube gas flow can cool sample.
Operating Atmosphere: Air, nitrogen, argon, helium, forming gas (95% N2,5% H2).
Operating vacuum: 10-5 torr.
Equipment Specifications
Process Chamber: Alumina Tube.

Tube Dimensions: 32” long/4.125” ID/4.5” OD.
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Hot Zone Assembly: Sixteen 27” long, SiC elements surrounded by insulation.
Temperature Sensors: Type-R furnace thermocouple for temperature control.
Temperature Controller: Omega Corp Model 8201 process controllers provide a 4-20 mA
signals to a SCR power supplies. The Controller is programmable for 8 ramp and soak
(constant

temperature) timing segments.

Vacuum Fittings: Top and bottom flanges are 6” conflated flanges.
Power Supply: SCR power supply, 30A, 240 VAC, single phase power.
Overtemperature Limit: NONE
Short Circuit Protection: Fused – SCR power output fused. Fuse type is a current limiting,
Class T JJS fast-acting fuses.
Utility Requirements: Furnace Electrical Supply: 240-volt AC, Single phase, 30 Amp - 60
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Appendix B
Thermophysical Properties of Alumina, StainlessSteel, Soft and Hard Insulation

Appendix C
Thermophysical Properties of Lunar Regolith
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JSC-1 Simulant regolith thermophysical properties used in the thermal model (chapter 2)
are taken from the work published by Schreiner et al., 2016. All the properties described in
this Appendix were taken from Schreiner et al publication.

Specific Heat at Constant Pressure
For solid regolith above 350 K, a model for silicate minerals from Stebbins et al. (1984) is
employed. The mole fraction values of all oxide species present in the silicate mineral are
used in the model, Schreiner et al, 2016 computed the mole fractions for three types of lunar
regolith, High-Ti Mare, Low-Ti Mare, and Highlands, and obtained a more general
expression

𝐶𝑝 = 𝑎 + 𝑏𝑇 + 𝑐𝑇 −1
Where heat capacity Cp is in J/(kg.K) and temperature T is in K, a = 8.820x102 J/(kg.K), b
= 3.083x10-1 J/(kg.K2) and c = -2.278x107 J/kg for High-Ti Mare lunar regolith.
For molten regolith, the specific heat at constant pressure remains fairly constant with
temperature but varies with composition, as predicted by Stebbins et al. (1984):

𝐶𝑝 = 𝑎
Where a = 1.531x103 J/(kg.K) for High-Ti Mare lunar regolith.

Thermal Conductivity
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Schreiner et al., 2016 developed an empirical continuous model that fits over both the solid
and molten data reported for FJS-1 Japanese Simulant lunar regolith and Apollo 11, 12, 14,
and 15 (solid phase) and different silicate-based minerals silicates (molten phase):

𝑘=

0.01257(𝑇′) + 0.0172
(𝑇′)2 − 2.874(𝑇 ′ ) + 2.085

Where thermal conductivity k is in W/(m.K) and T’ is the temperature in K normalized by a
mean 691.7 and standard deviation 564.3. Figure 1B below shows the regression results.

Figure 1C. Thermal conductivity fitting curve generated and published by
Schreiner et al., 2016 using data reported for Apollo surface experiments, the
FJS-1 simulant (Wakabayashi and Matsumoto, 2006) and liquid silicates similar
to lunar regolith (Allibert et al., 1995; Snyder et al., 1994).
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Fig. 1C shows the continuous and piece-wise models for the thermal conductivity of lunar
regolith. Overall, the trends observed in the continuous regression fit are in agreement with
those observed in the range of minerals from Allibert et al. (1995). The thermal model uses
the continuous regression to compute thermal conductivity of the JSC-1’s sample.

Density
According to work conducted by Heiken et al., (1991) with data from the Apollo and Luna
missions an average density value of 1,500 kg/m3 seems to be appropriate for the top 15 cm
of lunar soil. For molten lunar regolith, the density varies with both temperature and
composition. The model from Stebbins et al. (1984) for the volume of molten silicates was
algebraically manipulated by Schreiner et al., 2016 to create a density model for of each of
the three types of molten lunar regolith (High-Ti Mare, Low-Ti Mare, and Highlands). This
model contains a dependence on both composition and temperature, the density equation for
High-Ti Mare corresponds to:

𝜌=

6.345𝑥104
24.11 + 0.001206(𝑇 − 1873)

Where 𝜌 the density in kg/m3 and T is is the temperature in K.

Optical Absorption Length
Optical absorption length wavelength-dependent data on molten glass assigned to molten
regolith by Sibille and Dominguez (2010) was fit by Schreiner et al., 2016 with a step
function of 0.3 cm-1 for wavelengths below 2750 nm and 4 cm-1 above 2750 nm. The step
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function was then weighted by the Planck black body energy density and integrated over all
wavelengths to determine the average absorption length at a given temperature:
∞

𝛼(𝑇) =

∫0 𝑃(𝜆, 𝑇) 𝛼(𝜆)𝑑𝜆
∞

∫0 𝑃(𝜆, 𝑇)𝑑𝜆

Where 𝛼(𝜆) is the absorption coefficient as a function of wavelength 𝜆 and 𝑃(𝜆, 𝑇) is the
spectral energy density as a function of temperature and wavelength from Planck’s Law
(Planck, 1914).

8𝜋ℎ𝑐 2
1
𝑃(𝜆, 𝑇) =
[
]
𝜆5 𝑒𝑥𝑝 ( ℎ𝑐 ) − 1
𝑘
𝐵

Where h is the Planck’s constant, c is the speed of light, and 𝑘𝐵 is Boltzmann’s constant.
Figure 2B depicts the integration results (black dots in Figure 3C) over all wavelengths to
determine the average absorption coefficients over different temperature values within a 02,000 K range. Schreiner et al., 2016 fitted the adsorption coefficient values (black dots in
Figure 3) using summation of five Gaussian functions:
𝑇−𝑏

𝛼(𝜆) = 𝑎1
Where

1)
−(
𝑒 𝑐1

𝑇−5

+ … … … … . . +𝑎5

−(
)
𝑒 𝑐5

𝑎𝑖 , 𝑏𝑖 and 𝑐𝑖 are regression coefficients listed in Table 2B.
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Table 2B. Regression coefficients for the optical absorption length
model (Eq. 7B), which sums five Gaussian functions together
(Schreiner et al., 2016).

The curve fitting via the five Gaussian functions is drawn as a continuous green line
in Figure 2C.

Figure 2C. Temperature-dependent fitting curve generated by
Schreiner et al., 2016 to estimate absorption length via integration of
wavelength-dependent step function (Sibille and Dominguez (2012))
over the Planck curve.
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Appendix D
Gibbs Energy Parameters for Dissociation Species
Gibbs Energy values listed below are part of the HSC Chemistry® library

