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ABSTRACT
The processing and construction of a scalable modular monolithic hermetically sealed microchannel heat exchanger was established for implementation into electronic systems for cooling
the components that are heated due to joule heating, with the specific application of
sustainability in future long term space exploration. Lunar Regolith is the main vehicle of inorganic
ceramic material for the structure of the device, as soil with this composition is highly abundant
within the solar system; the materials also includes a fractional addition of glass to promote
sintering and ultimately hermeticity. The device is tested for its thermal performance and rated
for its heat dissipation capabilities using over-all heat extracted and thermal impedance as the
indicator revealing its applicability to cooling electronic systems that risk over-heating.
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1. INTRODUCTION
New technologies need to be developed to support long range off-Earth missions. One such
crucial technology is a high efficiency heat exchanger. These technologies are of particular interest
to the enterprises that would be able to implement them into their space exploration programs.
These scientific bodies, like NASA, fund the research into technologies deemed worthy for two
reasons: the first being that new technologies will be developed and applied and the second is to
progress the technology from being manufactured on Earth as a conceptual prototype to actually
being manufactured in space. This will transition these programs, allowing them to use
Commercial-Off-The-Shelf (COTS) devices that would be shipped off-Earth in the short term,
whereas devices that are needed for the long term mission would be manufactured on site. This
technological advancement centers itself around Regolith, materials indigenous to the
exploration site, to be used in the fabrication of the device prompting the overarching goal for
this type of manufacturing as In Situ Resources Utilization (ISRU).

1.1 MOTIVATION
Exploration has always been an inherent
desire of mankind. Humanity set out to
discover its environment, exploring and
colonizing the Earth. Then it set its sights
for the stars. With the advent of rockets,
space exploration was born and the

FIGURE 1 - CONCEPT OF LUNAR REGOLITH BASED FACILITY

moon was added to the long list of
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discoveries. Now and in the future, there will be a need to create and use technology that allows
for sustained long-term exploration.
The missions to the moon, the exploration of Mars, and the massive space stations that have been
built would have never succeeded without the technologies used to sustain them. Future missions
and discoveries will require more advanced technologies that must be able to meet the mission
criteria while remaining sustainable and economically feasible. All electronics are subject to
failure and need to be replaced over time. The length of time needed to obtain replacement parts
as well as the cost of shipping resources from Earth to outer space seriously impedes the
development of space exploration. In 2002, it costs $10,000 to launch a pound of payload and by
2011, the cost was reduced to approximately $3000 [1], [2]. These costs can be further reduced
by being able to access resources on site to perform repairs, increasing the longevity of
exploration missions.
One possible solution is ISRU to manufacture the necessary components. A large portion of NASA
space systems, satellites, and UAVs are composed of wiring and the related hardware, resulting
in bulky structures. This project aims to provide a means to improve the functionality of these
technologies while reducing the volume and weight through the use of ISRU. Mechanical
structures and electronic modules will be manufactured in a monolithic fashion, merging
structural and electronic functionality in a volumetrically efficient package.
Keeping the maintenance of electronics in mind, the production of small, readily-available heat
sinks is one way of boosting performance and usage of electronics in space. These heat
exchangers would be able to remove excess heat generated the electrical equipment in use. The
difficulty arises in procuring the resources needed to produce these devices. ISRU of indigenous
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materials, such as soil, promises an abundant supply of material that are relatively easy to harvest
and process for manufacturing.

1.2 PROBLEM STATEMENT
The size and cost of the proposed design
must be sufficiently small to reduce the
cost of shipping material off Earth. To
further reduce these expenses, the
process used to create the heat exchanger
must be designed to allow for in situ
manufacturing

using

Lunar

Regolith. FIGURE 2 - LTCC MICRO-CHANNEL HEAT PIPE

Regarding the manufacturing process, the procedure used must be easy to replicate and produce
the same results obtained on Earth. Additionally, the materials used to produce the prototype
heat exchanger should be similar in composition and share the same properties as the actual soil
seen on the moon. For the heat exchanger itself, thermal management must also be considered
to ensure the reliability and longevity of electrical systems. The heat generated in these systems
is to be dissipated to reduce the damage caused by thermal stresses. Catastrophic failure may
occur due to overheating and the potential exists for electrical fires as a result.

1.3 LITERATURE SURVEY
The multifaceted design necessitated multiple aspects of independent literature search and
review. This review all fell under the umbrella of two different areas of investigation which needed
exposure and understanding. The first of these is the subject of materials engineering, specifically
ceramics and ceramic substrate systems manufacturing. The next area of investigation dealt with
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conjugate heat transfer where fluid and solid systems come in contact with one another and share
their thermal energy. It is the combination of these fields of engineering that will produce
understanding and direction for this design project.

1.3.1 CERAMIC MANUFACTURING
The first of these topics is as mentioned the subject of materials science and engineering. In this
field of engineering, the expertise and knowledge found in text can further facilitate
understanding of substrate technology. The necessary topics were investigated in [3] and [4] and
include: sintering, mechanical properties, interaction with other materials and methods for
producing substrates. The concepts of ink and sheet fabrication are also expanded upon in [5] and
understood in order to use both to laminate and fire structures for the finished assembly.

1.3.2 THERMAL MANAGEMENT USING HEAT EXCHANGERS
The next field investigated was that of the combined fields of fluid mechanics, heat transfer and
the association of the conjugate heat transfer within the heat exchanger. The design incorporates
moving liquids past a metallic object. Each of these aspects of the channel add to the flow
characteristics of the medium and their effects are important to recognize. Understanding
geometrical considerations plays a large role in the behavior of the fluid [6]. Geometry coupled
with dimensions plays an even larger role and has a direct impact on the temperature profile,
velocity profile, and the associated pressure drops across the channels [7].
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2. PROJECT FORMULATION
2.1 OVERVIEW
This project seeks to create a micro-channel based heat exchanger that is designed to use lunar
soil as its bulk material. Actual regolith, also known as extraterrestrial soil, is difficult to obtain so
a simulant was used for this project [8]. The simulant is made of natural components found on
Earth resulting in only a slight variance between it and actual regolith. The heat exchanger is
manufactured using a green tape, a sacrificial material that burns out during firing, and a silver
paste. The green tape is formulated such that the bulk of the material is the Lunar Regolith which
is used for the housing of the heat exchanger device. The sacrificial material is placed in the areas
where the micro channels are. The silver paste fills in the vias that are routed into the sacrificial
material to create a highly heat conducting structure inside the heat exchanger. A computer
simulation software was used to simulate the heat exchange capacity and the pressure drop over
the heat exchanger. This was verified by the final test results after the construction of the heat
exchanger.

2.2 PROJECT OBJECTIVES
There are four primary objectives to be achieved; (1) creating a tape casting slurry, (2) design of a
micro heat exchanger, (3) manufacturing a lamination based micro heat exchanger, and (4)
operation of the heat exchanger. Meeting these four objectives proves feasibility of supporting
NASA’s desire to build structures and devices independent of location while reducing the amount
of resources normally needed. The tape casting slurry is used for the creation of a green tape
composed of Lunar Regolith. This green tape can be used to create complex ceramic structures.
The design of the micro heat exchanger allows for analysis of the heat exchange capacity and the
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pressure drop across the heat exchanger. The manufacturing of the heat exchanger is done
through a lamination process, using the green tape that is developed. Testing is then completed
with the heat exchanger to verify calculations.

2.3 DESIGN SPECIFICATION
The specification for the creation of the tape casting slurry begins with materials characterization.
The initial regolith must be refined to the appropriate particle size needed for sintering studies
[9]. In order to ensure an easy to duplicate process, ball milling was used to reduce the particle
sizes. Using alumina balls, several batches of refined regolith powder are made from solutions of
raw regolith simulant. Following the process indicated in [10], the raw regolith simulant is ball
milled with an organic binder, and the possibility of a glass powder. Three different types of glass
powder are used separately in each batch. A hydraulic, hand-operated pellet press is used to
produce ½ inch pellets of each sample. There are therefore four different combinations for the
slurry. The largest particle size in any of the slurry combinations after ball milling is under 10
microns. A sintering study is conducted by firing the different pellet configurations at different
temperatures. The final step in characterizing the regolith is conducted by using a scanning
electron microscope (SEM) to evaluate the crystallography of the different samples. The tape
casting slurry is composed of a formulation that is based on the most successful sample from the
Lunar Regolith test group as tested above. The expectation is that it will be composed of regolith
simulant, an organic binder, and a glass powder. After the formulation for the green tape is chosen
and it is created, a test structure is then laminated and fired. This structure goes through the same
materials characterization process as the pellets to verify the findings.
The heat exchanger uses one of two green tape materials. The choice of material depends on the
manufacturing location. They are DuPont 951 and Lunar Regolith based green tape. This design
7|Page

specification is mainly created to keep the cost as low as possible. Along the same lines, maximum
performance is desired. The fabrication of the heat exchanger is possible in SITU. It has a layer by
layer approach. The micro-channel structures needed for the heat exchanger is composed of silver
vias. Silver is chosen due to the naturally high thermal conductivity of the metal. The vias have a
square pitch layout. Fugitive materials capable of decomposing in oxygen to completely burn out
in vacuum conditions that are used to fill the micro-channels prior to firing. This allows porous
structures to be easily fabricated. There are a few performance factors that need to be taken into
account: the amount of heat transferred, the thermal impedance of the system and the power
required to pump the working fluid. The final product displays the potential for manufacturing
structures of any size, independent of form or function. The heat exchanger is operated using a
pump that ensures constant flow of the working fluid. Ideally, a hermetic regolith structure is
produced to further demonstrate applicability for structures capable of supporting gas/fluidic
processes.
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3. ENGINEERING DESIGN PROCESS
To meet the needs put forth by the project objectives, two parallel processes and products were
developed. The first component to be established is that of the ceramic materials through
characterization and developing a manufacturing process to bring them to a tape. Resting on the
development of the tape that is used, a heat exchanger must be designed, developed, and
performance tested. Ultimately these goals are intertwined due to one’s construction being
dependent upon the others formulation, but it is still important to acknowledge there
fundamental differences in nature in regards to design and engineering needs.

3.1 MATERIAL SELECTION AND PROCESSING
3.1.1 SOLUTION TO MATERIAL NEEDS
Within this project, the resulting product must be a monolithic structure that has a high level of
hermeticity as to transport the cooling medium without worry of device failure through
absorption of said medium or degeneration of its structural integrity through processes of
corrosion and erosion. The device must also be strong as to retain its structural integrity after
minor impacts or periods of carrying a load. It is known that ceramic systems have these
capabilities as they have been used to hold fluids since early man used them as pots and are
known to be strong.

3.1.2 PROCESSING AND WORKFLOW
The project necessitates the use of materials that are indigenous to the extra-terrestrial sites
where development will occur. With that, the material for development on the Moon is Lunar
Regolith as there are very few other raw materials to be found there and essentially no materials
9|Page

that satisfy the requirements placed on the design. This fact put in place the final goal of
developing a materials process using Lunar Regolith. However, there are many iterations that
were made along the way to bring the design to its final product.
Initially, it was imperative to investigate the designs available for ceramic implementation and a
manufacturing process to establish a base line. This was accomplished through the investigation
of LTCC (low temperature co-fired ceramics) tapes, which is a technology that has already
matured. One of the more common and commercially available tapes used is DuPont 951 and was
used as an initial model in this project. These tapes have already been proven to be capable of
producing electrical packages such as with microwave applications with a steady dielectric
constant regardless of frequency and capable of withstanding high temperatures [11]. Aside from
the proven success in the electronics industry, they can also be said to be cost effective, have a
range of environmental performance, highly reliable, and be produced rather quickly [12] which
makes them highly desirable to be extrapolated into other fields of engineering. Given the
considerable amount of success in the electronics industry, this process can be extended into the
mechanical field, as others already have by constructing the heat exchanger using this tape [13].
The processing to do this starts with determining the necessary geometry augmentations to the
tape. This starts with cutting the tape to pre-determined blanks. These blanks are then modified
with a router to accept both materials that burn out in the firing process and the silver structures
used for heat conduction. The material that burns out also needs to be augmented to fit into the
parts of the tape that were route out and to accept silver. Once the components have been
modified to accept each other, they are put together and become an integrated structure. The
unified structure is then laminated, pressed, and fired. Special considerations must be made in
the pressing pressure and the firing cycle, which will be expanded upon in the following sections.
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The next stage is characterization of the extra-terrestrial ceramic vehicle to be used for
manufacturing of the device. The materials afforded to the design are simulants of the Lunar
Regolith which have been approved by NASA to mimic what would be found on the lunar surface.
They are essentially ceramic and glass mixtures based on analysis of data sheets provided by the
company, which ultimately makes them great candidates for LTCC application [8]. The first stage
of material processing is determining the sintering characteristics of the powders. This is done by
a multistage process of milling the materials to reduce agglomerates and disperse the different
components. The milling is done in a solution of a binder system, which holds the material
together while it’s green (yet to be fired), and a solvent to reduce viscosity. After milling for a
period of 24-48 hours, the material is allowed to be exposed to atmospheric air and the solvent
evaporates out leaving behind the ceramic particles and binder. This newly formed material is
then condensed in a hydraulic press with a pellet pressing apparatus. At this point the material is
ready to be placed in a furnace and fired. After the sample has been fired they are then
investigated using a Scanning Electron Microscope (SEM) and micro-hardness testing. The
culmination of the results determine the quality of the finished product and dictate the selection
of individual materials that are to be used to produce the construction materials.
Once the materials compositions are determined, they are added to a commercially available tape
casting formula [14] for the beginning of the tape production process. This formulation was based
mostly on material availability as all the proposed formulations would suffice for the needs of the
product. The procedure of casting a tape follows similar steps as the characterization in regards
to milling. First the solvent and ceramics are milled for up to a period of 24 hours. The mill is then
opened and plasticizers, an organic material to provide ductility, and a binder are added and the
milling continues for another 24 hours. Upon completion of the milling process, the final product
called a slip, is placed into a tape casting apparatus called a doctor blade and is cast on a sheet of
11 | P a g e

Mylar which sits upon a sheet of glass. The solvents evaporate out of the slip and the resulting
product is the tape. From this point, the tape follows an identical procedure that was found in the
processing of the DuPont 951 tape.

3.2 CONCEPTUAL DESIGN OF DEVICE
3.2.1 SUPPLY OF COOLING MEDIUM
With the basis of heat evacuation from a component being conjugate heat transfer, the first
consideration is the supply of a cooling fluid to and from the heat exchanger. The preliminary
requisite is that there needs to be reservoir to supply a constant temperature cooling fluid. From
this, a cooling bath is made to extract heat from the water using solely radiation as a dissipation
source. In space there are not any mediums to remove heat through conduction or convection,
ultimately leaving radiation as the only true method of completely removing the heat from the
system or possibly recycling the heat back into life sustaining systems require them. This is beyond
the scope of this project but is ultimately necessary in the complete removal of thermal energy
from the electronic system. The fluid within the constant temperature container is then be
transported through feed lines via a pump. Considerations that need to be made are for the
pressure losses in the line and device that ultimately translate into a power requirement that is
placed on the pump. The other condition on the pump is that it provides the necessary flow rate
to accommodate the needs placed on it by the heat exchanger relative to the heat needed to be
dissipated via the electronic component and what heat convection physically allows for.

3.2.2 SOLUTION TO THERMAL NEEDS
Electronic components have electrical resistances within them that cause a phenomenon known
as Joule Heating [14]. This phenomenon necessitates thermal management to ensure the devices
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do not fail to due overheating. This issue is dealt with by taking advantage of conjugate heat
transfer, using both high thermal conductivity materials and a moving cooling fluid to extract the
heat from the conduction materials through convection. It has already thoroughly been proven
that LTCC is a great candidate for fluid networks in micro-devices. This has been shown in many
cases with [15] and [16], but the exact design of said device is still to be determined. The evolution
of the designs have started originally with just simple micro channels being built out of LTCC for
micro-reactors, etc [16]. Later the addition of heat transfer mechanisms were added in the form
of pins [13]. However, the ever increasing power density of electrical systems is prompting the
need for a higher density of heat dissipation. This can be accomplished with the use of finned
devices as they have much larger surface areas compared to pin devices. Regardless of the
structure used for convection of the heat, all applications use a similar set up of a surface plate
where the heat generating device is located, which then connect to through-hole-vias made of
the conducting material which terminate to a structure for the convective heat transfer process
to occur.

3.2.3 PIN CONFIGURATION
The concept of using pins in a heat exchanger device is one that has already been proven through
the work of FIU PhD candidate Hari Adluru, who developed a pinned structure for the convection
heat transfer mechanism within conventional DuPont 951 tape [13]. This design was a starting
point in regards to the established nature of vias or pin type structures with traditional LTCC
applications, however it has yet to be established with a ceramic material produced using Lunar
Simulant. This design has a significant strength in regards to manufacturing. Because the fins are
cylindrical they have low aspect ratios and offer a high level of rigidity in the construction process.
This provides the designer with a higher level of freedom in the specific layout of the device. The
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caveat associated with this is that although a high density of conducting material can be placed
within the device, there are designs which can produce an even higher density with greater
surface area; this type of design will be investigated in the next section.

3.2.4 FIN CONFIGURATION
The alternative designs available for implementation into this device is that of a fin structure
within the fluid channel. Within the concept of using fins, there are essentially two directions
available. A tremendous amount of work has been produced on micro channel heat exchanger
with straight tubing, however, as of late the introduction of winding channels that ultimately
produce denser (in regards to surface area relative to overall size) designs have come into play
[17]. It is important to note that these designs have not been attempted or validated using any
kind of LTCC. The benefits of these designs are that they have very large surface areas associated
with the conducting materials convecting surfaces. This feature allows for significantly higher
thermal dissipation from the conducting materials ultimately resulting in higher efficiency of the
heat exchanger. Although the benefits of using finned surfaces within the heat exchanger are
tremendous, there is one inherent problem with them and it is within the manufacturing of the
finned components itself. In order to manufacture these fins, high aspect ratio free standing
structures must be made within a cavity and is needed to withstand forces that are necessary to
the construction process making the possibility of failure much higher.
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3.3 ASSESSMENT OF DESIGNS AND PROPOSAL
After review of the designs
available, it became apparent that
a tradeoff must be made. With
one, the option of using a pinned
structure with a lower heat
transfer density design but with
improved

construction

performance is available. This
route has been proven already
and is ultimately not a poor
method of heat transfer. The
other option is to use the finned

FIGURE 3 - CAD RENDERED CONCEPT

structure, which does provide a high heat transfer density but with limited construction proving
and inherent construction obstacles that suggest difficulties during the construction process.
Thus, the proposed design makes use of the pin configuration for the convecting surfaces. The
device is 60 mm long by 60 mm wide with a 1.0mm tall channel that is 30mm wide. The device
uses 11 rows of pins with 11 sets of pins along the length of the row resulting in a total of 121
heat exchanging surfaces that are free standing within an open cavity. The casing for the device
is made of the developed Lunar Regolith and glass ceramic material and uses silver as the
conducting medium. The heating device sits atop the pins, which is run through the ceramic body
down into the empty cavity with symmetry being observed from top to bottom.
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4. ENGINEERING ANALYSIS
4.1 MATERIAL SELECTION
The development of a material system for the construction of this project necessitated a
significant amount of process analysis. Starting from the raw materials of a high thermal
conductivity, easily sintered silver and the use of Lunar Soil, there were many steps to be taken
to produce a workable set of materials for construction. The studies to determine which materials
were used ranged from determination of particle size, effective sintering of the materials, and
firing profiles to eliminate materials that are not wanted within the ceramic and silver paste. The
result of this analysis produced the three primary materials that were in the construction of the
micro-heat exchanger. Silver has a very high thermal conductivity and is ideal for improving the
heat transfer properties of this device as it has been proven in other works [18]. Thus, silver is
used as the pin structure within the device. The ceramics and glasses used for the body material
needed

to

go

aforementioned
ultimately

through

characterization

determine

the

the
to
best

combination of lunar soil and glass type
and composition.

4.1.1 MATERIALS PROCESSING
The regolith and glass mixture samples
went through a ball milling process
wherein the average agglomerate size
must drop to 3-5 microns [19]. There are

FIGURE 4 - FINENESS OF GRIND GAUGE
SHOWING D50 AT 3.5-5.0µM
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four parameters that are analyzed in this process; the rotational speed of container, the size and
amount of the milling media, the amount of time to run the mill, and the type of milling process
(dry or wet). With the recommendations of [19] the critical rotational speed and the
recommended rotational speed range based on the critical speed. The critical rotational speed is
𝑁𝑁𝑁𝑁 =

76.6
[𝑅𝑅𝑅𝑅𝑅𝑅]
√𝐷𝐷

where D is the inside diameter of the mill in feet. They state that the speed

should range from 35% to 115% of 𝑁𝑁𝑁𝑁. Additionally, they state that most mills run at 60% to 65%
of 𝑁𝑁𝑁𝑁 for dry milling and 2 to 5 RPM faster for wet milling. The mill was run at 105 RPM due to

these considerations. Throughout this process at even intervals samples were taken and
measured for an average agglomerate size based on a fineness of grind gauge.

4.1.2 SINTERING ANALYSIS
Upon producing a raw powder, the next step in the process is to turn the material into a unified
structure and analyzing the effects from the glass composition and firing profile have on the final
products sintered state. The initial step is to produce a pellet of the ceramic material, glass and
binder. Different types of glasses were mixed at 10% weight compositions with the ceramics and
then 2% binder was added relative to the combined glass and ceramic weight. The pellets were
then placed into a pellet press apparatus and put into a pneumatic jack where a 2 ton load was
applied, compressing the pellet.
Upon producing a pellet, firing must be done in accordance with removal of undesirable materials
(binder; plasticizer and fugitive materials are considered for the tape), transitioning the glass from
solid to a liquidus state, and sintering of the ceramic. The first thing to consider with the profile is
the ramp rate associated with the profile. This is the change in temperature per unit of time. The
next consideration is the burnout temperature of the binder which is represented in the MSDS of
Poly Vinyl Butryl, which produces the first temperature that the pellet needs to be held at. The
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next step is to bring the pellet to a suitable temperature for sintering and also allow for the glass
to transition to a viscous flowing fluid. The glass transition temperatures were the first aspect of
consideration. The lowest temperature for glass transition produced the lowest temperature for
the sintering study. The upper limit was then formed by the definition of LTCC which is a material
that is sintered or fired at or below 850°C. From the glasses used setting the lower end
temperature and the definition of LTCC defining the upper limit, the sintering analysis was done
at 650°C, 750°C, and 850°C.
Upon producing a fired pellet, analysis was completed using an SEM (Scanning Electron
Microscope) and 2D and 3D visual inspection of the performance of the sinter-ability of the
different pellets. A total of 3 glass compositions were examined using the said method. As the
true indicators of the quality of product are determined mainly by the density, porosity, and
hermeticity of the pellet, the SEM gives a rough analysis to narrow the materials down for further
analysis with the aforementioned tests. For this analysis, the features under investigation within
these samples were the particle size, the packing of the particles, the coverage of the glass, and
uniformity of the surface of the sample [19].
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The first composition of materials introduced is a glass
designated as ASF1109 provided by the ASAHI Glass Company,
LTD. The sintered sample is shown in Figure 6 where both a 2D
image as well as a computer generated 3D image. The glass is
composed of Boron Trioxide (B2O3), Zinc Oxide (ZnO), and
Bisumuth Oxide (Bi2O3) in undisclosed percentages. The glass’s
properties that made it desirable were the low transformation
point and softening point. The low temperature for the
softening point allows the
glass to become a viscous
fluid [4] and flow itself into
the separations between

FIGURE 6 – SEM IMAGE OF ASF1109
particles, providing better GLASS AND REGOLITH
coverage of the surface, ultimately resulting in better
hermeticity. The transformation point of this glass is 484C and
the softening point is 545C. It can be seen that this batch of
materials produced very small particle sizes, relatively good
coverage for the surface area, and a high level of uniformity
across the space. This is especially evident in the
topographical mapping of the sample, where green represent
FIGURE 5 – SEM IMAGE OF ASF1780 the lowest points and red represent the highest. The
GLASS AND REGOLITH
uniformity can be attributed the relatively small particle sizes,
allowing the particles to be more evenly packed. The coverage of glass compared to the other
samples was lower and there appeared to be a high level of porosity. This can be due to two
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things. Either during post processing the particles were pulled out while on the high speed
polishing wheel, resulting in artificial cavities, or the glass concentration was not high enough for
the particle size.
The next glass that was investigated was provided by the
ASAHI Glass Company as well and was given the description
of ASF1780. The sintered sample is shown in Figure 5. The
glass composition is found to have Silicate (SiO2), Boron
Trioxide (B2O3), and RO (where R can be Mg, Ca, Sr, or Ba).
This glass had a higher transformation point, at 548C and the
softening point was even higher at 783C. However, with
these two features of the glass in mind, while being fired in
the specified condition the glass shown in the SEM photo as
the lighter part of the sample seemed to produce greater
coverage. This may have been a product of the glass and its
flow abilities at this temperature. However, it appears from
the analysis of the image that even there were larger
particles within this sample implying a wider range of particle

FIGURE 7 – SEM IMAGE OF ASF1100
GLASS AND REGOLITH

sizes, possibly allowing for more packing locations leaving less voids for the glass to flow into. This
would give the glass the ability to cover more surface area [20].
The final sample used for analysis was produced with the glass from the ASAHI Glass Company as
well and is designated ASF1100. It is a glass powder with a composition of Boron Trioxide (B2O3)
and Bismuth Oxide (Bi2O3). This sample can be seen in Figure 7 and it had both large particles and
poor surface coverage, which can be seen in the very large voids of the topographical image from
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the SEM. This find was surprising as this glass had a transformation point of 378C and a softening
point of 441C, which was the lowest of the three glasses tested. It was thought that due to the
low temperatures of transitioning and softening the glass would flow the best, however that was
not the case.
For firing for promotion of sintering at 850C, it was determined that only the RF1780 and RF1109
were suitable candidates. With that, the particle size was determined to be best with the RF1109
as the small particle size and high surface area provided more free energy to drive sintering [20].
Ultimately, the tape was made using the RF1109 glass composition to promote sintering.

4.1.3 FIRING PROFILE ANALYSIS FOR TAPE

Temperauture (C)

Firing Profile
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50
0

0

100

200

300

400

500

600

700

800

Minutes

FIGURE 8 - FIRING PROFILE FOR TAPE
The firing profile of for the tape is set so that the structure will hold post firing. It is based off the
firing profile for DuPont 951 green tape [21]. The temperature ramps up quickly at first to burn
out all fugitive materials. The fugitive materials and binders burn out between 200C and 400C.
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The temperature is held at 400C to ensure complete burnout of these materials and binders. The
temperature is then slowly ramped up to 850C so that any other leftover materials that need to
burn out but have not yet will. This also allows the different components of the tape to wet slowly.
The glass powder that is used in the tape has a softening point of 540C. At 850C all the
components that are expected to wet and spread out to allow sintering; therefore, this
temperature is held to ensure sintering of the final product. From here there is a medium paced
ramped decrease in temperature until room temperature is met.

4.1.4 MICRO-HARDNESS TEST
Hardness tests are used to approximate the
tensile strength of a material. This can be used
to classify some material properties. A microhardness test was conducted on three different
samples using the HDX-1000 TMC Vickers
Hardness Tester by Zhongguo Shanghai. This
test has a few different parameters: shape of

FIGURE 9 – MICRO HARDNESS TESTING APPARATUS

the indenting tool, force used, and time that it
is left in place. The shape that is used is determined by the type of test. The Vickers test has a
predetermined diamond shape made. The head of the tool is also made from a diamond. The
force that is used varies from test to test, and the amount of time for the tool to be set in place
was set to fifteen seconds. The sample is placed in the sample holder, the parameters are set, and
the test is run. After each test run the sample is imaged under a computer aided microscope. The
indentation is measured and logged. This process is run multiple times for each setting on every
sample.
22 | P a g e

The following Figure 10 is a graphical representation of the results for three different samples that
were tested.

Micro-Hardness Testing
3500

Hardness Value

3000
2500
2000

ASF1100

1500

ASF1780

1000

ASF1109

500
0

0

2

4

6

8

10

12

Force (N)

FIGURE 10 - MICRO HARDNESS TEST RESULTS
ASF1100 had an average Vickers Hardness value of 1074, a minimum of 543, a maximum value of
1353, and a standard deviation of 260. ASF1780 had an average Vickers Hardness value of 1870,
a minimum of 1218, a maximum value of 3054, and a standard deviation of 578. Sample RF1109
that was fired at 850C had an average Vickers Hardness value of 1489, a minimum of 1342, a
maximum value of 1578, and a standard deviation of 70. The only sample that has consistent
hardness is ASF1109. Additionally, the average hardness of this sample is comparable to alumina;
which was the baseline target.
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4.2 NUMERICAL ANALYSIS FOR HEAT EXCHANGER
The integrated device is analyzed to determine expected performance in operation. Analysis is
done in the fields of structural mechanics, fluid mechanics, and heat transfer. The structural
mechanics computations were completed in SolidWorks Simulation. The fluid mechanics and heat
transfer were coupled allowing for solutions to both systems simultaneously; this task was
completed using COMSOL MultiPhysics.
Both of these software packages utilize the FEM (Finite Element Method) for discretization of the
system into individual packets of transferrable information. When a physical system is
represented using mathematics that account for changes occurring in time and space, it is
described with differential equations. The physics and mathematics for these systems are rather
complex and require the need to account for many different variables that are continuously
changing and or dependent on one another. The FE method solves this problem by first
accounting for a representation of a system using computer automated drafting tools to produce
a geometry. This geometry essentially has an infinite number of place to be evaluated at until the
method performs a discretization and divides the domain into individual elements. These
elements are then given nodes, which are the locations or discrete points at which the variables
of the system are evaluated. The nodes are connected to one another through the individual
elements of the system. Once the equations are defined, the minimization of an error function is
coupled to the values that are going in and coming out of a node. This implies that the error
function determines convergence once the integrations of all values coming in and leaving the
node are in equilibrium resulting in continuity of the system. This method takes on different
characteristics as the physics of the system being solved for changes [22].
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As the models of the system are dependent on the individual elements, a study must be
conducted within the simulation study to ensure that the solutions are independent of the grid or
mesh of elements and nodes. Each simulation was then started at a low number of elements and
run. The properties displacement, pressure and temperature were evaluated at this number of
grid elements. Then again the simulation was started with a slightly higher number of grid
elements and the same properties were evaluated. This was done a series of times with increasing
number of grid elements until the solution became independent of the refinement and increase
in the number of elements.

4.2.1 SIMULATED STRESS ANALYSIS
In the stress analysis tests, SolidWorks [23] simulation solved for the static stress placed on the
system. It is assumed that linear elastic theory applies to all materials in the systems for the forces
applied. It is also assumed that these materials are isotropic. Since the software solves systems
using the finite element method, it is only necessary to understand how a single element would
be solved for a stress analysis. The method for solving an entire system is then extrapolated from
there. Stress is the measure of pressure applied to a static body. A single body has multiple stress
components that are described in a stress tensor. The stress tensor is
𝜎𝜎𝑥𝑥𝑥𝑥
𝑆𝑆 = �𝜎𝜎𝑦𝑦𝑦𝑦
𝜎𝜎𝑧𝑧𝑧𝑧

𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑦𝑦𝑦𝑦
𝜎𝜎𝑧𝑧𝑧𝑧

𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑦𝑦𝑦𝑦 �.
𝜎𝜎𝑧𝑧𝑧𝑧

For equilibrium to be in effect the following stress conditions must be met:
1) 𝜎𝜎𝑥𝑥𝑦𝑦 = 𝜎𝜎𝑦𝑦𝑦𝑦
2) 𝜎𝜎𝑦𝑦𝑦𝑦 = 𝜎𝜎𝑧𝑧𝑧𝑧
3) 𝜎𝜎𝑧𝑧𝑧𝑧 = 𝜎𝜎𝑥𝑥𝑥𝑥
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This means that the body may undergo deformation from the stress but it is static. Principle
stresses are found by solving the homogeneous equation:

This is further expanded to

where

𝑑𝑑𝑑𝑑𝑑𝑑|𝑆𝑆 𝑇𝑇 − 𝜎𝜎𝑖𝑖 𝐼𝐼| = 0
𝜎𝜎𝑖𝑖3 − 𝐼𝐼1 𝜎𝜎𝑖𝑖2 + 𝐼𝐼2 𝜎𝜎𝑖𝑖 − 𝐼𝐼3 = 0
𝐼𝐼1 = 𝜎𝜎𝑥𝑥𝑥𝑥 + 𝜎𝜎𝑦𝑦𝑦𝑦 + 𝜎𝜎𝑧𝑧𝑧𝑧 = 𝜎𝜎1 + 𝜎𝜎2 + 𝜎𝜎3

𝐼𝐼2 = 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑦𝑦𝑦𝑦 + 𝜎𝜎𝑦𝑦𝑦𝑦 𝜎𝜎𝑧𝑧𝑧𝑧 + 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑧𝑧𝑧𝑧 − 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑦𝑦𝑦𝑦 − 𝜎𝜎𝑦𝑦𝑦𝑦 𝜎𝜎𝑧𝑧𝑧𝑧 − 𝜎𝜎𝑧𝑧𝑧𝑧 𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜎𝜎1 𝜎𝜎2 + 𝜎𝜎2 𝜎𝜎3 + 𝜎𝜎3 𝜎𝜎1
𝐼𝐼3 = 𝑑𝑑𝑑𝑑𝑑𝑑|𝑆𝑆| = 𝜎𝜎1 𝜎𝜎2 𝜎𝜎3

Furthermore, for isotropic materials, the von Mises stress is given by
1
2
2
2 + 𝜎𝜎 2 + 𝜎𝜎 2
𝜎𝜎𝑀𝑀 = � ��𝜎𝜎𝑥𝑥𝑥𝑥 − 𝜎𝜎𝑦𝑦𝑦𝑦 � + �𝜎𝜎𝑦𝑦𝑦𝑦 − 𝜎𝜎𝑧𝑧𝑧𝑧 � + (𝜎𝜎𝑧𝑧𝑧𝑧 − 𝜎𝜎𝑥𝑥𝑥𝑥 )2 + 6�𝜎𝜎𝑥𝑥𝑥𝑥
𝑦𝑦𝑦𝑦
𝑧𝑧𝑧𝑧 ��
2

Furthermore, force equilibrium must be satisfied. These equations are:
𝜕𝜕𝜎𝜎𝑥𝑥𝑥𝑥 𝜕𝜕𝜎𝜎𝑦𝑦𝑦𝑦 𝜕𝜕𝜎𝜎𝑧𝑧𝑧𝑧
+
+
+ 𝑓𝑓𝑥𝑥 = 0
𝜕𝜕𝜎𝜎𝑥𝑥
𝜕𝜕𝜎𝜎𝑦𝑦
𝜕𝜕𝜎𝜎𝑧𝑧

𝜕𝜕𝜎𝜎𝑥𝑥𝑥𝑥 𝜕𝜕𝜎𝜎𝑦𝑦𝑦𝑦 𝜕𝜕𝜎𝜎𝑧𝑧𝑧𝑧
+
+
+ 𝑓𝑓𝑦𝑦 = 0
𝜕𝜕𝜎𝜎𝑥𝑥
𝜕𝜕𝜎𝜎𝑦𝑦
𝜕𝜕𝜎𝜎𝑧𝑧
𝜕𝜕𝜎𝜎𝑥𝑥𝑧𝑧 𝜕𝜕𝜎𝜎𝑦𝑦𝑦𝑦 𝜕𝜕𝜎𝜎𝑧𝑧𝑧𝑧
+
+
+ 𝑓𝑓𝑧𝑧 = 0
𝜕𝜕𝜎𝜎𝑥𝑥
𝜕𝜕𝜎𝜎𝑦𝑦
𝜕𝜕𝜎𝜎𝑧𝑧

where 𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 , 𝑓𝑓𝑧𝑧 are the components of the body force. The stresses are calculated on every

element based on the input parameters and then the resultant is passed to the neighboring
element. The system is evaluated as a whole after each iteration. Error is then calculated. Preset
26 | P a g e

stopping conditions for the error or number of iterations must be met before the program will
complete its analysis.
The stress analysis was defined by the materials associated with the study and the boundary
conditions that define the physics associated with the study. The materials and the properties
associated with them are listen in Table 1. The boundary conditions are shown graphically and
explained in each of the separate studies.
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TABLE 1 – MATERIAL PROPERTIES FOR STRESS SIMULATION
Material

Property

Value

Ceramic

Elastic Modulus

220590 MPa

Poisson’s Ratio

0.22

Shear Modulus

90407 MPa

Density

2300 𝑚𝑚3

Silver

𝑘𝑘𝑘𝑘

Tensile Strength

172.34 MPa

Compressive Strength

551.49 MPa

Elastic Modulus

71000 MPa

Poisson’s Ratio

0.37

Shear Modulus

25000MPa

Mass Density

11000 𝑚𝑚3

𝑘𝑘𝑘𝑘

Tensile Strength

125MPa

Yield Strength

55 MPa
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4.2.1.1 PROTO TYPE I
As the prototype one was found to not be successful in channel integrity, the analysis that was
conducted on this device is presented in a summarized format. For the stress analysis, there were
three different test that were completed, 1) Compression from the top of the device, 2)
Compression from the sides, and 3) Tension from the sides. For the compression on top of the
device, the maximum stress was found to be 13338217 Pa, the maximum displacement was found
to be 4.888x10^-3 mm, and the minimum factor of safety was found to be 12.6. For the
compression on the sides of the device, the maximum stress was found to be 1389999 Pascal, the
maximum displacement was found to be 4.516x10^-5 mm, and the minimum factor of safety was
found to be 113.8. For the tension from the sides of the device, the maximum stress was found
to be 2797704.5 Pascal, the maximum displacement was found to be 9.032x10^-5 mm, and the
minimum factor of safety was found to be 92.82. The constraints for each system are shown
graphically in Figure 11. The results from each system are shown graphically in Figure 12. The
convergence studies for each simulation are shown in Figure 13, Figure 14, and Figure 15.
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FIGURE 11 - RESTRAINT AND LOADING FOR EACH SYSTEM. TOP LEFT SHOWS RESTRAINTS, TOP RIGHT SHOWS
COMPRESSION FROM SIDES, BOTTOW LEFT SHOWS COMPRESSION FROM TOP, AND BOTTOM RIGHT SHOWS
TENSION FROM SIDES.
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FIGURE 12 - RESULTS FOR STRESS, DISPLACEMENT, AND FACTOR OF SAFETY FOR EACH STUDY. LEFT SHOWS
COMPRESSION FROM TOP, MIDDLE SHOWS COMPRESSION FROM SIDES, AND RIGHT SHOWS TENSION FROM SIDES.
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Grid Convergence Study
Compression From Top
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FIGURE 13 - CONVERGENCE STUDY OF COMPRESSION FROM TOP.

Grid Convergence Study
Compression From Sides
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FIGURE 14 - CONVERGENCE STUDY OF COMPRESSION FROM SIDES.
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Grid Convergence Study
Tension From Sides
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FIGURE 15 - CONVERGENCE STUDY FROM TENSION FROM SIDES.
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4.2.1.2 PROTOTYPE II
4.2.1.2.1 LOAD COMPRESSING DEVICE FROM TOP
In this analysis, the device was placed in compression
from the top. This configuration is intended to
simulate a load that is accidently or intentionally
placed on the device while it is in operation. The
system is defined by the boundary conditions,
described by fixtures which are placed on the bottom
of the device to account for the in operation mounting
and a unified force of 150 N placed evenly on the top.
The load chosen was an arbitrary value based on
relative weights of items in a lab. This same load will

FIGURE 16 - GRAPHICAL REPRESENTATION OF

be used consistently throughout the different types of BOUNDARY CONDITIONS ON SYSTEM FOR COMPRESSION
TEST. FIXTURES ARE SHOWN IN GREEN AND LOADS ARE
SHOWN IN MAGENTA.
stress analysis.
It was seen that the simulation solved for the stress being placed on the system, the deflection
the materials would experience, as well as the factor of safety associated with this particular load.
The different parameters being analyzed are shown in and there graphical results are shown in
Figure 17. The stress was accounted for using Von Mises stress and reached a maximum value of
625.1KPa and a minimum value of 581.1Pa. The maximum deflection experienced by the system
was 15.3nm. The minimum factor of safety was 437.9, implying the device could sustain a load of
65.6KN compressing the device from the top and not fail.
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To ensure the accuracy of the simulation and show that the solution is unique and independent
of the finite element grid, a convergence study was conducted and the results are shown in Figure
18, which indicates the solution will not change with a more refined mesh.
TABLE 2- RESULTS FOR STRESS, DISPLACEMENT,
AND FACTOR OF SAFETY

Stress
Maximum

625133.688 Pascal

Minimum

581.143 Pascal
Displacement

Maximum

15.27 nm

Minimum

0.0 mm

Factor of Safety
Minimum

437.9

FIGURE 17 - PLOTS OF STRESS, DEFLECTION, AND FACTOR OF
SAFETY FOR COMPRESSIVE LOAD ON TOP OF DEVICE.
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Displacement Force from top
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FIGURE 18 - GRID CONVERGENCE STUDY FOR COMPRESSIVE LOAD ON TOP OF DEVICE.
4.2.1.2.2 LOAD COMPRESSING DEVICE ALONG ITS LONG EDGE
This analysis consisted of placing the device in
compression along the long edge of the heat
exchanger. This configuration is representative of a
situation where the fittings may compress the heat
exchanger at these faces placing a force at the long

FIGURE 19 – GRAPHIC REPRESENTATION OF BOUNDARY

ends. The system defined by the boundary conditions CONDITION ON SYSTEM FOR COMPRESSION FROM LONG
ENDS TEST. FIXTURES ARE SHOWN IN GREEN AND LOADS
which are described by fixtures which are placed on the ARE SHOWN IN MAGENTA.
bottom of the device to account for the in operation mounting and a unified force of 150 N placed
evenly on the on the ceramic parts of both ends, seen in Figure 19. The load chosen was carried
through from the prior experiment as to keep all FEM stress analysis consistent. Ultimately, the
calculated factor of safety will determine what loads can be sustained by different boundary
conditions for the device and the applied load is relatively irrelevant.
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It was seen that the simulation solved for the stress being placed on the system, the deflection
the materials would experience, as well as the factor of safety associated with this particular load.
The different parameters being analyzed are shown in Table 3 and there graphical results are
shown in Figure 20. The stress was accounted for using Von Mises stress and reached a maximum
value of 1.44MPa and a minimum value of 3.55Pa. The maximum deflection experienced by the
system was 15.53 nm. The minimum factor of safety was 113.1, implying the device could sustain
a load of 16.96kN compressing the device from the sides and not fail.
To ensure the accuracy of the simulation and show that the solution is unique and independent
of the finite element grid, a convergence study was conducted and the results are shown in Figure
21, which indicates the solution will not change with a more refined mesh.
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TABLE 3 - RESULTS FOR STRESS, DISPLACEMENT,
AND FACTOR OF SAFETY

Stress
Maximum

1436482.875 Pascal

Minimum

3.553 Pascal
Displacement

Maximum

15.53 nm

Minimum

0.0 mm
Factor of Safety

Minimum

113.1

FIGURE 20 - PLOTS OF STRESS, DEFLECTION, AND FACTOR OF
SAFETY FOR COMPRESSIVE LOAD ON SIDES OF DEVICE.
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Displacement compression from sides
0.0000148

Displacement (mm)
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0.0000136
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FIGURE 21 - GRID CONVERGENCE STUDY OF DEVICE WHILE IN COMPRESSION FROM SIDES
4.2.1.2.3 LOAD PLACING DEVICE IN TENSION ALONG ITS LONG EDGE
Finally, the device was analyzed by placing it in tension
along the long edge of the heat exchanger. This
configuration is representative of a situation where the
fittings may pull out from the heat exchanger causing a
pulling force. As the fittings are connected on these FIGURE 22 – GRAPHICAL REPRESENTATION OF
BOUNDARY CONDITIONS ON SYSTEM FOR TENSION FROM

faces, the loads placed on the faces pulling out is LONG ENDS. FIXTURES ARE SHOWN IN GREEN AND LOADS
representative of this situation. The system defined by the boundary conditions is described by
fixtures which are placed on the bottom of the device to account for the in operation mounting
and a unified force of 150 N placed evenly on the faces of the ceramic parts on both ends, seen
in. The load chosen is residual from the prior experiment as to keep all FEM stress analysis
consistent.
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It was seen that the simulation solved for the stress being placed on the system, the deflection
the materials would experience, as well as the factor of safety associated with this particular load.
The different parameters being analyzed are shown in Table 4 and there graphical results are
shown in Figure 23. The stress was accounted for using Von Mises stress and reached a maximum
value of 1.4MPa and a minimum value of 3.553Pa. The maximum deflection experienced by the
system was 14.63 nm. The minimum factor of safety was 272.5, implying the device could sustain
a load of 40.87kN pulling the device from the sides without failure.
To ensure the accuracy of the simulation and show that the solution is unique and independent
of the finite element grid, a convergence study was conducted and the results are shown in Figure
24, which indicates the solution will not change with a more refined mesh.
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TABLE 4 - RESULTS FOR STRESS, DISPLACEMENT,
AND FACTOR OF SAFETY FOR DEVICE WHILE IN
TENSION FROM SIDES

Stress
Maximum

1436482.875 Pascal

Minimum

3.553 Pascal
Displacement

Maximum

14.63 nm

Minimum

0.0 mm

Factor of Safety
Minimum

272.5

FIGURE 23 - PLOTS OF STRESS, DISPLACEMENT, AND FACTOR OF
SAFETY FOR TENSION FORCE ON SIDES
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Displacement Tension from Sides
0.0000148

Displacement (mm)
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FIGURE 24 - GRID CONVERGENCE STUDY FOR DEVICE WHILE IN TENSION FROM SIDES

4.2.2 SIMULATED THERMAL AND FLUID ANALYSIS
The final simulation conducted was to determine the fluid and thermal behavior of the heat
exchanger while in use. As stated in the reference manual [24], the software used, COMSOL MultiPhysics employs FEM discretization to numerically solve the problems of the system. These subsystems that are being solved for are heat transfer and fluid mechanics. Within heat transfer, the
processes of conduction and convection are accounted for. Within the field of fluid mechanics,
there were two models that were incorporated and solved for. The first of these models was that
of single phase laminar flow while there was the potential for another model with single phase
turbulent flow, but this was to be determined through a Reynolds analysis later.
For the fluid mechanics portion of the simulation, the Navier-Stokes equations of the form,
𝜕𝜕𝜕𝜕
+ ∇(𝜌𝜌𝜌𝜌) = 0
𝜕𝜕𝜕𝜕
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2

𝜌𝜌

𝜌𝜌𝐶𝐶𝑝𝑝 �
Where

𝜕𝜕𝜕𝜕
+ 𝜌𝜌(𝑢𝑢∇)𝑢𝑢 = ∇ [−𝑝𝑝𝑝𝑝 + 𝜏𝜏] + 𝐹𝐹
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑇𝑇 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
+ (𝑢𝑢∇)𝑇𝑇� = −(∇𝑞𝑞) + 𝜏𝜏: 𝑆𝑆 −
� + (𝑢𝑢∇)𝑝𝑝� + 𝑄𝑄
𝜕𝜕𝜕𝜕
𝜌𝜌 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

𝜌𝜌 is density

𝑢𝑢 is velocity

𝑝𝑝 is pressure

𝜏𝜏 is viscous stress tensor

𝐹𝐹 is the volume force vector

𝐶𝐶𝑝𝑝 is the specific heat capacity at constant pressure
𝑇𝑇 is the absolute temperature
𝑞𝑞 is the heat flux vector

𝑄𝑄 contains the heat sources

𝑆𝑆 is the strain-rate tensor, defined as,

1
𝑆𝑆 = (∇𝑢𝑢 + (∇𝑢𝑢)𝑇𝑇
2

: is the contraction between tensors defined by,

𝑎𝑎: 𝑏𝑏 = � � 𝑎𝑎𝑛𝑛𝑛𝑛 𝑏𝑏𝑛𝑛𝑛𝑛
𝑛𝑛

𝑚𝑚

The three Navier Stokes equations have a linear relationship to connect them for Newtonian fluids
which is defined as,
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2
𝜏𝜏 = 2𝜇𝜇𝜇𝜇 − 𝜇𝜇(∇𝑢𝑢)𝐼𝐼
3

Further, turbulent analysis can be described using these equations if the mesh is dense enough to
resolve the eddy’s produced by the turbulence. However, COMSOL provides the k-epsilon
turbulence model to properly account for turbulence without having to produce such a refined
grid. For this, there are two equations being solved for [25]. The first is turbulent kinetic energy k,
which is defined as,
𝑘𝑘 2
𝑘𝑘𝑡𝑡 = 𝛼𝛼( 𝑘𝑘𝑥𝑥 )𝑥𝑥 − 𝜖𝜖
𝜖𝜖

𝑘𝑘 2
𝜖𝜖 2
𝜖𝜖𝑡𝑡 = β( 𝜖𝜖𝑥𝑥 )𝑥𝑥 − 𝛾𝛾
𝜖𝜖
𝑘𝑘

Where,
𝑘𝑘 is the turbulent kinetic energy

𝜖𝜖 is the dissipation rate of the turbulent energy

𝛼𝛼, 𝛽𝛽, 𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾 are positive constants of the system.

The other system being solved for by the numerical analysis is that of heat transfer. The system
incorporates aspects of the fluid solver to solve for the convective heat transfer and is described
by the heat equation,

Where

𝜕𝜕𝜕𝜕
𝑇𝑇 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
� + (𝑢𝑢∇)𝑝𝑝� + 𝑄𝑄
𝜌𝜌𝐶𝐶𝑝𝑝 �� � + (𝑢𝑢∇)𝑇𝑇� = −(∇𝑞𝑞) + 𝜏𝜏: 𝑆𝑆 −
𝜕𝜕𝜕𝜕
𝜌𝜌 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

𝜌𝜌 is the density

𝐶𝐶𝑝𝑝 is the specific
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𝑇𝑇 is the absolute temperature
𝑢𝑢 is the velocity vector

𝑞𝑞 is the heat flux by conduction
𝑝𝑝 is the pressure

𝜏𝜏 is the viscous stress tensor

𝑆𝑆 is the strain rate tensor defined as,
𝑆𝑆 =

1
(∇𝑢𝑢 + (∇𝑢𝑢)𝑇𝑇 )
2

𝑄𝑄 is the heat sources other than viscous heating

Additionally, the heat transfer interface uses Fourier’s law of heat conduction which shows that
heat flux is relative to the temperature gradient, defined as,
𝑞𝑞𝑖𝑖 = −𝑘𝑘
Where,

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

𝑘𝑘 is the thermal conductivity

And the tensor is defined as,

𝑘𝑘𝑥𝑥𝑥𝑥
𝑘𝑘 = �𝑘𝑘𝑦𝑦𝑦𝑦
𝑘𝑘𝑧𝑧𝑧𝑧

𝑘𝑘𝑥𝑥𝑥𝑥
𝑘𝑘𝑦𝑦𝑦𝑦
𝑘𝑘𝑧𝑧𝑧𝑧

𝑘𝑘𝑥𝑥𝑥𝑥
𝑘𝑘𝑦𝑦𝑦𝑦 �
𝑘𝑘𝑧𝑧𝑧𝑧

For the system, the materials associated with the bodies properties are used to solve the
aforementioned equations. Within the solid materials, the heat capacity at constant pressure,
thermal conductivity, and density must be defined. The fluid is defined by dynamic viscosity, heat
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capacity at constant pressure, density, and thermal conductivity. These are then assigned to the
different domains of the device allowing the materials to be fully defined. As the ceramic material
being used has never been characterized for thermal conductivity or specific heat, the values of
DuPont’s 951 LTCC tape were used to model the ceramic body of the device.
The boundary conditions are defined in the fields of heat transfer within solid bodies and a heat
source for the conductive aspects of the simulation. The convective and fluid portions get the
boundary conditions of an Inlet Velocity, an Outlet Pressure, and temperature of incoming fluid.
The values associated with these conditions are listed in table 5.
The Reynolds number associated with each channel is used to consider if the fluid flow is laminar
or turbulent. Reynolds number is dimensionless number designed as the inertial force divided by
the fluid viscosity.
𝑅𝑅𝑅𝑅 =
Where

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝜌𝜌𝒗𝒗𝐿𝐿 𝒗𝒗𝐿𝐿
=
=
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝜇𝜇
𝜈𝜈

𝜌𝜌 is the fluid density

𝒗𝒗 is the fluid velocity

𝐿𝐿 is the characteristic length which is the hydraulic diameter in many cases

𝜈𝜈 is the kinematic viscosity of the fluid
𝜇𝜇 is the dynamic viscosity of the fluid

Since water is the working fluid, certain values for the preceding equation are already set. The
system takes room temperature water and heats it up to its maximum temperature before
boiling. Therefore, 0.29 × 10−6 < 𝜈𝜈 < 1 × 10−6 . The velocity of the water through the system is
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0.5 m/s. The characteristic length is defined as 4 times the cross sectional area divided by the
wetted perimeter.
𝐿𝐿 = 𝐷𝐷𝐻𝐻 =

Where

4𝐴𝐴𝑐𝑐
𝑃𝑃

𝐴𝐴𝑐𝑐 is the cross sectional area
𝑃𝑃 is the wetted perimeter

For this case, this can be calculated as

Therefore,

𝐿𝐿 = 𝐷𝐷𝐻𝐻 =

4𝐴𝐴𝑐𝑐
= 1.714 × 10−3
𝑃𝑃

857 < 𝑅𝑅𝑅𝑅 < 2956

According to the moody diagram, these values of Reynolds number fall within the laminar flow
region. For this reason, the simulation for conducted using laminar flow is useful and valid.
TABLE 5 - BOUNDARY CONDITIONS FOR SIMULATION STUDY
Property

Value

Domain Heat Source

𝑃𝑃 = 33.5 Watts/cm^2

Inlet Velocity

𝑉𝑉 = 0.5

Outlet Pressure

𝑃𝑃 = 0 Pascal (Gauge Pressure)

Inlet Temperature

𝑇𝑇 = 295 Kelvin

𝑚𝑚
𝑠𝑠
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TABLE 6 - MATERIAL PROPERTIES FOR CONJUGATE HEAT TRANSFER SIMULATION
Material

Property

Value

Ceramic

Heat Capacity (Cp)

880 𝑘𝑘𝑘𝑘−𝐾𝐾

Thermal Conductivity (k)

3.3 𝑚𝑚−𝐾𝐾

Density (𝜌𝜌)

2300𝑚𝑚3

Heat Capacity (Cp)

240𝑘𝑘𝑘𝑘−𝐾𝐾

Thermal Conductivity (k)

429

Density (𝜌𝜌)

10490

Dynamic Viscosity (𝜇𝜇)

8.94x10^-4𝑃𝑃𝑃𝑃 ∗ 𝑠𝑠

Specific Heat (Cp)

4180𝑘𝑘𝑘𝑘−𝐾𝐾

Thermal Conductivity (k)

0.58𝑚𝑚−𝐾𝐾

Density (𝜌𝜌)

1000𝑚𝑚3

Silver

Water

𝐽𝐽

𝑊𝑊

𝑘𝑘𝑘𝑘
𝐽𝐽

𝑊𝑊
𝑚𝑚−𝐾𝐾
𝑘𝑘𝑘𝑘
𝑚𝑚3

𝐽𝐽

𝑊𝑊

𝑘𝑘𝑘𝑘
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4.2.2.1 RESULTS FOR LAMINAR STUDY FOR PROTOTYPE I
The study was conducted to determine
characteristics of heat transfer and fluid
flow in the device while in operation. The
values considered for heat transfer are
the maximum volume and face values of
the fluid and of the solid bodies and the
values considered for the fluid mechanics
aspects are that of pressure and
temperature. The only assumptions
made on the simulation study were that
of fully developed flow entering the
device and that no radiation heat
transfer would be present. These are
justified through the fact that a piping
system of equal channel size will be in
place in a linear manner to the device and
that

the

radiation

relative

to

temperature is too low given the material
properties to have a significant effect on
the heat transfer process.

FIGURE 25 - TEMPERATURE MAP OF DEVICE WITH HEATING
ELEMENT ABOVE. VELOCITY MAP OF THE CHANNEL WITH
STREAMLINES BELOW.

It was seen that for the solid body, a maximum temperature was found to be 109.7C. The fluid
was found to have a maximum temperature of 70.43C. The pressure of the inlet was calculated
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as 1549.7Pa and the inlet was found to be 8.7Pa, resulting in a pressure loss of 1540.95Pa across
the device. Further, the maximum value of temperature leaving the device was calculated to be
41.76C while the maximum temperature entering the device was found to be 21.85C. These
values have been tabulated in Table 7. A graphical representation of the temperatures and fluid
velocities can be seen in Figure 25.
The study was validated to be independent of the grid by a grid convergence study. It can be seen
in the graph in Figure 26 that the analysis does become independent of the refinement of the
grid, therefor implying the results are correct for the given boundary conditions.
TABLE 7 - RESULTS FOR CONJUGATE HEAT TRANSFER SIMULATION STUDY
Property

Value

Inlet Face Pressure Maximum

1549.66053Pa

Outlet Face Pressure Minimum

8.71355Pa

Outlet Face Temperature Maximum

41.75698C

Inlet Face Temperature Maximum

21.85C

Device Maximum Temperature

109.70422C (Heater)/70.43169C (Fluid)

50 | P a g e

Temperature

Convergence Study for Laminar Flow
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FIGURE 26 - GRID CONVERGENCE STUDY FOR CONJUGATE HEAT TRANSFER ANALYSIS
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4.2.2.2 RESULTS FOR LAMINAR STUDY FOR PROTOTYPE I
The study was conducted to determine characteristics of heat transfer and fluid flow in the device
while in operation. The values considered for heat transfer are the maximum volume and face
values of the fluid and of the solid bodies and the values considered for the fluid mechanics
aspects are that of pressure and temperature. The only assumptions made on the simulation
study were that of fully developed flow entering the device and that no radiation heat transfer
would be present. These are justified through the fact that a piping system of equal channel size
will be in place in a linear manner to the device and that the radiation relative to temperature is
too low given the material properties to have a significant effect on the heat transfer process.

FIGURE 27 - SIMULATED ANALYSIS WITH BOTH FLUID VELOCITY AND TEMPERATURES FOR BOTH TOP AND BOTTOM. VELOCITY
IN M/S AND TEMPERATURE IN KELVIN
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It was seen that for the solid body, a maximum temperature was found to be 125.9C. The fluid
was found to have a maximum temperature of 96.8C. The average pressure of the inlet was
calculated as 676.5Pa and the outlet was found to be 0.87Pa, resulting in a pressure loss of
675.63Pa across the device. Further, the maximum value of temperature leaving the device was
calculated to be 40.75C and an average temperature leaving of 30.1C while the temperature
entering the device was found to be 21.85C. Further values have been tabulated in Table 8. A
graphical representation of the temperatures and fluid velocities can be seen in Figure 27.
The study was validated to be independent of the grid by a grid convergence study. It can be seen
in the graph in Figure 28 that the analysis does become independent of the refinement of the
grid, therefor implying the results are correct for the given boundary conditions.
TABLE 8 - RESULTS FOR CONJUGATE HEAT TRANSFER SIMULATION STUDY
Property

Value

Average Outlet Face Temperature

31.08 C (∆T=9.23 C)

Inlet Face Pressure Maximum

702.72787Pa

Outlet Face Pressure Minimum

-1.90857Pa

Outlet Face Temperature Maximum

41.65917C

Inlet Face Temperature Maximum

21.85C

Device Maximum Temperature

125.95166C (Heater)
96.83856C (Fluid)
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Maximum Pressure on Inlet Surface Boundary
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FIGURE 28 - GRID CONVERGENCE STUDY FOR CONJUGATE HEAT TRANSFER ANALYSIS
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4.3 COST ANALYSIS
TABLE 9 - COST ANALYSIS FOR PROJECT
Cost Analysis
Task

Quantity

Cost (USD)

Lunar Regolith Simulant

1

$30.00/Kg

DuPont 951 LTCC GreenTapeTM

100

$9.70/sheet

Silver Powder

4

$49.50/10gr

Ball Milling

85

$0/hr

Pellet Pressing

10

$0/hr

Polishing Wheel

3

$7/hr

Sintering Study

50

$0/hr

SEM Analysis

7.5

$12/hr

Micro-Hardness Analysis

6

$0/hr

Test Supplies

$57.40

Alumina Substrates

15

$0.35/substrate

Machine Operator Costs

40

$0/hr

Research/Literature Review

35

$0/hr

Project Organization

20

$0/hr

Modeling (SolidWorks Modeling )

15

$0/hr

Total

$1371.65
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5. PROTOTYPE
5.1 DESCRIPTION OF PROTOTYPE I AND II
The prototype device was based off the CAD model shown in Figure 6. This device and its
operational capabilities are the basis for the Lunar Regolith device and acts as a development
platform. The initial prototype design consists of a heat exchanger made of DuPont 951 tape. An
array of silver pins are inserted in the middle of the device to promote heat transfer. Fugitive
material in the center of the device is used to create the hollow channel needed for fluid flow. As
the project progressed and initial designs were physically created, failures were recognized and
the designs adjusted accordingly. It was seen that during the construction, the channel used for
flowing the fluid medium could not support itself during the firing process, necessitating an
updated design that had the ability to maintain the channels structural integrity. Following are
the prototypes design I that was used as an initial platform and subsequently prototype II which
ultimately is used for construction and testing. The iterations for the construction are shown in
the final construction section and it should be noted that all construction and assembly methods
were identical from one design to the next.
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FIGURE 29 - ENGINEERING DRAWING OF PROTOTYPE I WITH REGULAR AND EXPLODED VIEW
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FIGURE 30 - ENGINEERING DRAWING OF PROTOTYPE II WITH REGULAR AND EXPLODED VIEW

5.2 ASSOCIATED EQUIPMENT
Additional equipment was needed to complete the prototype, covering different aspects of
manufacturing, testing, and operation. To finalize the assembly of the prototype, a routing
machine was used to create the cavity for the micro-channel as well as the vias for the silver pins.
A screen printer was used to make the silver paste and a metal stacker formed the top, middle,
and bottom pieces of the prototype. The lamination press formed the final assembly before the
prototype was fired for sintering. The testing and actual operation of the heat exchanger was
done with gravity pump and a pump for a circulating system.
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5.3 CONSTRUCTION
The LTCC tape, whether it be DuPont based or the in house manufactured Lunar Regolith based,
is the main substrate of the prototype heat exchanger. Layers of the tape are used for the three
main pieces used to create the device. The layers are cut, stacked, and laminated before being
fired to achieve sintering. Once this has occurred, mixing the materials and producing the tape
follows. After this has been successfully accomplished all three tapes had the exact same
construction. The individual layers are determined using CAD software and set up to be punched
or laser cut. Once the layers have been cut and punched they are filled with either the conducting
material or the fugitive material that is burned off in the firing process. From this point, the
individual layers are stacked and laminated under pressure to start the sintering process. After
this step is completed, the final step of construction is to simply fire the stacked and laminated
structure in a furnace at approximately 850o Celsius to promote sintering.
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FIGURE 31 - ENGINEERING DRAWING OF CONSTRUCTION PIECES FOR PROTOTYPE I
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FIGURE 32 - ENGINEERING DRAWING OF CONSTRUCTION PIECES FOR PROTOTYPE II

5.3.1 TAPE CASTING
Tape casting consists of spreading a layer of ceramic slurry over a flexible sheet such as Mylar. A
blade is used to achieve the desired thickness of the tape which can be adjusted as needed. Once
the solvent within the slurry has evaporated, the resulting tape can be rolled and stored for future
use. The DuPont 951 tape and Lunar Regolith tape were produced using the same procedure.
Once cast, the LTCC and Lunar Regolith tapes were treated the same and followed the same
process for creating the prototype heat exchangers.
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5.3.2 VIA AND CHANNEL ROUTING
Layers of DuPont 951 tape were placed in a routing machine to create the holes in the top portion
of the prototype. A schematic detailing the location of the silver vias was loaded onto machine.
Using an optimized routine, holes were made through the layers of tape where the silver pins
were to be placed. The middle portion of the device was excavated to form the hollow section
needed for the flow channel. The bottom piece of the prototype was made of layers of the same
LTCC tape, but no holes were punched or cut.

5.3.3 CHANNEL AND VIA FILLING
The top and middle portions are filled with their respective materials before the final assembly.
The top layers were stacked on each other and the holes for the vias were filled with a silver paste
using the screen printer. The micro-channel for fluid flow was made by stacking the laser cut layers
of tape. The resulting cavity was filled with fugitive material, paraffin wax and then later low
density polyethylene [8], to be burned out during the sintering process. The bottom piece, not
having any cavities to be filled, was simply stacked for lamination.

5.3.4 STACKING, LAMINATION, FIRING
With all three parts completed, the final assembly was done by stacking the pieces on top of each
other. The three pieces were then laminated as one single structure following the
recommendations set by DuPont, namely, 3000psi per square inch of material at 70°C for 10
minutes [19]. The device was fired in a furnace, ramping the temperature over a period of 8 hours
according to the results of the sintering study. Figure 7 displays three iterations of constructing
the prototype, with the successful build on the far right.
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5.3.5 CONSTRUCTION ITERATIONS
As the construction process proceeded over multiple iterations, it is important to see the steps
that were produced along the path of development. The first iteration was a small design for
proving of the structure of the 951 with a channel and silver in both pin and fin configuration
shown in Figure 33, but was not deemed a basis for the designs direction, but simply a test to
determine if the pin or fin configuration was most feasible.

FIGURE 33 - PROTOTYPE HEAT EXCHANGERS MADE WITH DUPONT 951. LEFT TWO HEAT EXCHANGERS MADE
WITH FIN DESIGN AND SHOW FAILURE OF CONSTRUCTION. FAR RIGHT SHOWS PIN DESIGN WITH SUCCESS OF
CONSTRUCTION.
The next iteration involved a large channel with 121 pins embedded inside. It was seen that after
an attempt to produce such a device, it was not realistic with the current design and construction
process as the channel collapsed and the silver pins pulled away from the ceramic structure
causing failure of the entire device, as seen in Figure 34.
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FIGURE 34 - PROTOTYPE I
The final iteration was the multi-channel design shown in Figure 35 and Figure 36. This was the
final design and was used for testing of the thermal properties.

FIGURE 35 - PROTOTYPE II SHOWING CHANNELS
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FIGURE 36 - PROTOTYPE II SHOWING OVERALL STRUCTURE OF DEVICE
Following this design, a channel structure was made to mimic the channels found in the over-all
device using the regolith based ceramic. This iteration was used to test hermeticity of the regolith
based system.

FIGURE 37 - FLUID CHANNEL DEVICE MADE OF REGOLITH
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Finally, single 1mm thick layers were produced to test for thermal impedance of both the DuPont
951 and Regolith Tape systems as seen in Figure 38 for the DuPont 951 tape and Figure 39 for the
Regolith tape.
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6. TESTING
6.1 TESTING OVERVIEW
Testing was carried out for two thermal characteristics for the device made from both Regolith
Simulant and the DuPont 951 as well as a visual inspection of the hermeticity of the regolith based
channel. The first thermal characteristic is the thermal impedance of the system from junction to
case, which tells what junction temperatures is to be expected while the device is in operation
given a temperature of the case which is in contact with the medium that is cooling the device;
whether this be air, water, or some other fluid. Both the DuPont 951 and Regolith Simulant tapes
were used in this testing scheme. The other characteristic that was tested is the total heat
dissipation the water is capable of withdrawing from the heating element through the channels
with the pin array. This is based on the size of the thermal load and the amount of power being
absorbed by the fluid. Finally, a visual test of hermeticity was be made where a channel made of
the Regolith LTCC is tested.

6.1 TESTING STANDARDS
Testing standards for thermal characterization are limited as heat producing devices are often
unique in how they produce and dissipate heat. With this, the literature search for the testing
standards revealed essentially two methods standards. One is for the system level reliability and
is known as the NAVY MIL-HDBK-251. This handbook describes testing methods as well as design
specifications that are made to guide the thermal design of electronics. This incorporates
recommendations that are intended to shed light on stress analysis methods which dictate safe
temperatures for operation without failure. As this is a highly systems approach and this project
is intended for an individual component that is incorporated into a system, it is not used.
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The next standard which is directly applied and/or adapted to this project is the MIL-STD-883G
1012.1 [26]. This standard gives a guideline for characterizing thermal devices for junction
temperature, case temperature, and thermal impedance, as well as other characteristics which
are not included in this project. Although following this standard is the basis for how thermal
impedance, it requires a strict set of protocol that uses devices and apparatus that were not
available. Due to this caveat, testing follows as closely as possible to the guidelines and deviations
from protocol and are highlighted.
Finally, the testing to characterize total heat transfer is going to be based on physics and not a
standard. Essentially, the amount of heat removed from the device based on temperature
differences and mass flow rate are compared against the power being put into the device.

6.2 TESTING APPARATUS AND PROCEDURE
6.2.1 THERMAL IMPEDANCE
Thermal impedance was tested with both the DuPont tape as well as the Regolith Tape. In this
testing scheme, a single layer of 1mm thick tape with embedded silver is the device being tested.
Thermocouples are used to measure temperatures on the top and bottom side of the tape sample
while a resistive heating element is placed on the top side of the sample.
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FIGURE 38 - TESTING SETUP FOR DUPONT 951 TAPE

FIGURE 39 - TESTING SETUP FOR REGOLITH TAPE
The procedure for testing followed as closely as possible to the MIL standard where the junction
temperature on the heating element was measured with an embedded thermocouple. The
measuring system seen in Figure 38 for the DuPont 951 and Figure 39 for the Regolith held the
device which was suspended on a support system to allow easy access to the top and bottom side
to measure temperatures at 4mm intervals in the x direction and 6mm intervals in the y direction
69 | P a g e

as shown in Figure 40. This produced a statistical average temperature that the calculation for
thermal impedance were based on. The junction temperature was measured by embedding a ktype thermocouple into the interface between the heating element and the device itself.

Heater

FIGURE 40 - TESTING LAYOUT FOR THERMOCOUPLE GRID
Power was supplied by a thick film resistor seen in Figure 41 whose power is defined using the
equation,

Where,

𝑃𝑃𝐷𝐷 = 𝐼𝐼 2 𝑅𝑅

𝑃𝑃𝐷𝐷 is the total heat power being dissipated by the resistor
𝐼𝐼 is the current being supplied to the resistor

𝑅𝑅 is the resistance value
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However, resistance values are variable when thick film printing so to ensure the power being
supplied was accurately recorded, a power supply with controllable voltage which was 61.03 Volts
and current which was 0.122 Amps and was used to ensure the power was represented as,
𝑃𝑃𝑑𝑑 = 𝑉𝑉𝑉𝑉

Again, where
𝑉𝑉 is the voltage being supplied
𝐼𝐼 is the current being supplied

FIGURE 41 - THICK FILM RESISTOR FOR HEATING ELEMENT
The value of thermal impedance was then calculated using the equation from the MIL standard
883,
𝜃𝜃𝑗𝑗−𝑐𝑐 =

𝑇𝑇𝑗𝑗(𝑟𝑟𝑟𝑟𝑟𝑟) − 𝑇𝑇𝑐𝑐(𝑎𝑎𝑎𝑎𝑎𝑎)
𝑃𝑃𝐷𝐷(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
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Where,
𝜃𝜃𝑗𝑗−𝑐𝑐 is the thermal impedance of the system

𝑇𝑇𝑗𝑗(𝑟𝑟𝑟𝑟𝑟𝑟) is reference junction temperature
𝑇𝑇𝑐𝑐(𝑎𝑎𝑎𝑎𝑎𝑎) is the average case temperature

𝑃𝑃𝐷𝐷(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) is power dissipated by component

6.2.2 Thermal Heat Dissipation

The thermal heat dissipation was tested using the DuPont 951 tape. An overall device shown in
Figure 35 and Figure 36 was tested. The apparatus seen in Figure 42 for this device was more
involved than testing thermal impedance as it used a gravity pump made of two buckets with a
height difference associated with them, a tubing system for bringing the fluid to the device, tubing
for a relief valve so the height difference remained constant, a tubing system connected to a
submersible pump to make the system circulate, a power source, the same thick film resistor used
in the previous impedance testing, and three k-type thermocouples for measuring the
temperature of the fluid exiting the system as well as an additional thermocouple to test the
temperature of the fluid leaving the system.
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FIGURE 42 - TESTING SETUP FOR HEAT DISSIPATION
Testing was carried out by measuring the temperatures differences using the thermocouples
placed in the free stream of fluid entering the device and immediately exiting for each of the
channels. The values for the fluid temperature exiting were then averaged to be placed into the
equation used to determine the over-all heat transfer,

Where

𝑄𝑄 = 𝑚𝑚̇𝐶𝐶𝑝𝑝 (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 )

𝑄𝑄 is the total power being dissipated by the fluid
𝑚𝑚̇ is the mass flow rate of the system

𝐶𝐶𝑝𝑝 is the specific heat at constant pressure

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the temperature measured in Celsius or Kelvin at the exit of the device

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the temperature measured in Celsius or Kelvin at the entrance of the device
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Further, the motion of the fluid from pumping was based on the pressure losses accounted for in
the simulation and their association with the Bernoulli equation of incompressible fluid transport
[27]. The equation,
ℎ=
Where,

𝑃𝑃
𝜌𝜌𝜌𝜌

𝑃𝑃 is the pressure loss of the device
𝜌𝜌 is the density of the water

ℎ is the height difference between atmospheric fluid level and device

Was used to determine the height difference between the bucket and the heat exchanging device
with assumption that there were no losses in the system associated with piping and fittings.
The mass flow rate and was calculated using a volume beaker and a stop watch with the apparatus
seen in Figure 43 while using the formula,

Where,

𝑚𝑚̇ =

𝜌𝜌𝜌𝜌
𝑡𝑡

𝑚𝑚̇ is the mass flow rate of the system
𝜌𝜌 is the density of the cooling fluid
𝑉𝑉 is the volume the fluid fills

𝑡𝑡 is time it takes to fill the volume

FIGURE 43 - TESTING FOR FLOW RATE
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6.2.3 FLUID HERMETICITY
The fluid hermeticity was tested through visual
inspection of the fluid system while it was in
operation for a period of thirty minutes. The same
pumping system that was used in the over-all heat
dissipation testing was used to implement the fluid
flow with the exception there was no heat testing
being conducted. The system, seen in Figure 44 was FIGURE 44 - REGOLITH CHANNEL WITH FLOWING FLUID
set up and allowed to flow while visual inspection of the channel as well as device was conducted
to ensure there was not any delamination nor parts of the device being broken off and eroded
from the channel.

6.1 TESTING RESULTS
6.1.1 THERMAL IMPEDANCE
6.1.1.1 DUPONT 951
The DuPont tape was tested with four trials to produce a statistical average impedance of 7.31
℃

℉
𝑊𝑊

or 4.06 𝑊𝑊 with a standard deviation of 0.4968. The four averages can be seen in Figure 45 for the

BG unit system and Figure 46 for the SI unit system.
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FIGURE 45 - RESULTS FOR THERMAL IMPEDANCE OF DUPONT 951 IN ENGLISH UNITS
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FIGURE 46 - RESULTS FOR THERMAL IMPEDANCE OF DUPONT 951 IN SI UNITS
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6.1.1.2 REGOLITH
The Regolith tape was tested with four trials as well to produce a statistical average impedance
℉

℃

of 9.67 𝑊𝑊 or 5.37 𝑊𝑊 with a standard deviation of 0.4648. The four averages can be seen in in BG

units and in in SI units. The four averages can be seen in Figure 47 for the BG unit system and
Figure 48 for the SI unit system
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FIGURE 47 - RESULTS FOR THERMAL IMPEDANCE OF REGOLITH TAPE IN ENGLISH UNITS
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FIGURE 48 - RESULTS FOR THERMAL IMPEDANCE OF REGOLITH TAPE IN SI UNITS
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6.1.1.3 COMPARISON
A comparison of the results from both the DuPont 951 and Regolith tape are presented in English
units in Figure 49 and SI units in Figure 50. It can be seen that in all test cases the DuPont 951 tape
has a better thermal impedance and by correlation, a higher thermal conductivity for the system.
However, it is evident that the device using the lunar regolith has a very good over-all thermal
impedance as well.
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FIGURE 49 - COMPARISON OF THERMAL IMPEDANCE IN ENGLISH UNITS
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FIGURE 50 - COMPARISON OF THERMAL IMPEDANCE IN SI UNITS
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6.1.2 THERMAL HEAT DISSIPATION
The heat dissipation was tested using the DuPont 951 tape. The water entering the device was
found to be stable and used for all calculations to be at 75.2℉. The input voltage for the system
was 20V, the input current for the system was 750mA, making the total power being placed into
the system as 11.25W. The average heat dissipation of the device was found to be 10.55 Watts or
𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽

10.55 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 with a standard deviation of 1.25. The values from each test are shown in Figure 51.
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FIGURE 51 - RESULTS FROM HEAT DISSIPATION
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7. DESIGN CONSIDERATIONS
7.1 ADDITIONAL APPLICATIONS
The manufacturing process used for both the LTCC and Lunar regolith prototypes can be used for
other applications outside of heat transfer. Utilizing the same steps demonstrated in this project
would allow for producing devices where resources are very limited, both on and off Earth. Soil
can be harvested and mixed with glass powder and a binding solvent once the correct proportion
of materials have been determined. The resulting slurry must then be milled to reduce the particle
size. Afterwards, tape can be cast from the refined paste and devices can be made using the same
stacking, laminating, and firing process used for the prototype. The final product is a hermetically
sealed, monolithic structure without the need for additional components. The device cannot be
disassembled in the typical sense without destroying the overall structure.

7.2 MODULAR DESIGN
The manufacturing process allows for the construction of modular assemblies. After being cast,
layers of tape can be modeled and routed in such a way as to create interlocking cells or modules.
These specially designed layers are then stacked as normal for lamination. Once fired, the
modules can be interconnected and used together for increased performance. The silver pins of
one assembly are filled into the vias in the bottom of another heat exchanger. This combined,
stacked block of heat exchangers would serve to greatly improve the rate of heat transfer.
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7.3 IMPROVEMENTS
Improvements to the heat exchanger stem from optimization of the design and improvements to
the manufacturing process. The design of the heat exchanger could be adjusted by changing the
geometry of the overall shape or by changing the dimensions of the device. Another focus for
improvement is the micro-channel where fluid flows
through. A simple hollow cavity was chosen due to time
constraints and the fact that this project serves primarily
as a proof of concept. Ideally, this portion of the design

FIGURE 52 - HEAT EXCHANGER WITH FIN

would utilize a labyrinth-like pattern Figure 52 to increase PATTERN

surface area and boost heat transfer performance. These factors would serve as the variables for
a multi-objective optimization problem. Several hundred iterations would be run to generate a
few dozen optimized designs. Finally, the Pareto front generated from these designs would be
used to select the best possible heat exchanger design.
A more traditional “trial-and-error” method would be used for the manufacturing process. In
regards to in situ Lunar manufacturing, the entire process can be improved once better
techniques and more equipment become available. The main focus areas, however, are as
follows: slurry composition, tape casting method, lamination, and sintering. The slurry
composition can be adjusted to improve material properties of the final design as well as requiring
less materials from Earth during development. Tape casting. Lamination

7.4 RISK ASSESSMENT
The majority of risks involved with this project lie in the manufacturing process. It is possible that
a negligent operator may put themselves or others at risk. The risks involved with milling the
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regolith powder depends on the equipment used. In a similar manner, operating the furnace used
for sintering must be done in a safe manner to avoid injuries. These risks are minimal though, as
the overall process has been designed to be as simple and safe as possible.
More substantial is in the case of the device failing during standard operation. Systems dependent
on the heat exchanger are obviously at risk of failing or performing at reduced efficiency.
Components in the system can overheat, resulting in mission failure. This is a potentially
catastrophic event if an electronic system is affected, potentially shutting down in the middle of
important operations. Even worse are cases where the overheated components result in electrical
fires resulting in severe damage similar to that of the National Security Agency’s data storage
facility in 2013 [22]. The risk applies to NASA related missions and equipment as well as
applications for systems outside of interplanetary travel.
Overheating has additional risks that are not immediately identifiable. The thermal stresses on
the system as a whole can cause the connecting lines to rupture. Rupture of these cooling tubes
creates the added concern of damaging the nearby electrical equipment. Electrical components
expected to remain dry would be at risk of getting wet and irreparably damaged in locations
where resources are severely limited. Failure of the micro-pump is another risk that must be
considered as this can result in destructive cycle where overheating causes the pump to run
improperly, further exacerbating the thermal stress. In many of these cases, the monolithic
structure of the heat exchanger would prevent any type of repair; the entire assembly must be
replaced.
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8. PROJECT MANAGEMENT
8.1 TIMELINE
The following is a graphical breakdown of the tasks and timeline for the project.

FIGURE 53: GANTT CHART
Due to the parallel nature of this design, there were three separate timelines that coincide and
are dependent upon one another.
The first timeline that is considered is the regolith characterization. This timeline after certain
goals have been achieved will become one with LTCC construction. Initially, the development of
the Regolith substrate was of upmost importance to the project. This starts with materials
characterization of the regolith through particle size analysis. After verification that a small
enough particle size is achievable, a sintering study was performed. The sintering study was used
to understand the correlation of particle size and the particles ability to sinter with one another
at different temperatures with different additives. Once this part of the study was completed the
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next step was running different tests on the fired pellet. A micro-hardness test was used to study
the hardness of the new material. An SEM image was used to investigate de-vitrification and
surface structure related to sinter-ability. The next step in the regolith process was the production
of a tape slurry to be used in producing sheets of green ceramic tape. This was accomplished by
determining appropriate mixtures with organics, solvents, and other materials to formulate a
green tape. The final aspect of the regolith process is actually producing sheets of tape that are
ultimately to be stacked, fired, and laminated. At this point, the LTCC and regolith processes
combine and become one.
Once these processes combine, an initial design of the heat exchanger was produced as a test
mule for the creation of the heat exchanger with both substrates. First, via formation was
established. Since this is a technology that already exists it was not an aspect of design but more
an aspect of incorporation. Fugitive materials were investigated for the purpose of designing
channels that will appear during the firing process due to organic burn off. Due to channel
collapse, a second design was created that would ensure manufacturability of the device in the
lab. The process was repeated using the new design. Once these processes were successfully
completed both substrate demonstrators were tested for hermeticity and thermal impedance.

8.2 BREAKDOWN OF WORK INTO SPECIFIC TASKS
The entire project can easily be broken down into a few tasks that apply to the entire project. A
Literature review for the entire project is the first task. It encompasses a ceramic technology
literature review, microfluidics literature review, and heat transfer literature review. During the
previous task, a parallel task of the creation of computer aided designs and computational fluid
dynamics modeling of the heat exchanger designs are created and conducted. This initial
information was essential for the project. The next step was the material characterization task
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that can be broken down into a few subtasks. They are ball milling, pellet pressing, sintering, and
tape production. Testing the different materials was then used in material selection. Similarly, the
manufacturing process can also be broken down into subtasks. They are via punching, stacking,
via filling, lamination, and firing. Testing of the thermal impedance, heat dissipation, and
structural integrity of the final heat exchanger was the final task.

8.3 ORGANIZATION OF WORK
The project was completed at the end of November; many of the tasks overlapped with each
other due to the nature of this project. The first task, literature survey, spanned most of the
project. The project required a heat exchanger to be created from the DuPont 951 platform. The
laboratory tasks were broken down so that each manufacturing technology was learned. Material
characterization was conducted for Lunar Regolith. The manufacturing process started with
DuPont’s 951 green tape, then shifted to Lunar Regolith. Simultaneous to the laboratory work,
computer models of the heat exchanger were created.
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8.4 BREAKDOWN OF RESPONSIBILITIES AMONG TEAM MEMBERS
TABLE 10 - TASKS
Tasks

Michael Sasha Yonatan

Literature Review

X

Project Coordination

X

Computer Aided Design of Heat Exchanger

X

X

Fluid Dynamics Analytic Analysis

X

X

Heat Transfer Analytic Analysis

X

X

Thermo Fluid Simulations

X

X

Ball Milling of Lunar Regolith

X

X

X

Pellet Pressing of Lunar Regolith

X

X

X

Sintering Study of Lunar Regolith

X

X

X

SEM Analysis of Lunar Regolith

X

X

X

X

Micro-hardness Analysis of Lunar Regolith

X

Pump selection

X

Cooling Bath, and Tubing Selection

X

Build of DuPont 951 Based Heat Exchanger

X

X

X

Build of Lunar Regolith Based Heat Exchanger X

X

X

Testing of the Heat Exchangers

X

X

X
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9. GLOBAL LEARNING
9.1 USER’S MANUAL
As one of the original goals of this project was to ensure an easily reproducible project, a simple
instruction manual has been created. The aim of the manual is to allow anyone with the necessary
materials and equipment to create micro devices regardless of resources or geography.
Realistically, the intended user does need some technical background in order to understand and
follow the necessary steps. Nevertheless, the manual has reduced the entire process to its
essential steps and is written to achieve the desired results every time.
English, Spanish, and French were identified as the primary languages that would allow the
information to be transmitted to the largest number of people. Translating the process is a
relatively simple task and can be performed any other language at the user’s request. Images
were included and labeled so as to be readily identified in accordance with the listed steps. Care
was taken to include both SI and Imperial units where appropriate. An appendix will be added to
future manuals to offer maintenance tips, design considerations, and suggested uses for devices
manufactured in this manner.

9.2 ALTERNATIVE PROCESSES FOR EARTH BASED ON LOCATION
Alternative processes for different parts of the world exist, but have not been fully defined. The
process is essentially the same though, requiring minor tweaks to account for the slight variance
in composition of Earth soil relative to lunar soil. Different firing profiles would likely be needed
depending on the soil composition, as well as different times required for grinding and milling the
slurry. Ultimately, these differences are minor and the process has global potential in terms of
actual execution. The main issue is the availability and accessibility of the materials used in this
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project. Future research is therefore needed to find means to further simplify the process. The
use of these manufactured devices may not realistically be adequate or even needed in certain
locales of the world, but the possibility exists for individuals to try on their own.
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10. CONCLUSION
Upon completion, it was ultimately realized that a heat exchanger made using the Regolith tape
was a definite possibility, although not an actuality. With that, the materials system was
characterized, cast into a tape, and tested for its thermal performance. Additionally, a channel
that was visually hermetic was established as well as a platform for a PCB that contains embedded
silver thermal vias. Further, the base material DuPont 951 was indeed made into a heat exchanger
and thermal properties were extracted from the system.
The thermal impedance of both systems were found and characterized. The DuPont tape, with its
℃

thermal impedance value of 4.06𝑊𝑊 and the Regolith tape with its thermal impedance value of
℃
𝑊𝑊

5.37 were found to be a very good basis for a PCB design based on its Junction to Case thermal

impedance (Impedance of PCB). A direct comparison to industry leading materials of PCB
materials such as FR-4 and MCPCB are established by Figure 54 where the average PCB thermal
impedance are highlighted in the red section with different ounce weights of FR-4 PCB’s as well
as MCPCB’s are shown [28].
Finally, a basis for performance was established of the heat exchanger using the DuPont 951 tape.
It was seen that although the original expected heat exchange capabilities could not be tested
due to safety issues, the heat exchanger did in fact remove heat from a heating element attached
to it showing its potential for power heat dissipation applications.
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FIGURE 54 - BOARD PERFORMANCE OF CONVENTIONAL FR4 AND MCPCB
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12. APPENDIX
12.1 SIMULATION STUDY CONVERGENCE DATA
12.1.1 STRESS
12.1.1.1 PROTOTYPE I
12.1.1.1.1 COMPRESSION FROM TOP

1
2
3
4
5
6

Displacement Force from top
Displacement
Min Mesh Size
(mm)
mm
0.002883
1.86695903
0.002615
1.516904213
0.003012
1.166849395
0.004291
0.816794578
0.004875
0.46673976
0.004888
0.0046674

12.1.1.1.2 COMPRESSION FROM SIDES
Displacement compression from enter/exit
Displacement
Min Mesh Size
1
0.00004407
1.86695903
2
0.00004384
1.586915176
3
0.00004438
1.306871322
4
0.00004454
1.026827468
5
0.00004477
0.746783614
6
0.00004514
0.46673976
7
0.00004516
0.0046674
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12.1.1.1.3 TENSION FROM SIDES

1
2
3
4
5
6
7

Displacement from tension
Displacement
Min Mesh Size
0.00008814
1.86695903
0.00008769
1.586915176
0.00008867
1.306871322
0.00008907
1.026827468
0.00008954
0.746783614
0.00009028
0.46673976
0.00009032
0.09

12.1.1.2 PROTOTYPE II
12.1.1.2.1 COMPRESSION FROM TOP
Displacement: Force from top
Min Mesh Size mm

Displacement (mm)

1.85369292

0.000009296

1.483887816

0.0000106

1.114082712

0.00001145

0.744277608

0.00001294

0.374472504

0.00001528

0.0046674

0.00001527

12.1.1.2.2 COMPRESSION FROM SIDES
Displacement: compression from sides
Min Mesh Size mm

Displacement (mm)

1.85369292

0.00001352

1.483887816

0.00001399

1.114082712

0.00001375

0.744277608

0.00001432

0.374472504

0.00001464

0.0046674

0.00001463
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12.1.1.2.3 TENSION FROM SIDES
Displacement: Tension from sides
Min Mesh Size mm

Displacement (mm)

1.85369292

0.00001352

1.483887816

0.00001399

1.114082712

0.00001375

0.744277608

0.00001432

0.374472504

0.00001464

0.0046674

0.00001463

12.1.2 THERMAL FLUID
12.1.2.1 PROTOTYPE I
Min Mesh Size [mm] Average Temperature inside the fluid channel [C]
3.24
43.526450
2.4
43.19083
1.68
42.45195
0.87
41.91792
0.39
41.75698
0.084
41.75573
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12.1.2.2 PROTOTYPE II
Minimum Temperature inside the fluid channel [C]

Min Mesh Size [mm]

20.98982

3.24

21.61228

2.4

21.78994

1.68

21.79889

0.87

21.79156

0.15

Maximum pressure on the inlet surface [Pa]

Min Mesh Size [mm]

751.5946

3.24

725.5159

2.4

715.5161

1.68

703.0602

0.87

702.7279

0.15
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12.2 TESTING DATA
12.2.1 MICRO-HARDNESS TEST
ASF1100
Force (N)

9.807

4.903

2.942

1268.6

887.79

1042.2

Hv

1021.21 1347.83

543.75

Hv

1353.34

Hv

981.19 1220.85

ASF1780
Force (N)

9.807

4.903

2.942

Hv

1767.15 2308.11 1653.14

Hv

1942.61 1496.85 1218.39

Hv

1524.04

3054.3

ASF1109
Force (N)

9.807

4.903

2.942

Hv

1527.53

1471.2 1559.77

Hv

1342.37 1463.73 1517.36

Hv

1413.37 1463.07 1559.81

Hv

1578.64

1477.69
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12.2.2 DUPONT 951 IMPEDANCE
12.2.2.1 DEGREES FAHRENHEIT
test 1
1
176
178
182
179
181
175
167
174

1
2
3
4
5
6
7
8

2
152
161
176
175
176
167
157
153

3
176
200
198
200
200
192
187
185

4
5
136
199
175
206
177
215
181
213
193
209
179
197
170
197
174
183
Average
181.775
Std Dev 17.22623
Theta
8.804906

test 2
1
2
3
4
5
6
7
8

1

2

3

200

182

212

230

190

217

223

196

225

225

222

222

200

220

210

202

187

205

198

175

193

190

169

197

4
177
171
180
182
205
194
177
162
Average
Std Dev
Theta

5
202
217
212
213
205
200
193
178
198.95
17.69681
6.498193
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test 3
1
2
3
4
5
6
7
8

1

2

3

216

185

216

220

187

220

225

191

218

207

190

215

212

202

210

212

190

208

197

173

210

192

164

207

4
172
175
168
176
191
177
167
163
Average
Std Dev
Theta

5
197
208
218
204
210
200
196
185
196.85
17.79304
6.780236

test 4
1
2
3
4
5
6
7
8

1
218
210
221
215
200
203
200
182

2
185
185
187
184
194
183
169
165

3
212
207
214
215
218
206
196
192

4
5
170
198
177
204
181
217
181
211
181
211
173
198
168
185
164
183
Average
194.075
Std Dev 16.86202
Theta
7.152937
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12.2.2.2 DEGREES CELSIUS
test 1
1
2
3
4
5
6
7
8

test 2
1
2
3
4
5
6
7
8

1
65.77778
66.88889
69.11111
67.44444
68.55556
65.22222
60.77778
64.66667

2
52.44444
57.44444
65.77778
65.22222
65.77778
60.77778
55.22222
53

3
65.77778
79.11111
78
79.11111
79.11111
74.66667
71.88889
70.77778

4
43.55556
65.22222
66.33333
68.55556
75.22222
67.44444
62.44444
64.66667
Average
Std Dev
Theta

5
78.55556
82.44444
87.44444
86.33333
84.11111
77.44444
77.44444
69.66667
68.98611
9.570127
23.95318

1

2

3

79.11111

69.11111

85.77778

95.77778

73.55556

88.55556

91.88889

76.88889

93

93

91.33333

91.33333

79.11111

90.22222

84.66667

80.22222

71.88889

81.88889

78

65.22222

75.22222

73.55556

61.88889

77.44444

4
66.33333
63
68
69.11111
81.88889
75.77778
66.33333
58
Average
Std Dev
Theta

5
80.22222
88.55556
85.77778
86.33333
81.88889
79.11111
75.22222
66.88889
78.52778
9.831559
22.67167
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test 3
1
2
3
4
5
6
7
8

test 4
1
2
3
4
5
6
7
8

1
88
90.22222
93
83
85.77778
85.77778
77.44444
74.66667

2
70.77778
71.88889
74.11111
73.55556
80.22222
73.55556
64.11111
59.11111

3
88
90.22222
89.11111
87.44444
84.66667
83.55556
84.66667
83

4
63.55556
65.22222
61.33333
65.77778
74.11111
66.33333
60.77778
58.55556
Average
Std Dev
Theta

5
77.44444
83.55556
89.11111
81.33333
84.66667
79.11111
76.88889
70.77778
77.36111
9.885023
22.82836

1

2

3

89.11111

70.77778

85.77778

84.66667

70.77778

83

90.77778

71.88889

86.88889

87.44444

70.22222

87.44444

79.11111

75.77778

89.11111

80.77778

69.66667

82.44444

79.11111

61.88889

76.88889

69.11111

59.66667

74.66667

4
62.44444
66.33333
68.55556
68.55556
68.55556
64.11111
61.33333
59.11111
Average
Std Dev
Theta

5
78
81.33333
88.55556
85.22222
85.22222
78
70.77778
69.66667
75.81944
9.367786
23.03542
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12.2.3 REGOLITH IMPEDANCE
12.2.3.1 DEGREES FAHRENHEIT
test 1
1
175
190
203
215
210
212
198
195

1
2
3
4
5
6
7
8

2
163
175
170
175
178
167
162
156

3
194
209
215
215
232
233
223
212

4
5
171
222
180
228
185
194
195
229
189
245
192
248
185
250
176
230
Average
199.9
Std Dev 25.52405
Theta
9.378252

test 2
1
2
3
4
5
6
7
8

1

2

3

195

171

205

200

172

210

230

176

220

237

183

217

237

190

243

215

191

228

215

186

220

210

175

213

4
160
165
172
177
178
176
167
157
Average
Std Dev
Theta

5
208
234
225
230
237
243
230
222
203
26.23562
8.961902
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test 3
1
2
3
4
5
6
7
8

1

2

3

181

163

207

205

158

219

215

167

232

232

171

230

220

173

237

218

172

232

203

174

220

200

167

212

4
182
178
185
192
195
182
179
166
Average
Std Dev
Theta

5
218
216
211
226
248
232
215
201
200.85
24.76821
9.25066

test 4
1
2
3
4
5
6
7
8

1
190
190
204
215
218
199
193
194

2
164
157
161
165
170
170
162
150

3
185
200
205
194
215
215
200
200

4
5
152
200
150
210
161
218
170
223
167
227
164
225
158
207
149
187
Average
187.1
Std Dev 24.31924
Theta
11.09737
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12.2.3.2 DEGREES CELSIUS
test 1
1
2
3
4
5
6
7
8

test 2
1
2
3
4
5
6
7
8

1
65.22222
73.55556
80.77778
87.44444
84.66667
85.77778
78
76.33333

2
58.55556
65.22222
62.44444
65.22222
66.88889
60.77778
58
54.66667

3
75.77778
84.11111
87.44444
87.44444
96.88889
97.44444
91.88889
85.77778

4
63
68
70.77778
76.33333
73
74.66667
70.77778
65.77778
Average
Std Dev
Theta

5
91.33333
94.66667
75.77778
95.22222
104.1111
105.7778
106.8889
95.77778
79.05556
14.18003
5.21014

1

2

3

76.33333

63

81.88889

79.11111

63.55556

84.66667

95.77778

65.77778

90.22222

99.66667

69.66667

88.55556

99.66667

73.55556

103

87.44444

74.11111

94.66667

87.44444

71.33333

90.22222

84.66667

65.22222

86.33333

4
56.88889
59.66667
63.55556
66.33333
66.88889
65.77778
60.77778
55.22222
Average
Std Dev
Theta

5
83.55556
98
93
95.77778
99.66667
103
95.77778
91.33333
80.77778
14.57534
4.978834
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test 3
1
2
3
4
5
6
7
8

test 4
1
2
3
4
5
6
7
8

1
68.55556
81.88889
87.44444
96.88889
90.22222
89.11111
80.77778
79.11111

2
58.55556
55.77778
60.77778
63
64.11111
63.55556
64.66667
60.77778

3
83
89.66667
96.88889
95.77778
99.66667
96.88889
90.22222
85.77778

4
69.11111
66.88889
70.77778
74.66667
76.33333
69.11111
67.44444
60.22222
Average
Std Dev
Theta

5
89.11111
88
85.22222
93.55556
105.7778
96.88889
87.44444
79.66667
79.58333
13.76012
5.139256

1

2

3

73.55556

59.11111

70.77778

73.55556

55.22222

79.11111

81.33333

57.44444

81.88889

87.44444

59.66667

75.77778

89.11111

62.44444

87.44444

78.55556

62.44444

87.44444

75.22222

58

79.11111

75.77778

51.33333

79.11111

4
52.44444
51.33333
57.44444
62.44444
60.77778
59.11111
55.77778
50.77778
Average
Std Dev
Theta

5
79.11111
84.66667
89.11111
91.88889
94.11111
93
83
71.88889
71.94444
13.51069
6.165208
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12.2.4 HEAT DISSIPATION
Heat dissipation
Texit
Q
Channel
1
76.4
2
76.4
3
76.3
76.36667 12.30546
Heat dissipation
Texit
Q
Channel
1
75.5
2
76.5
3
76.3
76.1
9.49278
Heat dissipation
Texit
Q
Channel
1
76.9
2
75.3
3
76.2
76.13333 9.844364

Test #
1

Test #
2

Test #
3

average
stddev
I
V
P

Average
Std Dev

Tenter
75.2
Cp
4180
Area
7.5E-06
Density
1000

10.54753
1.251298

0.75
20
11.25
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12.3 VOLUME AND MASS FLOW RATE/FLUID SPEED
test # t
1

2

3

4

5

30
60
90
30
60
90
30
60
90
30
60
90
30
60
90
average
standard
deviation

ml
85
130
220
90
145
210
75
140
205
78
150
240
80
150
235

mass flow rate
liter
m3
kg/s
m/s
0.085
0.000085
0.002833
0.377778
0.13
0.00013
0.002167
0.288889
0.22
0.00022
0.002444
0.325926
0.09
0.00009
0.003
0.4
0.145
0.000145
0.002417
0.322222
0.21
0.00021
0.002333
0.311111
0.075
0.000075
0.0025
0.333333
0.14
0.00014
0.002333
0.311111
0.205
0.000205
0.002278
0.303704
0.078
0.000078
0.0026
0.346667
0.15
0.00015
0.0025
0.333333
0.24
0.00024
0.002667
0.355556
0.08
0.00008
0.002667
0.355556
0.15
0.00015
0.0025
0.333333
0.235
0.000235
0.002611
0.348148
0.002523
0.336444
0.000217

0.028882
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12.4 PROCESS MANUAL
12.4.1 ENGLISH

LUNAR REGOLITH MANUFACTURING
Instruction Manual

NOVEMBER 21, 2014

APR ENGINEERING INC.
10555 West Flagler St., Miami, FL 33174
111 | P a g e

Regolith Ceramic Heat Exchanger

SAFETY WARNING:
- USE PRECAUTION WHILE HANDLING CHEMICALS! Requires the use of irritants
and potentially toxic solvents and powders.
- It is advised to use gloves and a disposable respirator at a minimum.
Manufacturing Process

(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

Materials:
Lunar regolith
1109 glass powder
Menhaden fish oil, blown Z-3
Xylenes
Ethyl alcohol, 95% denatured
Butylbenzyl phthalate, S-160
Poly(vinyl butyral), grade B-98
Mylar sheets
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Equipment:
(i) US Stoneware Ball Milling System
(i-1) Long roll jar mill
(i-2)
Roalox
alumina-fortified
grinding jars
(i-3) Alumina grinding media
(j) Hoover Model 4B Automatic Muller
Mill
(k) Phi-Tulip Hydraulic Manual Press
(l) BYK Square Frame Applicator
(m) Glass sheet
(n) Vacuum jar
(o) Routing machine
(p) Oven
(q) MTI Corp. sintering furnace (CMF1100)
Tape Casting:
1

Mill the harvested regolith to obtain an
average particle size of 10 microns or less.
Assemble materials by weight composition
- Regolith: 55.54%
- 1109 Glass powder: 6.17%
- Menhaden fish oil, blown Z-3: 2.47%
- Xylenes: 14.51%
- Ethyl alcohol, 95% denatured: 14.51%
- Butyl benzyl phthalate, S-160: 3.09%
- Poly(vinyl butyral), grade B-98: 3.70%

2

Dry regolith and glass powder mix at 90 to
100°C (194 to 212°F) for at least 24 hours.

3

Weigh the fish oil and dissolve in the
xylenes and add to the ball mill (size
depends upon the batch size). The mill
should be one-third filled with grinding
media of the appropriate size for the mill.
The media and the mill composition should
be selected based upon the material being
processed.
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4

Weigh and add the ethyl alcohol. Weigh and add the regolith-glass mix to the mill.

5

Dispersion mill by rolling at appropriate rpm for 24 hours.

6

Weigh and add the plasticizer. Weigh and add the binder.

7

Mix to dissolve and homogenize for an additional 24 hours.

8

Pour and de-air the slip at 635 mm (25 in.) of mercury vacuum for 8 minutes (or
longer if the batch size is greater than 10 L (2.64 gal)).

9

The slip is now ready to cast on silicone coated Mylar sheets. The doctor blade gap
setting, speed of casting, etc. are determined by the tape thickness desired as an
end product.

Lamination:
1

2

Cut and stack regolith sheets to desired size and thickness. Initial size must take
into account approximately 30% reduction in size due to heating.
Laminate under at 8.7 MPa at 69.4°C (12000 psi at 157°F) for 15 minutes.

Vias and channels:
1

Use the routing machine to drill holes for silver vias

2

Fill cavities with fugitive material and laminate sheets once more under the same
conditions for 10 minutes total.

3

Refine silver paste using Hoover Muller machine at 22.7 kg (50 pounds) for 50
seconds three times. Fill holes with silver paste using a flat, thin plate at an even
pace until entire hole is filled.

4

Dry in oven set at 100°C (212°F) for 5 minutes at a time to check for hermeticity.
Continue to add silver paste and heat until vias are sufficiently filled.
114 | P a g e

Firing:
Sinter regolith device using the suggested firing profile. Refer to furnace operation
manual for proper use.

1

Temperauture (°C)

Firing Profile (SI)
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50
0

0

100

200

300

400

500

600

700

800

600

700

800

Minutes

Temperauture (°F)

Firing Profile (English)
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0

0

100

200

300

400

500

Minutes
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12.4.2 SPANISH

LUNAR REGOLITO MANUFACTURING
Manual de instrcciones

21 de Noviembre 2014

APR ENGINEERING INC.
10555 West Flagler St., Miami, FL 33174
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Regolito Cerámica Intercambiador de calor

ADVERTENCIA DE SEGURIDAD:
- USO PRECAUCIONES DURANTE LA MANIPULACIÓN DE PRODUCTOS QUÍMICOS!
Requiere el uso de disolventes irritantes y potencialmente tóxicas y polvos.
- Se aconseja el uso de guantes y un respirador desechable en un mínimo.
Instrucciones de fabricación

Materiales:
(A) El regolito lunar
(B) 1109 polvo de vidrio
(C) el aceite de pescado Menhaden, soplado Z-3
(D) Los xilenos
(E) El alcohol etílico, 95% desnaturalizado
(F) butilbencil ftalato, S-160
(G) Poli (vinil butiral), grado B-98
(h) las hojas de Mylar
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Equipo:
(i) US Stoneware Sistema de fresado
(i-1) rollo largo molino tarro
(i-2) Roalox recipientes de molienda de aluminafortificada
(i-3) medios de molienda de alúmina
(j) Hoover Modelo 4B automático Muller Molino
(k) de la Phi-Tulip hidráulico Manual de Prensa
(l) BYK Plaza Aplicador Marco
(m) Vidrio en hojas
(n) frasco vacío
(o) de la máquina de enrutamiento
(p) Horno
(q) MTI Corp. horno de sinterización (CMF1100)

Tape Casting:
1

Molino del regolito cosechado para obtener
un tamaño medio de partículas de 10 micras
o menos. Ensamble materiales de
composición en peso
- Regolito: 55.54%
- 1109 en polvo de vidrio: 6.17%
- Aceite de pescado Menhaden, soplado
Z-3: 2,47%
- Los xilenos: 14,51%
- El alcohol etílico, 95% desnaturalizado:
14,51%
- Butilbencil ftalato, S-160: 3,09%
- Poli (vinil butiral), grado B-98: 3,70%

2

Regolith seco y la mezcla de polvo de vidrio
de 90 a 100 ° C (194 212 ° F) durante al
menos 24 horas.

3

Pesar el aceite de pescado y se disuelven en
el xilenos y añadir a la molino de bolas
(tamaño depende del tamaño del lote). El
molino debe ser de un tercio lleno de
medios de molienda de tamaño apropiado
para el molino. Los medios de comunicación
y la composición molino debe seleccionarse
con base en el material que se procesa.
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4

Pesar y añadir el alcohol etílico. Pesar y añadir la mezcla de regolito de vidrio al
molino.

5

Molino de dispersión rodando en rpm apropiado durante 24 horas.

6

Pesar y añadir el plastificante. Pesar y añadir el ligante.

7

Mezclar para disolver y homogeneizar durante 24 horas adicionales.

8

Verter y al aire de la hoja a 635 mm (25 pulg.) De vacío de mercurio durante 8
minutos (o más si el tamaño del lote es mayor que 10 L (2,64 gal)).

9

El deslizamiento está lista para lanzar en las hojas de Mylar recubiertos de
silicona. El ajuste de la abertura de cuchilla rascadora, la velocidad de colada, etc.,
están determinada por el espesor de la cinta deseado como un producto final.

Lamination:
1

2

Cortar y apilar hojas regolito con el tamaño y el grosor deseado. Tamaño inicial
debe tener en cuenta la reducción de aproximadamente el 30% de tamaño debido
a la calefacción.
Laminado bajo al 8,7 MPa a 69,4 ° C (12 000 psi a 157 ° F) durante 15 minutos.

Vias and channels:
1

Use la máquina de enrutamiento para perforar agujeros para vias de plata.

2

Rellene cavidades con materiales y laminados hojas fugitivas una vez más en las
mismas condiciones durante 10 minutos en total.

3

Afinar pasta de plata que usa la máquina Hoover Muller en 22,7 kg (50 libras)
durante 50 segundos, tres veces. Llene los agujeros con pasta de plata utilizando
una placa delgada plana a un ritmo incluso hasta que el agujero entero está lleno.

4

Secar en horno a 100 ° C (212 ° F) durante 5 minutos a una hora para comprobar
la hermeticidad. Siga añadiendo pasta de plata y calentar hasta vías están
suficientemente llenos.
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Disparo:
Dispositivo regolito Sinter utilizando el perfil de disparar sugerido. Consulte el
manual de funcionamiento del horno para su uso correcto. El dispositivo está listo
para su uso inmediatamente después de la cocción.

1

Temperauture (°C)

Firing Profile (SI)
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50
0

0

100

200

300

400

500

600

700

800

600

700

800

Minutes

Temperauture (°F)

Firing Profile (English)
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0

0

100

200

300

400

500

Minutes
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12.4.3 FRENCH

FABRICATION DE
REGOLITE LUNAIRE
Mode d’emploi

21 Novembre 2014

APR ENGINEERING INC.
10555 West Flagler St., Miami, FL 33174
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Régolithe céramique échangeur de chaleur

AVERTISSEMENT DE SÉCURITÉ:
- Faire preuve de précaution lors de la manipulation chimiques! Nécessite
l'utilisation de solvants irritants et potentiellement toxiques et les poudres.
- Il est conseillé d'utiliser des gants et un appareil de protection respiratoire
jetable à un minimum.
Instructions de fabrication

Matériaux:
(a) Régolite lunaire
(b) 1109 poudre de verre
(c) Huile de poisson menhaden, Z-3 soufflé
(d) Xylènes
(e) L'alcool éthylique, 95% dénaturé
(f) Butylbenzyl phtalate, S-160
(g) Poly (butyral de vinyle), grade B-98
(h) feuilles de Mylar
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Équipement:
(i) des États-Unis Grès système Fraisage boule
(i-1) Rouleau long pot moulin
(i-2) Roalox pots de broyage d'alumine
enrichie en
(i-3) Milieu de broyage d'alumine
(j) Hoover Modèle 4B Mill Muller automatique
Manuel
(k) Phi-Tulip presse hydraulique
(l) BYK carrée avec cadre applicateur
(m) La feuille de verre
(n) pot de vide
(o) machine de routage
(p) Four
(q) MTI Corp. four de frittage (CMF1100)
Tape Casting:
1

Mill le régolite récolté pour obtenir une
taille moyenne de 10 microns ou
moins.
Assembler des matériaux par la
composition de poids
- Régolithe: 55,54%
- 1109 Poudre de verre: 6,17%
- Menhaden huile de poisson, Z-3
soufflé: 2,47%
- xylènes: 14,51%
- Alcool éthylique, 95% dénaturé:
14,51%
- Butyl benzyl phtalate, S-160: 3,09%
- Poly (butyral de vinyle), grade B-98:
3,70%

2

Regolith à sec et la poudre de verre au
mélange 90 à 100 ° C (194 à 212 ° F)
pendant au moins 24 heures.

3

Peser l'huile de poisson et de se
dissoudre dans les xylenes et l'ajouter
au broyeur à boulets (taille dépend de la
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taille du lot). L'usine devrait être un tiers remplie de milieu de broyage de la taille
appropriée pour l'usine. Les médias et la composition de l'usine devraient être
choisis en fonction de la matière en cours de traitement.
4

Weigh and add the ethyl Peser et ajouter de l'alcool éthylique. Peser et ajouter le
mélange régolite-verre à l'usine.

5

Dispersion moulin en roulant à un régime approprié pour 24 heures.

6

Peser et ajouter le plastifiant. Peser et ajouter le liant.

7

Mélangez pour dissoudre et homogénéiser pendant 24 heures supplémentaires.

8

Verser de l'air et le glissement à 635 mm (25 po.) De mercure de dépression
pendant 8 minutes (ou plus si la taille du lot est supérieure à 10 L (2,64 gal)).

9

Le glissement est maintenant prêt à jeter sur enduit de silicone feuilles de Mylar.
Le réglage de l'écartement des lames de raclage, la vitesse de coulée, etc., sont
déterminées par l'épaisseur de bande désirée en tant que produit final.

Laminage:
1

Couper et empiler des feuilles de régolite de la taille et de l'épaisseur souhaitée.
Taille initiale doit tenir compte de la réduction d'environ 30% de la taille due au
chauffage. ut and stack regolith sheets to desired size and thickness. Initial size
must take into account approximately 30% reduction in size due to heating.

2

Flottant sous au 8,7 MPa à 69,4 ° C (12 000 psi à 157 ° F) pendant 15 minutes.

Vias et canaux:
1

Utiliser la machine routage pour percer des trous pour vias d'argent.

2

Affiner pâte d'argent en utilisant la machine Hoover Muller à 22,7 kg (50 livres)
pendant 50 secondes à trois reprises.

3

Remplir les trous avec de la pâte d'argent à l'aide, une plaque mince plate à un
rythme encore jusqu'à ce que le trou est rempli.

4

Four sec fixé à 100 ° C (212 ° F) pendant 5 minutes à la fois pour vérifier
l'herméticité. Continuer à ajouter la pâte d'argent et de la chaleur jusqu'à ce vias
sont suffisamment remplis.
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Firing:
Dispositif de régolite Sinter utilisant le profil de tir proposé. Reportez-vous au
manuel de fonctionnement du four pour une utilisation correcte.

1

Temperauture (°C)

Firing Profile (SI)
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50
0

0

100

200

300

400

500

600

700

800

600

700

800

Minutes

Temperauture (°F)

Firing Profile (English)
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0

0

100

200

300

400

500

Minutes
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