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Abstract
During the era of the Apollo missions, there was been a great deal of interest among
scientists, engineers, and the general population regarding the Moon and Outer Space. That
interest has cycled through the years since but still burns strongly today as evidenced by the
National Space Policy of President Barack Obama in 2010. Within this document, six goals
were stated dealing with advanced study of the universe, which likely leads to the necessity of
lunar colonization; the focus of this thesis.
The lunar environment provides several extreme challenges that may place any long term
mission and its crewmembers in severe danger. These challenges include, but not limited to,
reduced gravity, lack of a significant atmosphere, high velocity micrometeoroid impacts, extreme
high and low temperatures, and dangerous levels of ionizing radiation. This thesis discusses
many of these challenges in brief detail but focuses primarily on the topic of extreme
temperature variation. By using the principles of heat flow, it was determined that at the lunar
equator, the expected surface temperature atop the lunar habitat ranges from 187.5 K at night to
470 K during the day. These temperatures require the use of a strong thermal shield to provide
shelter for the crewmembers and shield the habitat itself from the potentially dangerous
temperatures. By using a layer of lunar regolith one-meter thick housed within the depth of the
aluminum frame, the interior of the habitat is adequately shielded from the surface temperatures.
Using a numerical integration-based analysis, the high and low temperatures were found to
dissipate within the outermost thirty centimeters, at which point the regolith temperature
remained relatively constant throughout the entire lunar cycle.
This behavior is especially important due to the increased stress levels found within the
aluminum frame members making up the structure of the habitat. After the application of the
xii

cold nighttime temperatures, the maximum Von Mises stress value within the outer chord
members increased by 20% seeing the yield strength safety factor reduce from 2.2 prior to the
thermal load to 1.82 after its application. Similarly, the high temperatures of the daytime
resulted in a 35% stress increase with a safety factor equal to 1.63. The presence of a high
quality thermal shield can help to minimize the exposure of the structural elements to this type of
loading and therefore reduced the stresses and deflections within the habitat frame.
With respect to the habitat vibration, it was found that the attachment of the inflatable
membrane helps to increase the natural frequency of the structure. However, without sufficient
pre-stressing or applied pressure, highly localized vibrations with very low natural frequencies
were seen within the individual membrane bays.

As the temperature was increased this

phenomena was less apparent due to the expansion of the frame members stretching and prestressing the membrane.
The idea of colonizing the lunar surface is often difficult one to grasp, especially due to
the lack of real world knowledge and experience with its challenges. This thesis presents a study
with the goal of lunar colonization in mind beginning with the many different design criteria and
loading characteristics on the Moon. These are then considered, with a focus on thermal loading,
to determine their effect on the lunar surface and ultimately on the structural behavior of a framemembrane composite structure. The results of this study provide a great deal of valuable
information regarding not only frame-membrane composite structures, but also the lunar surface
and colonization as well.
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Chapter 1 Introduction
Introduction

1.1

Research Motivation
On June 28, 2010 the office of the President of the United States of America released the

national space policy upon which the country would govern its future endeavors regarding Outer
Space. This policy renewed the pledge of the United States to cooperate with outside space
agencies under the belief that a strengthened collaboration and reinvigorated U.S. leadership will
benefit from the broadened horizons and enhanced knowledge to be gained from Space
investigations.
Fifty years after the creation of NASA, our goal is no longer just a destination to
reach. Our goal is the capacity for people to work and learn and operate and live
safely beyond the Earth for extended periods of time, ultimately in ways that are
more sustainable and even indefinite. And in fulfilling this task, we will not only
extend humanity’s reach in space, we will strengthen America’s leadership here
on Earth (President of the United States of America, 2010)(President of the
United States of America, 2010).
- President Barack Obama, April 15, 2010
Within this document, six goals are given, the pursuit of which will guide the United
States in the years to come. These six goals are written as follows within the National Space
Policy (President of the United States of America, 2010)(President of the United States of
America, 2010):
1. Energize competitive domestic industries.
2. Expand international cooperation.
3. Strengthen stability in space.
4. Increase assurance and resilience of mission-essential functions.
1

5. Pursue human and robotic initiatives.
6. Improve space-based Earth and solar observation.
In order to aid in the completion of these six goals, it is essential that a long-term lunar
habitat be constructed on the surface of the Moon. However, such advancements in space
operations would require a great deal of study and mastery with regards to the extreme
complications brought about by the harsh lunar environment (Malla, 1991).

The lack of

atmosphere, diurnal cycle of extreme temperature gradients, high levels of ionizing radiation
exposure, significantly reduced gravity, frequent impacts from micrometeoroids and debris, and
dynamic loads from moonquakes and nearby spacecraft activity all pose a serious threat to the
success of a colonization mission on the Moon (Sherwood & Toups, 1992).
Such environmental concerns come in addition to both construction and financial
difficulties. Little is known about the practicality of Earth-based construction methods on the
Moon (i.e. excavation, soil compaction, structural erection, etc.) and the feasibility of
transporting the equipment needed to perform such tasks. The financial constraints, which are
likely to inhibit certain endeavors, are tight and must be considered when developing a mission
for lunar habitation. NASA estimates that the cost of transporting one pound of materials to the
Moon could be as high as $50,000 (Wray 2008). In-Situ resource utilization (ISRU) is one
method of reducing such costs because lunar regolith has strong potential as an environmental
shielding material, as well as a mining resource for useful minerals (The Task Committee on
Lunar Base Structures, 1992). However, limited regolith samples and testing create an extreme
amount of uncertainty that must be removed in order to rely on such methods when the success
of a mission of this magnitude so heavily relies on it.

2

Although the presentation of President Barack Obama’s National Space Policy in 2010
delayed plans for manned missions to the Moon by 2020, there has been an increased level of
interest world-wide as evidenced by reports of an interest in a collaboration between Russia’s
Federal Space Agency (Roscosmos), NASA, and Europe’s Space Agency (ESA) to build
manned research colonies on the Moon (Wall, 2012). Extensive research is still needed to ensure
the success of manned lunar colonization mission, be it a solo endeavor for the United States or
collaboration between several space agencies from around the world.

1.2

Objective and Scope
Over time there have many research projects geared toward the design and study of lunar

habitat concepts, although much of this work is primarily conceptual and preliminary in nature.
In order to complete a study that goes beyond this preliminary phase, an in depth knowledge of
the lunar environment must first be gained. The research study presented here began with an
overall review of previous habitat design concepts of different types. A review of the extreme
environmental conditions was then completed to become familiar with the different design
variables present on the lunar surface. A complete finite element analysis on the proposed
structure subjected to the appropriate design loads was then completed and used to study the
stresses, strains, deflections, and natural frequencies of vibration.
The primary objective of the research reported within this thesis was to propose a lunar
habitat design configuration and perform a structural analysis upon it focusing on the extreme
temperatures present on the lunar surface. The major aspects of this primary objective can be
summarized as follows:

3

1. Perform a preliminary review of prior lunar habitat design studies and the associated
environmental conditions present affecting the structural design.
2. Develop a proposed lunar habitat design concept considering the extreme challenges of
the lunar environment focusing on thermal effects.
3. Analyze the structure for the critical applied static loads and design the various frame and
membrane elements within the structure.
4. Determine the expected lunar surface temperatures (both minimum and maximum) at the
habitat site including the flow of temperature through a depth of lunar regolith.
5. Analyze the habitat structure under the expected surface temperatures and perform a
modal analysis of the proposed structure in order to study the effects of each component
and applied load on the natural frequency of vibration.

1.3

System Identification and Problem Formulation
For a lunar habitat, the most vital aspect of the design is the creation of a shirtsleeve

environment within the interior for comfortable habitation by the crewmembers. This interior
environment is greatly affected by the internal pressure, which is the most crucial load applied to
the structure. A magnitude of 8.3 psi (57.2 kPa) was selected for this design although the
structure was analyzed under varying magnitudes of internal pressure. This interior atmosphere
is contained by an airtight membrane system that contains a Kevlar layer (Dupont, n.d.) to resist
the high tensile loads. This flexible membrane is attached to and supported by an aluminum
space frame that provides the needed rigidity to the system. This combination of inflatable
membrane and exterior metallic frame creates a strong, effective, and lightweight structural
design (Malla, Brown & Filburn, 2011).

4

A series of finite element models were created using the ABAQUS software package
(Desseault Systemes Simulia Corp., 2008) for the analysis and design of the structural system.
Separate analytical models were created using a combination of methods including hand
calculations, MATLAB programming codes, and spreadsheet calculations to verify aspects of the
finite element analyses as permissible.

1.4

Thesis Organization
Chapter 1 of this thesis presents an introduction for the study including the motivation for

the research, the objectives for the study, and the project formulation and system identification.
A review of previous lunar colonization studies is presented within Chapter 2. The
background study of the harsh environmental conditions and the required shielding needed is
also presented including some examples of shielding options currently available or being actively
studied by other researchers. The applicable applied loads are introduced and the proposed
structural system to resist those loads is presented in detail along with the finite element models
used for the analyses.
Chapter 3 focuses on the static analysis and design of the proposed structure under the
applied loads on the surface of the Moon. Different aspects of the design are varied to determine
their effect including the magnitude of internal pressure, location of life support systems
(ECLSS), and the presence of regolith shielding surrounding the exposed sides of the structure.
A temperature analysis of the lunar surface is presented in Chapter 4. The maximum
temperature expected at the equator of the Moon is determined using the fundamental principles
of thermodynamics and heat flow. The same theories are then used to determine the range of
surface temperatures expected throughout the lunar day. The subterranean temperature of the
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lunar surface is also determined and presented at various points of the lunar cycle. The Matlab
(The Mathworks Inc., 2013) programming code developed for this study is presented within
Appendix A.
The thermal analysis and corresponding modal analysis is detailed in Chapter 5. The
temperature profile presented within Chapter 4 is applied to the structural frame of the habitat
and is first studied under a static analysis. The natural frequencies of the structural system are
also presented. Again, different aspects of the design are altered throughout the analysis trials to
determine their effect on the vibration response. These items include the presence of lunar
regolith shielding, surface temperature on the Moon, location of essential life support systems,
magnitude of the internal pressure, and presence of the attached inflatable membrane system.
Chapter 6 presents the overall conclusions gathered from the research completed and
suggests different avenues that can be followed for future studies.
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Chapter 2 Frame Membrane Lunar Habitat – A Proposed Design
Frame-Membrane Lunar Habitat – A Proposed Design

Abstract
Over the years there have been countless preliminary studies and conceptual designs for
proposed habitats on the lunar surface by scientists, researchers, and engineers. However, many
of these studies never progressed to the structural analysis or design phase. This analysis and
design stage of mission planning can either confirm the practicality of such ideas, or it can reveal
the design flaws hidden beneath the surface yet to be realized. In this chapter, the necessary
background information regarding the numerous environmental and construction concerns is
presented. A brief literature review of previous habitat concepts and designs is also given with
potential shielding methods for the environmental dangers present. Using this information a
proposed habitat design is presented along with the design loads and factors that will be
considered throughout the study.

2.1

Primary Design Criteria
For the purposes of this research, a few assumptions were made with regard to the

dynamics of the habitation mission. The crew will consist of four members on a long duration
mission with a 180-day resource supply life. At this point the crew will be replaced along with
the delivery of additional resources from Earth. The desired upper limit for the mass of the
structural components will be 10,000 kg.
The design criteria has been divided into two primary groups: (1) The Lunar
Environment and (2) Habitat Construction and Design. From these design criteria the applied
8

loads are defined and the lunar habitat is presented. The primary loading categories include: (1)
Dead Loads, (2) Internal Pressure, (3) Thermal Loads, (4) Dynamic Loads and (5) Impact Loads.

2.1.1

The Lunar Environment
While in the lunar environment, the habitat and its crew will be subjected to each of the

harmful environmental conditions presented within this section. Along with a brief summary of
the individual danger, a discussion of the existing technologies used and in some cases currently
being researched is presented. Due to the lack of recent lunar missions, the primary case study
used for existing environmental protection methods is the International Space Station (ISS)
(NASA).

2.1.1.1 Temperature Variation
The surface of the Moon has a mean surface temperature of 380 K (107°C) during the
daytime hours and 120 K (-153°C) at night. While this is a strong gauge for the conditions
expected on the surface, the structure must be designed for the highest and lowest temperatures
expected. The temperature extremes anticipated on the surface of the Moon can range as high as
393 K (123°C) in direct sunlight and as low as 50 K (-233°C) when fully shadowed (Vaniman,
Reedy, Heiken, Olhoeft & Mendell, 1991). Table 2-1 shows a comparison of the temperatures
expected on the surface of the Moon compared to those experienced on Earth.

Table 2-1. Temperature differences between the Moon and Earth
Mean Surface Temperature
Temperature Extremes

Moon
107°C day; -153°C night
-233°C to 123°C

9

Earth
22°C
-89°C to 58°C

In order to maintain a shirtsleeve environment within the habitat there must be sufficient
insulation present to shield the crew from these extreme temperatures. In addition to the obvious
effect on the safety of the human lives inside, the effect on the structural materials must also be
considered. Thermal expansion and contraction within the structural components coinciding
with the rise and fall of temperatures with each diurnal cycle will create high stresses within each
element exposed. There is also strong potential for fatigue stresses due to the cyclical nature of
the temperature variations.

The combination of these effects could potentially result in a

devastating structural failure.
One possible shielding method that is used on the International Space Station is called
Multi-Layer Insulation (MLI). MLI is made from several layers of highly reflective materials
called Mylar and Dacron. This material does an exceptional job of protecting the ISS from
temperatures ranging between 116K (-157°C) and 394 K (121°C) (Price, Phillips, & Knier,
2001).

As shown in Figure 2-1, the MLI applied to the ISS forms a flexible “blanket”

surrounding the structure.

Figure 2-1. MLI used on the International Space Station (NASA, 2001)
Another man-made material that may be used for temperature shielding is Aerogel.
Aerogel is the lightest man-made material on Earth and has phenomenal insulating capabilities.
10

It has previously been used on the Sojourner Mars rover in 1997 and withstood external
temperatures of 206 K (-67°C) while keeping the interior of the rover at a comfortable 294 K
(21°C) (NASA, 1999). Due primarily to the emphasis on low transport mass for minimizing
costs, the installation of aerogel beads, such as those developed by Aspen Aerogels Inc. appears
a very promising insulating option.

The use of aerogel is currently being researched and

developed further by various research efforts (Mullen, 1999). Figure 2-2 shows an example of a
spray-able variety of aerogel affixed to an aluminum panel.

Figure 2-2. Aerogel insulation (Mullen, 1999)
Alternatively, in-situ resource utilization (ISRU) can be used through the excavation of
lunar regolith to be placed over the exposed surfaces of the lunar habitat.

This method

eliminates all transport mass for the shielding material, which has the potential for a large cost
savings even if it results in a more difficult construction scenario. Refer to Section 2.1.2.2 for
more information on ISRU.

2.1.1.2 Ionizing Radiation
Due to the negligible magnetic field and nearly absent atmosphere surrounding the Moon,
high-energy galactic cosmic rays (GSR), solar flares (SPEs), and the solar wind bombard the
lunar surface and pose a serious threat to the crewmembers. To date there has been much study
11

as to different shielding methods, however, due to the lack of true environmental testing at the
lunar surface, there is still a large amount of uncertainty on the subject. Table 2-2 summarizes
the three types of ionizing radiation present on the surface (Vaniman, Reedy, Heiken, Olhoeft, &
Mendell, 1991).
Table 2-2. Summary of ionizing radiation on the Lunar Surface
Type
Nuclei Energies
Electron Energies
Fluxes (protons/cm²sec)

Solar Wind
Solar Cosmic Rays Galactic Cosmic Rays
~0.3-3 keV/u* ~1 to >100 MeV/u
~0.1 to >10 GeV/u
~1-100 eV
<0.1 to 1 MeV
~0.1 to >10 GeV/u
~3x10
~0-10⁶ †
2-4
Particle Ratios‡
electron/proton
~1
~1
~0.02
proton/alpha
~22
~60
~7
L (3≤Z≤5)/alpha
n.d.
<0.0001
~0.015
M (6≤Z≤9)/alpha
~0.03
~0.03
~0.06
LH (10≤Z≤14)/alpha
~0.005
~0.009
~0.014
MH (15≤Z≤19)/alpha
~0.0005
~0.0006
~0.0002
VH (20≤Z≤29)/alpha
~0.0012
~0.0014
~0.004
VVH (30≤Z)/alpha
n.d.
n.d.
~3x10-6
Lunar Penetration Depths
protons and alphas
<micrometers
centimeters
meters
heavier nuclei
<micrometers
millimeters
centimeters
* eV/u = electron volts per nucleon.
† Short –term SCR fluxes above 10 MeV; maximum is for the peak of August 4, 1972
even. Flux above 10 MeV as averaged over ~1 m.y. is ~100 protons/cm²sec.
‡ Ratios often vary considerably with time for the solar wind and SCR particles and
with energy for SCR and GCR. The symbols L (light), M (medium), H (heavy), VH
(very heavy), etc., are historical terms for nuclei charge (Z) groups greater than 2 in the
cosmic rays.
n.d. = not determined (usually because the ratio is too low to measure). Composition
data from Feldman et al. (1977) and Bame et al. (1983) for the solar wind, McGuire et
al. (1986) for the SCR, and Simpson (1983) for the GCR.
Studies have shown that materials containing high amounts of hydrogen make the most
effective radiation shields (Sherwood & Toups, 1992). For example, the low mass of the
hydrogen atoms allow for a very large energy transfer in a single collision. Materials with a
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higher atomic number (e.g. lead or aluminum) have proven to be relatively ineffective. While
these metals tend to scatter the incoming radiation particles, the collision between the high
energy radiation particle and the metallic target atom fragments the target atom and creates
several smaller particles, usually of high energy.

These particles have a high penetration

potential due to their smaller size and tend to follow in the same direction as the initial radiation
particles. These secondary particles can be more dangerous to the crewmembers behind the
shield than the original radiation itself. Figure 2-3 shows the radiation dosage received behind
several different shielding options where H(x) represents the dosage received behind the shield
of density x, and H(0) represents the dosage received with no shield.

Figure 2-3. Dosage received behind different radiation shields
(Wilson, Miller, Konradi, & Cucinotta, 1997)

In order to minimize transport volume and mass to the lunar surface onboard the landing
craft it has been theorized that lunar regolith can be used as a radiation shield. The atomic
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weight of lunar regolith is similar to that of aluminum leading one to believe that it would make
a poor radiation shield. However, studies have shown its potential and it may also be possible to
add an epoxy with a high hydrogen content to the regolith (NASA, 2010). This may greatly
improve the shielding capacity of the lunar regolith while also helping to minimize the materials
requiring transport from Earth.

However, there still remains a large discrepancy among

published works regarding the amount of regolith required for shielding without an epoxy
additive. Table 2-3 shows the suggested regolith thickness for the purposes of regolith shielding
as stated by various research studies. The large discrepancy is likely due to two different things.
Firstly, the lack of true regolith samples is great, which creates a large amount of uncertainty
since the actual material is not available for testing. Secondly, the levels of GCR expected
during a lunar mission and their characteristics are largely unknown. Therefore it is likely that
these studies are based on SPEs where there is more accurate data available.

Table 2-3. Suggested lunar regolith requirements for radiation protection
Suggested Regolith Thickness
2.00 – 3.50 m
0.46 m
0.50 m
0.50 m
2.50 m

Reference Study
(Silberburg, 1985)
(Miller, et al., 2009)
(Nealy, Wilson, & Townsend, 1988)
(Simonsen, 1997)
(Ruess, Schaenzlin, & Benaroya, 2006)

It is also recommended that those areas within the habitat that will see the most action
(e.g. sleeping areas) be more heavily shielded. The selection of the habitat site on the Moon can
also aid in limiting radiation exposure. For instance, placing the habitat at the base of a cliff or at
the bottom of a crater has shown a large reduction of radiation exposure levels in current
estimates (NASA, 2010).
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2.1.1.3 Micrometeorite and Debris Impact
The lack of a significant lunar atmosphere removes any inherent shielding from
micrometeorite impacts. On Earth micrometeorites are burned up within the atmosphere while
on the Moon they will bombard the structure regularly.

Data collected by lunar orbiters

determined that approximately 0.16 impacts per square meter per day should be expected with
speeds ranging between 13 and 18 km/s (Vaniman, Reedy, Heiken, Olhoeft, & Mendell, 1991).
While the craters will be relatively small reaching about 500 µm for micrometeorites measuring
on the order of 10-6 g, in certain materials this will create pitting and eventual loss of strength
leading to failure.
In order to protect the habitat from such bombardments, a protective shield can be used to
surround the outpost. The ISS currently employs a layered “blanket” consisting of Kevlar,
ceramic fabrics, and other advanced materials (Barry, Home, Space Home, 2001). While this
layered system has already proven itself effective, it does require the transport of materials
further driving up transportation costs. Again, lunar regolith can be used to shield the habitat.
Provided that the layer of regolith is sufficiently dense using some method of compaction, the
kinetic energy within the micrometeorite will be directly transferred to the regolith shield
(Schonberg, 2008). A lunar regolith shield is also easily repaired, as replacement material is
extremely abundant at the habitat site. A man-made shield such as that on the ISS would require
replacement materials to be transported from Earth.

2.1.1.4 Hard Vacuum
Due to the hard vacuum surrounding the Moon, certain materials and construction
methods may necessitate exclusion from consideration. There will be significant abrasion due to
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friction between materials, which may pose serious problems during the construction process
(Benaroya, Bernold, & Chua, 2002).

However, there will also be no wind applied to the

structure, which will reduce the lateral strength required in the structural design (Ruess,
Schaenzlin, & Benaroya, 2006).

2.1.1.5 Lunar Dust
A large percentage of lunar regolith is made up of extremely fine particles that can stick
electrostatically to objects. As noted within Section 2.1.1.4, this dust can be very abrasive and a
large nuisance. It was apparent during the Apollo missions that pressure seals and life support
equipment is easily contaminated by these dust particles affecting their performance. Presently,
dust removal technologies are severely underdeveloped for the lunar environment and must be
further advanced prior to a habitation mission (Sherwood & Toups, 1992).

2.1.1.6 Surface Vibrations
Similar to the dynamic loads witnessed on Earth, the lunar habitat will also be subjected
to moonquakes and surface vibrations resulting from micrometeorite impacts and nearby shuttle
activity.

Although the moonquakes measured have had a relatively low magnitude, their

resulting forces can still damage the habitat structure and must be considered within the design
(Vaniman, Reedy, Heiken, Olhoeft, & Mendell, 1991).

2.1.2

Habitat Design and Construction
Among the many vital decisions to be made when designing a lunar habitat are the

following four major items: (1) selection of construction materials, (2) In-Situ Resource
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Utilization (ISRU), (3) interior architecture, and (4) the Environmental Control and Life Support
System (ECLSS).

2.1.2.1 Construction Materials
The selection of the construction material is crucial to the success of any mission of this
magnitude. The weight of the materials for shipment to the lunar surface can greatly affect the
cost of the mission, while the strength of the materials must still be adequate to support the
applied loading. A variety of different materials can be considered including lunar regolith,
flexible membranes, composite plastics, and metals.

2.1.2.1.1 Raw Regolith
Due to its abundant presence at the lunar habitat construction site, lunar soil, known as
regolith, should be used whenever and however possible. This will significantly reduce the
amount of materials requiring transport from Earth thereby minimizing the financial burden
placed on the mission. Even when meeting the desired goal of a maximum habitat weight of
10,000 kg, the transportation costs alone could rise above $1 billion. The use of raw lunar
regolith and its shielding capabilities will be further discussed in Section 2.1.2.2 and its
insulating capabilities within Chapter 4.

2.1.2.1.2 Inflatable Membranes
Inflatable membranes have the potential to be an extremely effective method of resisting
the internal pressurization load. While they are extremely vulnerable to impacts and puncture,
their benefits include being extremely lightweight and highly compactable.
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These airtight

membranes will also not be used alone, but will be a part of a layered membrane system that
includes the airtight bladder along with both strength carrying and puncture resistant shielding
layers. One of the most likely material candidates for the strength-carrying layer of the layered
membrane system is Kevlar (DuPont). The overall strength of the Kevlar depends on the method
and direction of weaving.
Along with its extremely beneficial positive traits, lunar habitats constructed of only
inflatable membranes without a rigid frame have increased risk when exposed to vibration and
impact loads as well as the potential catastrophic failure with the loss internal pressure.
According to Kennedy (2002), inflatable habitats are best suited for long term missions that do
not require a prefabricated habitat.

2.1.2.1.3 Metals
The properties of metallic structures are very well known and understood by engineers
and designers due to their wide usage on Earth. They can be easily analyzed and designed to
resist all required loads that may be experienced on the Moon during the duration of the mission.
However, these structures also have a much higher weight than their inflatable and composite
counterparts along with a high volume and increased construction complexity (Ruess,
Schaenzlin, & Benaroya, 2006). Some potential metals that could be used for the habitat
structure include:
•

Steel – Easily cast into any shape desired but has a very high weight density when
compared to other metals.

•

Aluminum – Easily cast into any shape desired and has an increased strength at very low
temperatures. Can experience strength decreases at high temperatures above 200°C.
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•

Titanium – Has a good combination of high strength and low weight but is difficult to
fabricate and is more expensive.

Kennedy (2002) recommends the use of strictly rigid metal structures for pre-integrated short
duration missions that require minimal, if any, construction at the lunar surface.

2.1.2.1.4 Plastic Composites
These materials are currently undergoing considerable research due to their decreased
weight and increased strength when compared to most metals. NASA scientists have been
developing a material called RXF1, which has shown the ability to be 2.6 times lighter than
aluminum while having a tensile strength three times greater (Barry, 2005).

2.1.2.2 In-Situ Resource Utilization
Due to the extreme costs that accompany any mission to the Moon and the limited space
available for materials and resources within the landing craft, all efforts must be made to fully
utilize the resources available on the Moon (ASCE Lunar Task Committee, 1992). Lunar
regolith samples taken during the Apollo missions have shown signs of aluminum, silicon,
titanium, oxygen, hydrogen, carbon, helium, and nitrogen. With further study it may be possible
to extract these resources from the regolith at the habitat site allowing the lunar colony to
become self-supporting (Ruess, Schaenzlin, & Benaroya, 2006). Water has also been discovered
at the poles of the Moon inside permanently shadowed craters that could potentially be mined for
use within the lunar habitat (Dino, 2009). Due to the current lack of sufficient testing on lunar
regolith samples, it may be more practical to rely significantly on in-situ resource utilization,
particularly for resource mining, for future missions after more on-site testing is completed.
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However, all efforts should still be made to maximize the use of local materials within this
design.

2.1.2.3 Interior Architecture
In order to minimize the weight and volume of the habitat materials during transportation,
the architecture must be designed to maximize the efficiency of the interior space. Wasted space
cannot be afforded within the design for this mission and must be minimized at all costs. Along
with this, because the crew members are going to be living in a relatively small and isolated
habitat for an extended period of time, the habitat must be designed in such a way to keep the
crew satisfied and productive during the duration of their stay on the lunar surface.

2.1.2.3.1 Required Interior Spaces
Throughout the literature search conducted as part of this research study, a number of
different spatial allocations were discovered for the interior architecture of the lunar outpost. The
first was proposed by Akin et al. (2009), which stated that the lunar habitat would require spaces
and equipment which can fit within three different categories: living, storage, and supporting
infrastructure. This was further broken down as follows: 40% work, 25% public, 20% personal,
15% hygiene, and waste management. Kennedy (1990; 1992) has also done extensive research
regarding this topic and has suggested that the interior space be split into five areas: crew
quarters (9%), crew support (10%), base operations (28%) and mission operations (11%) with
internal stowage, ECLSS, circulation, contingency growth making up the remainder (42%). This
study will utilize a space allocation based on these two models as a baseline using the operations
breakdown developed and suggested by Kennedy as follows:
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•

Crew Quarters (10% of total volume) – Consists of the private living spaces for each of
the four crewmembers consisting of a bed and small storage rack.

•

Crew Support (10% of total volume) – Consists of the galley, dining room, recreational
facilities, medical and hygiene facilities, laundry and housekeeping equipment. The crew
support area, with these capabilities, should help to keep the crewmembers both
physically and psychologically healthy throughout their stay within the outpost.

•

Base Operations (20% of total volume) – Will house most of the activities inside the
habitat as well as control most of the exterior activities.

It would house multiple

computer stations along with an EVA support and maintenance facility with spare parts
storage. All of the monitoring sensor technology involving both the structure and the life
support system would be housed within the base operations area of the habitat.
•

Mission Operations (10% of total volume) – Will house the research laboratories needed
to support the various studies performed at the lunar habitat. The type of laboratories and
their capabilities would be determined by the types of missions to be completed. Initially,
one of the primary research functions should be focused on the use of in-situ resources,
such as the mining of resources from the lunar regolith.

•

Remaining Interior Space (50% of total volume) - The remaining interior space will be
used for circulation throughout the habitat, internal stowage, the life support systems, and
for the potential growth of other interior spaces. It is possible that much of this space can
be located in the uninhabitable areas of the habitat for the piping and ductwork of the
ECLSS. It is believed that by doing this, the most efficient use of interior space can be
accomplished. The storage spaces within this area could be broken down into cryogenic,
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hazardous materials, general equipment, servicing and maintenance, and temporary
protective structures.

2.1.2.3.2 Ceiling Height
The most commonly found height requirement was proposed by Kennedy (1990; 1992),
which was based on a series of studies on lunar gravity locomotion at the NASA Langley
Research Center. These studies state that a minimum of 2.44 m was required to facilitate the
bounding motion, which is assumed to be the most efficient way of walking on the Moon.
However, for this study, a ceiling height of 2.13 m was used, which is believed to be more
spatially efficient while still allowing for practical movement throughout the habitat in the
minimal gravity environment.

2.1.2.3.3 Total Pressurized Volume
A great disparity existed between the published suggestions for the required total
pressurized volume of the habitat. Kennedy (1990) suggested a minimum of 152 m3/crew
member be used with 15% added on for contingency growth. Later, Kennedy (1992) suggested a
value of 120 m3/crew member be used based on long-term habitation and confined spaces
research conducted by NASA. Adams and McCurdy (2000) published a study that was based on
a six-member crew departing on a mission that consisted of a 400-day transit time and 540-day
stay on the surface of Mars. Adams and McCurdy consulted with Kennedy and settled on a
volume of 90 m3/crew member using historical data. Finally, the Man-Systems Integration
Standards published by NASA (1995) recommends a minimum volume of 20 m3/crewmember
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for a mission duration of 12 months. Based on this range of suggested minimum pressurized
volumes this study used a value of 20 m3/crewmember.

2.1.2.3.4 Total Habitable Floor Area
By using an experience-based method for determining the minimum required floor space
as laid out within NASA’s Human Integration Design Handbook (2010), the required area will
be calculated as follows

= 2.27 ×

− 1.83

(2-1)

where d represents the duration of the mission measured in days. This formula is based on
Earth-based analogs that include undersea habitats, submarines, Antarctic Stations, and
recreational vehicles. It is worth noting that the information on analogs do not have mission
durations close to 180 days so this extrapolation should be taken with caution but will be suitable
for the purposes of this research.

2.1.2.4 Environmental Control and Life Support Systems
For a lunar colony to be habitable, designers need to address the basic human survival
systems, specifically elements including breathable air, internal pressure, food, water, waste
disposal, energy storage and/or generation, communications, temperature, and radiation
protection. While a detailed summary of the required systems is not presented here, Filburn et
al. (2011) discuss the topic in detail including an analysis using the NASA developed Advanced
Life Support Sizing Analysis Tool (ALSSAT).

23

2.1.2.5 Other Factors
Aside from the primary concerns regarding the lunar environment, ECLSS, and interior
architecture, there are many other factors, which should play a significant role in the design of
any lunar habitat. The following sections highlight just a select few of these factors.

2.1.2.5.1 Ease of Construction
There exist two primary methods of deploying the structure on the lunar surface for
habitation. The first is using a prefabricated structure that can be constructed on Earth and
transported a single unit making it available for immediate use following unloading. This method
would save construction time for the crew at the lunar surface and eliminate many of the
construction problems and difficulties that may occur. However, this method would force a
smaller habitat, as space would be limited within the landing craft. There would also be limited
space for additional resources to be stored for transport.
Alternatively, the structural components can be fabricated on Earth and transported to the
Moon for assembly. This would allow for a far more efficient use of space within the cargo bay
of the shuttle. However, the construction of the habitat would likely be very difficult due to the
lunar environment and the restrictive suits worn by the crew. One activity that should be avoided
if possible for this first lunar habitation mission is excavation. The excavation process would be
extremely difficult due to the lunar environment and would be very time consuming. Until the
excavation is completed the habitat could not be constructed which would delay the progress of
the mission. It is possible that for future missions excavation can be completed prior to the
construction of an additional structure. No matter which method is used for the design of the
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habitat, the method of unloading, construction, and utilization of the habitat must be practical
and as simple as possible requiring minimal time and effort.

2.1.2.5.2 Factor of Safety
Currently accepted factors of safety that are used for structural design in Earth building
codes may require adjustment for the lunar habitat. A detailed statistical analysis should be
completed in order to determine the probability of a catastrophic failure occurring within each
component of the habitat once the design concept is determined. Once this is done, an
appropriate factor of safety can be applied using larger values for those systems most likely to
fail. Initially for this study a minimum safety factor of 2.0 was used for all structural elements
and 7.0 for those elements that contain the internal atmosphere.

2.1.2.5.3 Expansion
Assuming that the first manned long term habitation mission to the Moon is successful,
the habitat should be able to be expanded for further resources and crew members. Such
expansion could include the physical enlarging of the original habitat or the construction of a
second habitat with the ability to connect them. Such expansion should again follow the same
guidelines as the original being a practical and easily constructible habitat that can be completed
with minimal effort in a small amount of time (Malla & Chaudhuri, 2006; 2007; 2008).

2.1.3

Applied Loads
As with any type of structure, there are several different loading conditions that that

habitat will be subjected to throughout its lifetime. This research study focuses on the dead load
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of the structure and its occupants, pressurization of the internal atmosphere, and thermal loads
inflicted by the lunar atmosphere. Additionally, the structure will be exposed to dynamic loads
caused by moonquakes and nearby shuttle activity and also impact loads from micrometeorites.

2.1.3.1 Dead Loads
Due to the reduced gravity on the Moon equal to 1.622 m/s2 (1/6th that on Earth), the selfweight of the structural materials will be reduced from that on Earth along with the weight of any
materials that may be placed atop the structure for shielding purposes (i.e. regolith).

2.1.3.2 Internal Pressurization
The creation of a shirtsleeve environment will result in an outward facing load due to the
pressurization of the interior. If a flexible membrane is used in the design, its tensile strength can
be designed to resist this pressure load either entirely by itself or by transferring it to a structural
frame. If a membrane is not used and the structure is entirely rigid then the shell of the habitat
must be of sufficient strength to carry the load alone.
The magnitude of the internal pressure can be varied depending on the composition of the
internal atmosphere of the ECLSS. A pressure like that on Earth of 14.7 psi can be used,
however, NASA recommendations allow for a pressure of 8.3 psi to be used. This would
significantly reduce the required strength of an inflatable membrane and the frame components.
The reduced pressure, however, does require an atmosphere with a higher oxygen content that
has larger safety concerns due to the increased flammability.
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2.1.3.3 Thermal Loads
Resulting from the extreme temperature variation, cycling, fatigue, expansion, and
contraction loads and stresses must be accounted for within the analysis. Their effects will be a
large factor in the selection of appropriate materials for the habitat. The determination of such
loads is discussed in great detail within Chapter 4.

2.1.3.4 Dynamic Loads
As mentioned previously these loads can originate from moonquakes, meteorite impacts,
and nearby shuttle activity. Cross bracing or moment resisting connections may be needed in
metallic frames, or if the applied loads are of low enough magnitude, the inherent stiffness of the
habitat may be used to resist the vibrations.

2.1.3.5 Impact Loads
Aside from causing a vibration within the structure, micrometeoroid impacts can damage
the outermost layer of the habitat and potentially cause an accidental and possibly catstrophic
depressurization. Therefore, these loads must be considered in two separate fashions. First,
assuming no puncture damage is caused, the effect of vibration on the structure must be
accounted for. Secondly, the threat of material damage (i.e. pitting of metallic materials) and the
threat of puncture of an inflatable membrane must be considered ideally resulting in the selection
of a material whose properties are such that the damage will be minimized. Previous work with
lunar habitats of similar composition involving the structural response to impact loads has been
completed by Malla and Chaudhuri (2007) and Malla and Gionet (2011; 2013).
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2.2

Previous Lunar Colonization Research
After much interest throughout time in what lies beyond the Earth’s atmosphere, the

National Aeronautics and Space Administration (NASA) directed the United States Corp of
Engineers, the premier construction agency of the United States Government, to define the
research and development effort required to provide the United States with a lunar construction
capability beginning in 1968. The results of this study were published in 1963 under the title
“Special Study of the Research and Development Effort Required to Provide a U.S. Lunar
Construction Capability” (The Office of the Chief of Engineers, 1963) and became the primary
source of information at the time involving lunar colonization.

This report tackled items

including the following elements:
1. Why is it necessary to colonize the Moon?
2. What is to be done during the colonization mission?
3. How can these objectives be accomplished most effectively?
4. When should this mission be accomplished?
5. Who is going to be involved?
6. What resources will be needed throughout the mission and how much will it
cost?
With such a commitment from the United States on the topic of lunar colonization there
have been several lunar base concepts developed over the years ranging from those in a purely
conceptual phase to those with constructed prototypes and advanced structural analysis. This
section summarizes just a few of these designs in order to focus on some of the different types
being considered for use.
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Figure 2-4. Lunar habitat design concepts

2.2.1

Braced Double-Skinned Structure
Malla, Adib-Jahromi, and Accorsi developed a braced double-skinned structure for use

on the lunar surface (1995).

The roof of the habitat consisted of upper and lower plates

connected by vertical and diagonal truss members. A layer of regolith was placed over the top of
the roof for the purposes of radiation, micrometeoroid impact, and thermal shielding. Figure 2-5
below shows a plan view and a cross section of the proposed structure. The structural analysis
was completed using Navier’s and Levy’s solutions for a continuous plate subjected to a uniform
load. The goal of the study was to give a conservative estimate for the size of the structure as
well as the size of the truss members in order to save time and cost when compared to a more
detailed finite element analysis.
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Figure 2-5. Proposed braced double-skinned roof structure for lunar base:
(a) cross section view; (b) plan view

2.2.2

Interior Architecture
A mentioned previously within Section 2.1.2.3, Kennedy has done much work dealing

with the interior design of the lunar outpost (1990; 1992). As part of the Lunar Base Systems
Study (LBSS) undertaken by the Advanced Programs Office at NASA, a spherical inflatable
habitat was selected as a baseline for the lunar outpost (Roberts, 1990). Figure 2-6 shows the full
outpost complex envisioned within the aforementioned project.
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Figure 2-6. Lunar outpost habitat complex (Kennedy, 1990)(Kennedy, 1990)

Figure 2-7. Constructible habitat cross section (Kennedy, 1990)(Kennedy, 1990)

In addition, Figure 2-7 presents a cross section of the inflatable habitat structure. The
structure of this habitat is surrounded a high-strength, lightweight, multi-ply fabric combined
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with a non-permeable interior bladder. The structure itself is made of six telescoping hexagonal
core columns, six peripheral ribs, radial floor beams, circumferential joists, intermittent floor
joist and secondary bracing. A mat foundation sits beneath the spherical structure transferring
the loads to the exterior support structure. T851 aluminum was used for the framing members
similar to that used for the lunar rovers of the Apollo missions (Kennedy, 1990).
As part of NASA’s effort to study inflatables as lunar outposts in the late 1980’s and into
the 1990’s, for the Space Exploration Initiative (SEI), Kennedy then presented a horizontal lunar
outpost again as part of a larger habitation complex on the lunar surface (Kennedy, 1992). The
internal structure is composed of a pallet-type space frame flooring system, which connects to
the membrane wall and transfers all loads to the exostructure. Aluminum was again selected as
the material of choice for the structural frame members. The exostructure uses several support
points in order to increase the redundancy in the system and allow repairs to be made as needed
without affecting the integrity of the entire system. Figure 2-8 shows both a plan and elevation
view of the proposed horizontal habitat exterior structural system and foundation.

Figure 2-8. Horizontal habitat exo-structure support system (Kennedy, 1992)
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2.3

The Proposed Lunar Habitat
Before the rectangular lunar habitat design was selected, a series of different concepts

were investigated. All of the proposals utilized the frame-membrane concept, however the shape
of the structural frame and the utilization of the inflatable membrane differed with each design.
The original basis for the design was the frame-membrane system studied by Malla and
Chaudhuri (2006). Upon an initial review of this concept, it was decided that a more efficient
use of the frame’s interior space was desirable requiring a few small modifications to the design.
In order to study the efficiency of the interior space usage of all design proposals, a few
assumptions were made with the interior space being divided into three categories based on their
assumed use as follows:
•

Living Space – This space was defined as spanning from the floor of the structure to an
elevation of 7 feet above the floor. This is based on the minimum required ceiling height
of 7 feet and the belief that it is not practical to assume space above this height can be
used by typical crew member everyday activities.

•

Utility Space – This space was defined as the space just above the living space having a
height of 2 feet. It is believed that this space would house the required ductwork and
necessary equipment for the habitat ECLSS. While this analysis was done with this
space being located above the living space and requiring a structural ceiling, this space
could also be located beneath the floor of the habitat.

•

Wasted Space – This space was defined as any remaining space above the utility space
and also including and space to the sides of the living space that does not have a 7-foot
ceiling height. It is possible this space could be used for general storage, however, there
still may exist a practical limit for this volume before being a waste of valuable resources.
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It is worth noting that the space located within the habitat does not have to be divided in this
fashion and it was created merely as a means of measuring the spatial efficiency of the interior
space. In the figures to follow in Section 2.3.2 of the different design concepts, the shaded
region identifies the inhabitable living space defined as that having a ceiling height of seven feet.

2.3.1

Original Frame-Membrane Structure
Figure 2-9 shows the three-dimensional and section view of the previously studied

design. By looking at the section view of the structure, it appears that there is a large excess of
wasted space located above the utility space.

9’-0”
7’-0”
0’-0”
Figure 2-9. 3D and section view of original structure (Malla & Chaudhuri, 2006)

While it is possible that this could be used for general storage or for equipment, it does appear
that this volume is too large and at a height not practical for use during normal activities on the
Moon. Table 2-4 quantifies this conclusion further.
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Table 2-4. Original Frame-Membrane Structure Dimensions and Efficiency
Clear Height at Center
Clear Width at Base
Clear Length
Living Space Area
Utility Space Area
Wasted Space Area
Total Interior Volume

5.83 m
9.78 m
4.20 m
19.65 m2
5.17 m2
17.23 m2
176.59 m3

19.14 ft
32.07 ft
13.78 ft
211.39 ft2
55.59 ft2
185.35 ft2
6231.30 ft3

47 %
12 %
41 %

Following the idea of modularity and constructability, the pre-constructed frame segments used
for this design are shown in Figure 2-10. Four of these frame segments are combined to for the
shape of the habitat.

4 Bays at
1.4 m each
Top
4 Bays at
1.4 m each

Diagonal

3 Bays at
1.4 m

Bottom
Plan View

Section View
Figure 2-10. Details of original frame-membrane structural components

Using this method to study the spatial efficiency of the interior space, it was found that
41% of the interior volume exists above the utility space (above 9 feet) which, without the
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addition of a second level, creates a significant amount of wasted space within the habitat.
Additionally, the height of the habitat (5.83 m) could pose a problem during construction
requiring the use of lifts and ladders. Overall this structure appears to have promise in terms of
its structural system through its use of an inflatable membrane and structural frame, but
dimensional and shape modifications are required to improve upon the design efficiency.

2.3.2

Modifications to the Original Design
To begin the process of making modifications to the original design, a number of frame

configurations were generated and reviewed on the basis of spatial efficiency.

As stated

previously, the shaded regions indicate the useable floor space defined as that having a full seven
foot ceiling height. Note that some of the designs utilize a tile membrane system similar to that
of the original design while others use a single, rounded membrane intended to carry the tensile
loading of the internal pressure without the aid of the frame members.
Many of the design concepts shown in Figure 2-11 had their own pros and cons, however
they were not selected for further analysis. The common problems or difficulties seen among
many of these designs included items like inefficient use of interior space or increases in design
or construction complexity.
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Figure 2-11. Potential frame-membrane concepts not selected for further study

The modification of the original design that was ultimately selected is shown in Figure
2-12. It is believed that by creating a system that minimizes the wasted space inside the habitat,
the weight of the structural materials requiring transportation to the Moon will also be
minimized.
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Figure 2-12. Selected frame-membrane design concept

This rectangular box design maximizes the use of the interior space by having a constant
ceiling height of seven feet and no wasted space on any side of the structure. The system utilizes
a tile membrane system as opposed to the continuous curved system which is less desirable
however still an efficient use of the material strengths. Table 2-5 summarizes the results of the
spatial efficiency analysis for the selected rectangular system.

Table 2-5. Rectangular Frame-Membrane Structure Dimensions and Efficiency
Clear Height at Center
Clear Width at Base
Clear Length
Living Space Area
Utility Space Area
Wasted Space Area
Total Interior Volume

3.16 m
7.75 m
4.20 m
12.27 m2
0.00 m2
0.00 m2
51.23 m3

10.36 ft
25.42 ft
13.78 ft
132.01 ft2
0.00 ft2
0.00 ft2
1807.78 ft3

100 %
0%
0%

As shown in Table 2-5, the design has 100% useable living space, which is far superior
than the 47% inside the original design. The total height of 3.16 m also creates a habitat that will
be easier for the crewmembers to construct.

Overall this concept should provide a more

efficient, cost effective structure while still containing the required minimum space needed for
the crew members.
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2.4

Conclusions
Perhaps the most important design criteria governing the design of a lunar habitat is the

lunar environment. Of particular note is the large temperature variation, high levels of radiation
exposure, and the impact of micrometeoroids and debris, all of which require adequate shielding.
It is possible, however, that regolith shielding can be used to protect the structure and its
inhabitants from each of these major dangers of the lunar environment.
The selection of structural support methods and materials is also of the utmost
importance when planning a colonization mission. For instance, inflatable membranes, metals,
and plastic composites are all options for the framing members, each with their own positive and
negative factors that must be considered. In-situ resource utilization may, however, provide the
largest material benefit by reducing the transportation cost of materials entirely by using local
regolith.
Ultimately, a combination of materials and structural support techniques was selected for
the proposed habitat design. A metallic structural frame provides the overall rigidity needed to
resists the applied loads while a flexible inflatable membrane resists the high internal pressure
load caused by the creation of the interior atmosphere. The environmental shield provided to
protect the inhabitants from the extreme temperatures, ionizing radiation, and debris impacts is
made of lunar regolith utilizing the benefits of local materials for habitat design.
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Chapter 3 Habitat Static Analysis
Habitat Static Analysis

Abstract
Before any lunar colonization mission can be attempted an extensive series of analyses
and studies must be completed for all systems involved to achieve the highest level of expected
success. For a lunar structure this begins with a static stress analysis under the basic loads of
internal pressure and the added mass of the protective systems used.

Using a finite element

model developed in Abaqus CAE/Standard a nonlinear static analysis was completed with the
result being a baseline for future analyses and also to develop preliminary sizing of all structural
members. It was found that the added mass of the regolith shielding material, and likewise the
ECLSS system within, helped to reduce the natural frequency and global stiffness of the
structure.

The application of the inflatable membrane had an opposite effect ultimately

increasing the natural frequency of the structure.

3.1

Introduction
The study of the habitat’s static response to the applied gravity based loads (and

subsequent thermal analyses) is analyzed using a finite element model created using the software
program Abaqus CAE/Standard (Dessault Systemes Simulia Corp., 2008). A description of this
model is thereby provided within this chapter and shall be used as a reference for all analyses
described throughout.
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3.2

Beam Elements
The beam elements used for the frame members within the model used the B31 element

type. Based on the classical Euler-Bernoulli assumption, B31 elements use a linear interpolation
with the addition that the element also allows transverse shear strain. This means that the section
may not remain normal to the axis of the beam member leading to Timoshenko beam theory
(Timoshenko, 1956).

3.3

Shell Elements
The shell elements used to model the inflatable membrane used the S4R element type

defined by Abaqus as a “general-purpose” shell element. This element type uses bending strain
measures that are approximations of those in the Koiter-Sanders shell theory (Budiansky &
Sanders, 1963).

3.4

Nonlinear Analysis – Newton’s Method
A traditional linear analysis is based on the assumption that there exist small

displacements and materials defined as linearly elastic. Therefore, equilibrium equations can be
derived using the undeformed configuration of the model at hand. For those models consisting
of elements and behavior such as this, a linear analysis provides a quick and easy solution using
the equilibrium equations directly to develop a solution.
The frame-membrane structure at hand, however, does not meet the criteria required for a
linear analysis. The flexible nature of the Kevlar-based membrane experiences large deflections
and results in a stiffness that varies depending on the level of inflation provided by the interior
pressure. For example, it can be shown that as the internal pressure is incrementally increased to
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its maximum value of 8.3 psi, the stiffness of the structure as a whole also increases resulting in a
higher frequency of vibration and smaller nodal deflections throughout. These properties are
accounted for through the use of a nonlinear analysis within Abaqus.
One of the most common solution techniques used for a nonlinear analysis, and that used
by Abaqus/Standard, is called the Newton’s method. Abaqus uses this iterative method due to its
high convergence rate when compared to that exhibited by alternate methods (The Mathworks
Inc., 2013). To begin assume that the equilibrium equations obtained through virtual work can
be written as
=0

(3-1)

where FN is the force component conjugate to the Nth variable and uM is the value of the Mth
variable. Assume that after the ith iteration, and approximation, uiM, to the solution has been
obtained. If

!"

is the difference between this solution and the exact solution, then it can be said

that
+

!"

=0

(3-2)

The left side of the equation can be expanded in a Taylor series about the approximate solution
. If

is a sufficiently close approximation to the exact solution, the magnitude of

!"

will

therefore be small allowing one to neglect all but the first two terms of the Taylor series
expansion resulting in a system of equations:
$

% %
!"
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where

=

and the Jacobian matrix is
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The next approximation of the solution if therefore
!"

This iteration continues until all entries of both

3.5

=

+

and

!"

!"

(3-5)

are sufficiently small.

Von Mises Stress Analysis
The von Mises stress is defined as a scalar stress value which is derived from the Cauchy

stress tensor. Based on the material yield strength, σy, it is assumed that a material begins to
yield when the von Mises stress reaches this critical level. Mathematically, the von Mises yield
criterion in expressed as
+, = - ,

(3-6)

where k is the yield stress of the material under pure shear. Assuming that at the onset of
material yielding the magnitude of the shear yield stress in pure shear is √3 times lower than the
tensile yield stress. This results in the following relationship
-=
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./

√1

(3-7)

where σy is the yield stress of the material. By combining Eq. (3-6) and Eq. (3-7) the following
equation is developed
23 , = 3+, = 3- ,

(3-8)

For this study, circular tube members were used for the all of the structural frame pieces. By
substituting the J2 term with the Cauchy stress tensor components the equation defining the yield
surface for a circular pipe is determined to be

"

23 , = 4 2"" − 2,,
,

3.6

,

+ 2,, − 211

,
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,
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(3-9)

The Lunar Habitat Model
The lunar habitat structure is modeled using the aforementioned B31 Timoshenko beam

elements for the frame members and S4R elements for the inflatable membrane. The structural
frame is supported by a series of pin supports that restrict displacement along all axes while
along rotation of the frame about each axis. Each frame member is divided into ten equal length
beam elements and each bay of the inflatable membrane is divided into a ten by ten grid of shell
elements corresponding with the adjacent frame members. This results in a total of 30,278 nodes
connecting 217,815 elements in total. The details of the finite element model are shown within
Table 3-1 and the full model is depicted in Figure 3-1.
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Table 3-1. Finite Element Model Structural Properties
Parameter
Material
Young’s Modulus
Density
Poisson’s Ratio
Abaqus Element Type

Frame

Membrane

Aluminum 7075-T6
72.5 GPa
2800 kg/m3
0.33
B31

Kevlar
70.5 GPa
1440 kg/m3
0.36
S4R

Main Habitat
Airlock

Figure 3-1. Lunar habitat finite element model

3.7

Initial Static Analysis
To initially study the behavior of the lunar habitat and determine the governing load case

for the design of the frame and membrane members, the habitat was analyzed under two different
load combinations. The first load combination is the internal pressure and self-weight of the
structural materials alone. The second load combination also includes the self-weight of the
lunar regolith shielding within the depth of the structural frame.
The primary load applied to the model was the internal pressurization load acting
perpendicular to the membrane pressure boundary directed outward on all sides of the habitat.
The internal pressure has a magnitude of 57.2 kPa (8.3 psi). In addition to this load the self-
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weight of the frame and membrane members was also applied using the Moon gravity of
approximately 1/6th that of the Earth.

3.8

Stress and Deflection Determination
Through the analysis of each load combination it is evident that the magnitude of the

internal pressurization load is far greater than that of the dead load, including that of the lunar
regolith. The weight of the regolith shielding layer effectively acts against the internal pressure
resulting in a net force directed outward with a slightly reduced magnitude when compared to the
first load combination without the lunar regolith. This causes the state of stress within the
members prior to the application of the lunar regolith to govern the design. When the habitat is
constructed and the regolith shielding layer is added, a greater factor of safety will exist within
the design of each frame and membrane member in addition to the environmental shielding
capabilities provided by the regolith.

(a)

(b)

Figure 3-2. Habitat stress (a) and deflection (b) contours
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Figure 3-2 depicts both the stress and deflection contours for the governing design load
combination, not including the lunar regolith. Table 3-2 summarizes the von Mises stress, yield
strength design safety factor, and maximum nodal displacement for each chord and diagonal of
the main habitat and the airlock structure based on the governing load case.

Table 3-2. Lunar Habitat Stresses and Nodal Deflections
Section
Main
Habitat

Airlock
Structure

Chord
Inner
Diagonal
Outer
Membrane
Inner
Diagonal
Outer
Membrane

Thickness*
4.0 mm
1.5 mm
4.5 mm
7.5 mm
8.0 mm
1.5 mm
2.5 mm
7.5 mm

Yield Stress
503 MPa
2.92 GPa
503 MPa
2.92 GPa

Max. Stress
253 MPa
257 MPa
229 MPa
366 MPa
204 MPa
244 MPa
249 MPa
412 MPa

Safety Factor
1.99
1.96
2.20
7.98
2.46
2.06
2.02
7.09

Max. Displacement
25.52 mm
23.38 mm
21.58 mm
56.57 mm
17.70 mm
17.70 mm
14.29 mm
55.55 mm

* The outer radius of all frame members is 7.6 cm.
As shown in Table 3-2, the members requiring the largest wall thickness are the inner
chord members due to their direct contact with the inflated membrane. The membrane transfers a
large amount of load primarily in the case of bending within the member. The outer chord
members also have a relatively high stress due to the deflections calculated within the elements.
At the center of the roof and floor frames, the nodal deflections are the highest which puts a large
bending stress into the outer chord members even though they are not connected directly to the
membrane. The diagonal members, however, primarily are exposed to an axial load resulting in a
smaller Von Mises stress and therefore a smaller required section area. Due to this stress
analysis, the frame members were divided into three different size categories based on their
stress levels. A uniform size and wall thickness was originally used, but this resulted in a highly
inefficient design, which created a very large structure mass with several members largely

unstressed.
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3.9

Frequency Analysis
Using Abaqus CAE/Standard (Dessault Systemes Simulia Corp., 2008), a frequency

analysis was completed to determine the natural frequencies of vibration under a number of
scenarios summarized within Table 3-3. Each case was selected in order to determine the effect
of various components on the natural frequency including the regolith shielding, internal
pressurization, and the added mass of an emergency and life support system (ECLSS). In
addition, each case was studied both with and without the inflatable membrane, as appropriate.

Case No.

Membrane

Lunar
Gravity

Internal
Pressure

ECLSS
Mass

ECLSS
Location

Regolith
Mass

Case No.

Membrane

Lunar
Gravity

Case No.

ECLSS
Mass

ECLSS
Location

Regolith
Mass

Table 3-3. Summary of Frequency Analysis Scenarios

1
2
3
4
5
6
7
8
9
10
11
12
13
14

No
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

0 kPa
0 kPa
0 kPa
0 kPa
0 kPa
0 kPa
0 kPa
0 kPa
0 kPa
4 kPa
4 kPa
4 kPa
4 kPa
4 kPa

No
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes

N/A
N/A
Floor
Wall
Roof
N/A
Floor
Wall
Roof
N/A
N/A
Floor
Wall
Roof

No
No
No
No
No
Yes
Yes
Yes
Yes
No
No
No
No
No

15
16
17
18
19
20
21
22
23
24
25
26
27

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

4 kPa
4 kPa
4 kPa
4 kPa
57.2 kPa
57.2 kPa
57.2 kPa
57.2 kPa
57.2 kPa
57.2 kPa
57.2 kPa
57.2 kPa
57.2 kPa

No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No

N/A
Floor
Wall
Roof
N/A
Floor
Wall
Roof
N/A
Floor
Wall
Roof
N/A

Yes
Yes
Yes
Yes
No
No
No
No
Yes
Yes
Yes
Yes
No

When considering the application of the ECLSS mass, three different locations were considered
within the habitat for each scenario as follows: 1) Placed on the floor at three central locations
along the length of the habitat, 2) Attached at the center of each of the four walls, 3) Hung from
the ceiling at three locations spread evenly along the center of the habitat. The regolith shielding
was distributed evenly to the four walls of the main habitat as well as atop the habitat roof. The
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mass was evenly distributed with enough magnitude to represent filling the full depth of the onemeter deep frame with regolith of a density of 2513 N/m3 (Malla & Chaudhuri, 2006).

3.9.1

Theoretical Background
It is expected that in frame-membrane structures, the application of an internal pressure

will expand and therefore stiffen the membrane throughout the structure. The aluminum frame
members are also subjected to internal pressure and along with the thermal load experienced,
stress-based stiffening can occur. These stiffening effects alter the stiffness matrix and can have
a significant effect on the natural frequencies of the structure.
The equation of motion for a structure subjected to an external force neglecting the
effects of damping is given by the following equation (Chopra, 2007):
47689: ; + 4$ − $< 6=9> = =?>

(3-10)

where [K] is the stiffness matrix, [KG] is the geometric stiffness matrix, [M] is the mass matrix,
{P} is the external force applied, =9> is the nodal degree of freedom, and =9: > is the second
derivative with respect to time of the nodal degree of freedom. The [KG] matrix will be modified
to account for the pre-stressing effects caused by the internal pressure and thermal loads.
By setting the applied force {P}=0, known as free vibration, and considering the
structural vibration as simple harmonic motion, the displacement response can be written as
=9 @ > = =9A > sin E@ + F
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(3-11)

where t is the time, =9A > is the shape of the system, E is the natural frequency of the structure,
and F is the phase angle. The equation of motion, Eq. (3-7), can then be expressed as an

eigenvalue problem shown by the following equation (Chopra, 2007):
4$ − $< 6 − E, 476 =9A > = 0

(3-12)

from which the characteristic equation given below is used to compute the natural frequencies of
the structure.
|476H" 4$ − $< 6 − E, 4I6| = 0

(3-13)

With respect to the individual frame members whose behavior also combine to affect the
overall structural stiffness the general solution for the deflection of a beam with hinged ends is as
follows
J = ∑VW" sin

LM
N

O cos
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@ + T sin

R S LS
NS

@U

(3-14 )

with the natural frequency of vibration with no load applied as
=

R S LS
NS

(3-15)

Within this lunar habitat analysis, an internal pressure and regolith dead load is applied which
induces an axial load within the frame members. This axial load affects the natural frequency of
vibration as follows
=
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(3-16)

3.9.2

Consideration of the Rigid Frame Alone
The first set of scenarios considered were those including the rigid frame alone without

the application of the inflatable membrane. This provided a baseline for comparison when future
analyses were completed on structures with the membrane applied. Figure 3-3 displays a plot of
the results for the applicable cases showing the natural frequencies of vibration corresponding to
the first ten modes of vibration.

Case 1
Case 4
Case 7

60

Case 2
Case 5
Case 8

Case 3
Case 6
Case 9

Natural Frequency, Hz

50
40
30
20
10
0
0

1

2

3

4

5

6

7

8

9

10

Mode of Vibration

Figure 3-3. Natural frequencies for the rigid frame alone

The comparison between Case 1 (rigid frame alone with no applied loads) and Case 2
(rigid frame alone considering lunar gravity) shows that the contribution of lunar gravity has no
noticeable effect on the vibration of the structure when no membrane is applied. Both cases
resulted in a natural frequency for the first mode of vibration of 28.0 Hz. However, the addition
of the ECLSS mass and regolith shielding show a significant effect on the natural frequency.
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When the ECLSS alone is added to the habitat, the natural frequency drops for the first mode
and ranges from 12.6 Hz to 17.4 Hz, depending on where the ECLSS is located. When the
regolith shielding is added, the natural frequency is reduced further to a value of 3.5 Hz,

regardless of whether the ECLSS is added or not. The added mass of the regolith is so
significant that the added mass of the ECLSS is reduced to a point where is can be
considered negligible in terms of global vibrations.

3.9.3

Application of the Inflatable Membrane
When the frequency analysis was completed for the cases including the complete

structure without any added mass, it is evident that the applied internal pressure plays
an important role in the overall vibrational behavior. Initially, without an applied internal
pressure, the natural frequencies determined were very low beginning with 8.48 Hz for the first
mode. This large reduction in the stiffness of the structure was unexpected as previous
investigations on this topic showed an increase in stiffness with the inflatable membrane. In the
case of this structure, these low frequency vibrations are localized within individual membrane
bays and do not affect the rigid frame in any way. It is not until a sufficient pressure is applied
that the lowest frequencies of vibration occur on a global level within the rigid frame. Because
these are local vibrations, they cannot be compared to the vibration results of the rigid frame
prior to the application of the inflatable membrane. Therefore any analysis consisting of the
membrane was completed with a minimum internal pressure of 4 kPa. This pressure was selected
after varying the magnitude of the pressure and determining the minimum value at which the
lowest modes of vibration are global. Figure 3-4 shows a plot of the natural frequency for each of
the first ten modes throughout the pressure range studied. The global vibrations for each mode
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begin to occur when the line levels off at a relatively constant value. For the first mode this is at
a pressure of about 4 kPa.
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Figure 3-4. Rise in natural frequency due to internal pressure variation

Beginning with 4 kPa, the application of an internal pressure to the membrane increases
the stiffness of the structural overall by increasing the natural frequency by approximately 8 Hz.
This increase occurs within the first mode regardless of the magnitude of the internal pressure
above 4 kPa. The increase of later modes, however, depends on the level of pressure increase
within the pressure. For each pressure, there is a point at which the frame-only structure becomes
stiffer. For a pressure of 4 kPa, this point occurs between the 4th and 5th modes, as seen in Figure
3-5. For a pressure of 15 kPa, this point occurs around the 8th mode, and for 57.2 kPa it occurs
th

just prior to the 10 mode of vibration.
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Figure 3-5. Impact of an inflated membrane and regolith on natural frequency

As with the frame-only structure, the addition of the ECLSS and/or regolith shielding
mass greatly reduces the global stiffness of the structure. The addition of regolith alone reduces
the first mode of vibration from 36.9 Hz to 5.4 Hz when the habitat is fully pressurized to 57.2
kPa. While the ECLSS provided an overall reduction in stiffness, the location of the mass again
proved important. The largest effect was seen when the ECLSS mass was hung from the center
of the roof frame while the structure was stiffest when it was attached to the walls of the habitat.
This is due primarily to the location of the pinned supports along the outer edges of the habitat.
When the ECLSS is attached to the walls, the resulting forces have the most direct path to the
supports therefore creating the smallest effect. When the ECLSS is hung from the center of the
roof frame, the forces create the largest stresses and have the longest path to the supports. These
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results suggest that the ECLSS should be placed along the outer edges of the interior in order to
minimize potentially dangerous vibration-induced damage during the colonization mission.

3.10 Mass Analysis
A full mass analysis was completed to determine if the rectangular habitat as designed fit
within the desired goal of 10,000 kg or if further optimization needs to be completed in order to
fit within the desired goal. Table 3-4 summarizes the mass data for the structure and shows that
the total structure mass came in slightly high, exceeding the limit by 529 kg. This is a relatively
small overage and can be overcome through further size optimization, material selection, or
different load resistance methods.
Table 3-4. Rectangular Habitat Mass
Structure

Mass

Main Habitat

7,281 kg

Airlock/Emergency Habitat

3,248 kg

Structure Total

10,529 kg

Closed Loop ECLSS

7,102 kg

Habitat Total

17,361 kg

3.11 Conclusions
The study of the lunar habitat’s structural behavior began with an initial static analysis
including the self-weight of the habitat members combined with the internal pressurization load
of 8.3 psi applied to the inflatable membrane. The von Mises stress magnitudes led to 7.6 cm
diameter aluminum frame members ranging in thickness from 1.5 mm in the diagonal members
to 4.5 mm for the outer chords. The yield stress safety factor was held at approximately 2.0 for
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each chord designation. The inflatable membrane included a Kevlar layer with a thickness of 7.5
mm.
The effects of the inflatable membrane and the application of internal pressure were also
studied in the initial analysis. Neglecting the local membrane vibrations found within the frame
bays, the inflatable membrane (without pressure application) increased the natural frequency of
the structure from 28.0 Hz to 31.0 Hz for the first global mode of vibration. The application of
internal pressure increased the frequency of vibration further to 35.2 Hz at 4 kPa and then to 36.3
Hz at 57.2 kPa. As expected, the addition of the added mass of the regolith shielding and the
ECLSS system had a significant effect on the natural frequency of the structure. With the
regolith shield mass included, the natural frequency decreased to a value of 5.4 Hz
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Chapter 4 Lunar Surface, Subsurface, and Habitat Temperature Study
Lunar Surface, Subsurface, and Habitat Temperature Study

Abstract
The ambient environmental factors present on the lunar surface pose some of the most
difficult challenges for the success of a long-term human settlement on the Moon. Aside from
hypervelocity micrometeoroid impacts and dangerous radiation levels, the equatorial temperature
on the Moon can range from 102.4 K to 387.1 K. One option that can be used to adequately
shield the habitat and the crewmembers inside is the use of a layer of regolith surrounding the
habitat. Assuming this layer of regolith is 1-meter thick and located within the structural frame
of the habitat, the flow of temperature through this depth is critical along with its effect on the
structural behavior of the habitat. Within this chapter, a general equation is presented based on
the fundamental principles of thermodynamics. Using the Runge Kutta method of numerical
integration, this equation is solved to determine the surface temperature on the Moon throughout
the lunar day as well as the flow of temperature through a depth of regolith at particular times of
the day. The outermost layer of regolith, known as fluff, was found to have very high insulating
capabilities causing the temperature to drop significantly within the outermost 30 cm during the
peak daytime hours while having the opposite effect throughout the night. In general, it was
found that throughout the lunar cycle, as the depth in regolith increases, the variation of
temperature at that location throughout the lunar cycle decreases and ultimately remains constant
beyond a certain depth observed to be approximately 30 cm.
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4.1

Introduction
On the lunar surface, there is an extended diurnal cycle lasting over 29 days resulting in

long periods of extreme hot and cold temperatures. According to Vaniman et al. (1991), it is
estimated that during the daytime, temperatures rise to 396.1 K at the lunar equator while
dropping as low as 40.1 K within the shadowed polar craters during the night. Structures built in
this environment can experience high amounts of expansion, contraction, and fatigue stresses
that must be accounted for within the design. Adequate shielding methods must be incorporated
to lessen the exposure to these effects of the harsh lunar environment.
As discussed in detail with Chapter 2, previous research groups have proposed several
lunar habitat concepts. However, those proposed by Malla and Chaudhuri (Malla & Chaudhuri,
2006; 2008), and Malla and Gionet (Malla & Gionet, 2011) served as the basis for this study. A
key component of these habitat systems is the use of in-situ resource utilization (ISRU) through
the use of lunar regolith as an environmental shield. A layer of regoltih 1 m thick surrounding
the habitat is proposed, thereby protecting both the habitat itself in the crewmembers inside from
the harsh environment.

It is essential for the design of these structures to know how the

temperature will vary through the depth of this regolith cover in order to accurately study the
thermal stresses and deflections that can be expected within the frame.
This chapter presents the study of the thermal environment at the Equator of the Moon
and the temperature variation with time, both on the lunar surface and at varying depths beneath
the surface, using the thermodynamic principle of heat flow. Using the different input and
output radiation sources present at the habitat site, including direct solar input radiation and both
non-blackbody and albedo output radiation, a general thermodynamic equation is developed and
furthermore solved using the fourth-order Runge-Kutta method of numerical integration. With
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this temperature profile known through a depth of regolith, it can be applied to the thermal shield
surrounding the habitat and its effect on the structural system can be investigated.

4.2

The NASA Apollo Missions
During the NASA Apollo missions of the early 1970’s, lunar subsurface heat flow

experiments were completed in order to determine the effective thermal conductivity of the lunar
material and temperature profile (NASA News, 1972). The Apollo missions used multiple
experimental setups and equipment types whose results were also simulated using a
mathematical approach. The experimentally determined temperature profiles from the Apollo
missions are shown in Figure 4-1.

Figure 4-1. Experimental temperature profile of the lunar surface (Langseth & Keihm, 1977)
At the Rima Hadley site (25.0° N, 3.0° E) used during the Apollo 15 expedition, the
mean surface temperature measured was 207 K, which increased rapidly with depth to
approximately 252 K at 90 cm (Lauderdale & Eichelman, 1974). During the lunar night, the
temperature fell to 93 K. The topmost 2 cm was very loosely packed and experienced a high
degree of temperature change with its depth. For this reason the regolith profile was divided into
62

two gradations to provide a more accurate representation of the lunar surface material
(Lauderdale & Eichelman, 1974). The uppermost had a thermal conductivity of 1.5x10-5 W/cmK and the compacted layer beneath had a conductivity of 1.4x10-4 W/cm-K
At the Taurus-Littrow site (20.0° N, 31.0° E) used during the Apollo 17 mission, the
mean surface temperature was 216 K (Lauderdale & Eichelman, 1974). Similar to Rima Hadley,
the temperature increased rapidly to a temperature of 254 K at a depth of 67 cm. The minimum
temperature experienced just before dawn was 103 K, slightly higher than that of Rima Hadley.
Again the regolith profile was described to be of two layers of varying thermal conductivities,
1.5x10-5 W/cm-K for the top 2 cm and greater than 1.2x10-4 W/cm-K for the denser layer below.
The density of the compacted regolith was approximately 1.8 to 2.0 g/cm3 (Lauderdale &
Eichelman, 1974).
Following the Apollo missions, analytical studies were completed by Vasavada et al.
(1999) and Christie et al. (2008) for the study of polar ice deposit stability on Mercury and the
Moon and cryogenic fluid storage on the Moon respectively. Each study used a finite difference
model for temperature determination with a system characterized by a 2 cm “fluff” layer atop a
denser regolith layer that had different thermal properties as documented previously by
Lauderdale and Eichelman (1974) following a series of Apollo mission experiments. Their
studies resulted in a temperature profile similar to both each other and to the results of the Apollo
experiments. Slight differences between them and this study can be attributed to the varying
conditions used (location, phase, material properties, etc.).
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4.3

Lunar Surface and Subsurface Temperature Determination

4.3.1

Surface Properties and Heat Sources
The lunar surface is comprised of two layers of regolith with varying physical properties

as determined during the Apollo 15 and 17 missions (Lauderdale & Eichelman, 1974). The top 2
cm consists of a loose regolith commonly known as “fluff.” The fluff layer is characterized by a
lower thermal conductivity ranging between 0.9x10-5 W/cm-K at 0 K and 3.0x10-5 W/cm-K at
400 K with an average density of 1.3 g/cm3. Beneath this layer lies regolith of a much higher
compaction level and density equal to approximately 1.8-2.0 g/cm3 and a thermal conductivity of
0.93x10-4 at 0 K to 1.94x10-4 W/cm-K at 400 K. The thermal conductivity, k, varies with the
temperature of the regolith as given by the following relationship (Christie, Plachta, & Hasan,
2008):
]

,

- = -Z [1 + \ O1^AU _

(4-1)

where T is the regolith temperature, \ represents the ratio of radiative to solid conductivity at

temperature 350 K, and kc is the solid conductivity. The values of kc and \ were chosen in this
study to agree with Vasavada et al. (Vasavada, Paige, & Wood, 1999) and Cremers and Birkebak
(Cremers & Birkebak, 1971) who selected kc values of 9.22x10-4 W/m-K and 9.3x10-3 W/m-K
for the fluff and regolith respectively. The \ values used were 1.48 and 0.073 for the fluff and
dense regolith layers respectively. The thermal conductivities are in general agreement with
those measured during the Apollo 15 and 17 missions to the Moon and those reported by
Vaniman et al. (1991). The specific heat of each layer was taken to be temperature dependent
using a constant bulk thermal inertia of 0.019 m2s0.5K/J which is equal to (kpc)-1/2 where k is
thermal conductivity, p is density, and c is specific heat (Smith & West, 1983).
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Other studies have also been conducted that analyze lunar regolith and its thermal
properties. Marov et al. ( 2007) depict the thermal conductivity of lunar fluff as k(T) = 1.2x10-3
W/m-K + T3×0.5x10-10 W/m-K4. Figure 4-2 displays the thermal conductivity of the lunar fluff
and regolith layers as a function of temperature for both Eq. (4-1) and that given by Marov et al.

Figure 4-2. Thermal conductivity of lunar regolith

The conductivity of the fluff layer varies between the two formulas by 20-52% depending
on the temperature, however, the resulting temperature profile of the regolith varied by about 2%
just below the 2 cm thick fluff layer. Due to this minimal change, Eq. (4-1), based on regolith
samples from Apollo 12, was used for the study.
Figure 4-3 depicts an illustrative representation of the thermal balance present at the lunar
surface. The different input and output sources are described in further detail within the
following sections. In Figure 4-3, the angle between the input direct solar radiation and a plane
perpendicular to the lunar surface is defined as the angle of incidence, βs.
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Figure 4-3. Lunar Surface Thermal Balance

4.3.2

Heat Inputs
The Moon is exposed to a variety of different thermal input sources, which can greatly

affect the temperature on the surface. This thermal input consists of primarily direct solar
radiation but also includes, to a lesser extent, an internal heat flow as well as a thermal input
from the Earth (which has been neglected from this study due to its negligible magnitude when
compared to the other input sources). Similar to the Earth, the temperature on the lunar surface
varies greatly depending on the location, seen especially when comparing the equator to the
poles. For this study, the habitat was constructed at the lunar equator, thus exposed to the
maximum surface temperatures possible as well as a larger temperature variation (Vaniman,
Reedy, Heiken, Olhoeft, & Mendell, 1991). The minimum temperature expected on the lunar
surface exists within the deep polar craters, which receive minimal solar radiation. This case
was not considered within this investigation because of its likely impractical nature for a
preliminary habitation mission. Langseth et al. (1977) also note that the temperature increases
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about 6 K from aphelion to perihelion due to the distance of the Moon from the Sun. Due to this
relatively small value of the temperature change, this particular variable has not been considered
in the analysis and the Sun-Moon distance is assumed constant throughout its revolution.

4.3.2.1 Direct Solar Radiation
The primary heat input source for the lunar surface is direct solar radiation. The solar
heating power for the lunar regolith system is based on the material absorptivity of the lunar
regolith as well as the solar radiation power of the Sun based on the Moon’s location in orbit.
The solar radiation power, Gs, per unit area incident at the lunar surface can vary from a
maximum value of 1450 W/m2 at lunar noon to the minimum value of 0 W/m2 throughout the
night (Lauderdale & Eichelman, 1974). Eq. (4-2) depicts the determination of the applied solar
heating power as a function of the solar angle of incidence
`a = `a,cRM cos da

(4-2)

where Gs,max represents the maximum solar radiation power of 1450 W/m2 and ds is the solar
angle of incidence.

This variation in magnitude is based on the Moon’s rotation and the

associated angle of incidence, ds, defined as the angle between the surface normal and the sun
direction for the incoming radiation. This study’s model controlled the solar radiation power
magnitude, Gs, using a sine function as given by Eq. (4-3).
`a = e

`a,cRM × sin O

0,
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where tc represents the time for a complete lunar phase cycle and t represents the time during the
lunar day. During the lunar night the solar radiation power is set to zero resulting in the solar
energy flux presented in Figure 4-4 shown for two complete cycles.

Figure 4-4. Solar radiation power throughout the lunar cycle

Due to the lunar surface being defined as a non-blackbody surface, only a portion of all
incoming solar radiation is absorbed by the lunar regolith. The remaining radiation, known as
albedo radiation, is reflected back into Space. The amount of radiation that is absorbed by the
lunar surface is a function of the surface material’s absorptivity, as. For lunar regolith, the
absorptivity was taken as 0.87(Pettit & Nicholson, 1930). Equation (4-4) gives the resulting
applied solar heating energy, lm a , that reaches the lunar surface.
lm a = `a
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(4-4)

where Gs is the solar radiation power given by Eq. (4-3), and A is the surface area receiving
radiation. This value would then be multiplied by the surface absorptivity, as, to determine the
radiation entering the regolith system.

4.3.2.2 Internal Heat Flow
Similar to the Earth, materials within the lunar regolith create an internal heat flow due to
the presence of various minerals within the soil (Lauderdale & Eichelman, 1974). Lunar samples
taken during lunar surface missions have shown the presence of potassium and uranium isotopes,
which are the primary sources of heat in both the Earth and the Moon (Lauderdale & Eichelman,
1974). Heat flow measurements and microwave emissions have shown the average internal
heating power, Gi to be equal to approximately 3.1x10-6 W/cm2, which is, on average, about half
that of the Earth (6.3x10-6 W/cm2) (Vaniman, Reedy, Heiken, Olhoeft, & Mendell, 1991). The
following relationship gives the total internal heating energy present:
lm = `

(4-5)

where Gi is the internal heating power. Again, as done previously with the direct solar radiation,
this value would then be multiplied by the surface absorptivity to determine the radiation
entering the regolith system.

4.3.3

Heat Outputs

4.3.3.1 Nonblackbody Radiation
All bodies within Space continually emit radiation energy in an amount related to its
temperature and the overall nature of its surface. By definition, a blackbody surface is one which
69

absorbs all of the incoming radiation and therefore has a surface absorptivity of

a =1.0.

The

Moon, because it does not absorb all of the radiation energy reaching its surface, is known as a
nonblackbody surface defined by its surface absorptivity of

a <1.0.,

which is defined as the

ability of a surface to emit energy by radiation. The total emissive power of a nonblackbody
surface, lm noo , can be determined by the following relationship (Thomas, 1993):
lm noo = p2qa r

(4-6)

where σ is the Stefan-Boltzmann constant, Ts is the absolute surface temperature of the body, and
ε represents the surface emissivity. The emissivity, ε, of lunar regolith has been measured to
range from approximately 0.95 to 0.97 (Vasavada, Paige & Wood, 1999). For this study a value
of 0.97 was used.

4.3.3.2 Lunar Albedo Radiation
As stated previously with regard to incoming radiation, a portion of all solar radiation
that impacts the lunar surface is reflected away back into Space. This radiation, known as albedo
radiation, is characterized by the reflectivity of the lunar surface and the surfaces’ designation as
a nonblackbody surface. The total magnitude of lunar albedo radiation, lm s , can be determined
from the relation given below (Modest, 2003):
lm s = t`a,cRM cos da
where ρ represents the surface reflectivity.
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(4-7)

Due to the opaqueness of the Moon, the transmissivity is equal to zero resulting in a
surface reflectivity of 0.13 (the complement of the absorptivity, taken as 0.87). For this reason,
it is possible to define the surface reflectivity as ρ = (1 - as).

4.3.4

Governing Equation for Temperature Determination
In order to analytically determine the cycle of temperature variation to be expected on the

lunar surface and below, a thermal analysis must be completed using the input and output heat
sources described. The fundamental theories of conduction and radiation state that if a structure
radiates heat outward, lm u)f , and has a defined heat input, lm n , then the thermodynamic
differential equation of heat flow through the structure, in this case the lunar regolith system, is
given by Boley (1960):
-v
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x, @

(4-8)

where k is the thermal conductivity of regolith, V represents the volume of regolith, t is the time,
X is the depth in regolith, T represents the temperature at depth X at time t, M is the mass of
regolith, and c signifies the specific heat of regolith.
Due to the relative uncertainty regarding the many different properties of lunar regolith
and the lunar surface, reasonable assumptions based on previous studies and measurements have
been made for the magnitude of each of these parameters. Many of these selections have been
included with their respective input/output formulas but are also summarized within Table 4-1.
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Table 4-1. Lunar Surface Thermal Parameters
Parameter
Surface Absorptivity
Solar Radiation Power
Surface Area
Solar Angle of Incidence
Internal Heating Power
Surface Emissivity
Stefan-Boltzman Constant
Surface Reflectivity
Regolith Thermal Conductivity

4.4

Magnitude
0.87
1450 W/m2
2.25 m2 (1 frame bay)
0° - 90°
0.031 W/m2
0.97
5.67x10-8 W/m2K4
0.13
See Eq. (4-1)

Surface Temperature
For the purposes of this study, the lunar surface is defined as the outermost layer of lunar

regolith, referred to as fluff. This layer is considered having uniform depth of 2 cm throughout
the entire lunar surface. The location for the temperature profile determination on the Moon was
taken to be at the Equator due to its maximum solar radiation input and resulting increased
surface temperatures when compared to the lunar poles. Because this analysis is based on the
lunar surface only and does not include depth, the general thermodynamic, Eq. (4-8), can be
simplified as shown in Eq. (4-9) (Malla & Brown, 2015).

−7

&] f
&f

= lm u)f x, @ − lm

n

x, @ = lm noo + lm s − lm a + lm

(4-9)

As shown and previously illustrated in Figure 4-3, the input sources for the lunar surface include
both direct solar radiation (lm a ) and internally generated radiation (lm ). The output radiation
sources are non-blackbody radiation (lm noo ) and lunar albedo radiation (lm s ).
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4.4.1

Lunar Surface Steady State Temperature
Chapman (1974) defines steady state as a particularly useful special case within

thermodynamics in which there is no dependence of the system on time. With respect to the
lunar surface, this definition leads to the simplification of Eq. (4-9) by setting the left side
differential equal to zero. The resulting expression simply states that during steady state, the
incoming heat sources, lm

n

x, @ , must be equal in magnitude to the outgoing heat sources,

lm u)f x, @ . This results in no net gain or loss of heat within the system assuming ample time is

provided for steady state to be reached. Eqs. (4-10a) and (4-10b) show the steady state
relationship between the applicable heat sources for the lunar surface:
lm a + lm
`a,cRM +

a`

= lm noo + lm s

(4-10a)

or

= p2qa r + 1 −

a

`a,cRM

(4-10b)

By solving this relationship for the unknown variable T using the values shown in Table
4-1, the steady state temperature for the lunar surface was found to be 387.1 K. This value will
later serve as a boundary condition and initial data point for the numerical analysis performed to
determine the temperature of the surface throughout the entire lunar cycle.

4.4.2

Solution Technique: Numerical Analysis and Integration
The method of approximation through numerical integration was used to solve the

resulting differential equation shown in Eq. (4-11). This equation was obtained by directly
substituting the appropriate input and output expressions into the general lunar surface equation
shown in Eq. (4-9) (Malla & Brown, 2015).
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(4-11)

Numerical integration based on the fourth-order Runge–Kutta procedure was used to
solve this first order nonlinear differential equation. The Runge–Kutta method was adopted for
the numerical technique due to its lower degree of error when compared to other methods of
numerical integration (Recktenwald, 2000). A brief description is presented below to solve Eq.
(4-11) using the Runge–Kutta method. Eq. (4-12a) shows a prototypical theoretical ordinary
differential equation for the purposes of explanation, which can be modified as shown in Eq.
(4-12b) and Eq. (4-12c):
|3
|f

} @, J =
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Oz`a,cRM
Z

= } @, J ,

cos da +

J @A = JA

(4-12a)

where
a`

{ − z p2qa r + 1 −

J=q @

a

`a,cRM cos da {U

(4-12b)
(4-12c)

where t0 and y0 are initial conditions of time and temperature respectively. Euler's method, which
is the basis of the Runge–Kutta method, uses a truncated Taylor series to approximate the
ordinary differential equation at hand. The Taylor series expansion of the unknown solution to
Eq. (4-12a) about the point t = t0 is
J @ = J @A + @ − @A J ~ f• +
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(4-13)

where y’ = dy/dt, y’’ = d2y/dt2, etc. By retaining only the first derivative term and using the right
side of Eq. (4-13), the numerical approximation of y’(t0) can be calculated and used to
approximate y(t1) is known, y(t2) can be approximated in a similar fashion, and so on. In general,
the following recursive relation for y(i) can be written (Recktenwald, 2000):
J i = J H" + ℎ} @ H" , J H" ,

i = 1, 2, … , h

(4-14)

where h = t1 – t0. In order to increase the accuracy of Euler's method, the magnitude of h must be
reduced. This effectively causes the numerical solution to be evaluated more frequently thereby
reducing the error in the solution. The fourth-order Runge–Kutta method uses the weighted average of four slope values to approximate the next point along the solution curve. The general
formula for computing yi from multiple slope estimates is (Rao, 2002)
J = J H" + ∑c
NW" ‚N -N

(4-15)

where ‚N are weighting coefficients and -N are slopes evaluated at points in the jth interval. As
stated, the fourth-order Runge-Kutta method uses four slope estimates calculated at each h-size
step on the integration. These estimates, denoted as k1, k2, k3, k4 are calculated as (Rao, 2002)
-" = } @ H" , J H"

(4-16a)

ƒ

ƒ

(4-16b)

ƒ

ƒ

(4-16c)

-, = } O@ H" + , , J H" + , -" U

-1 = } O@ H" + , , J H" + , -, U
-r = } @ H" + ℎ, J H" + ℎ-1

from which a weighted average is calculated to determine the next value of y:
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A computer program was created and provided within Appendix A using MATLAB to automate
this process at the given time step of one hour throughout three complete lunar cycles
(approximately 2,100 computations).

4.4.3

Maximum Surface Temperature
Using the fourth-order Runge-Kutta analysis, the temperature profile shown within

Figure 4-5 was determined. The analysis began at lunar noon on the first day using the steady
state temperature value of 387.1 K as the initial condition and ran until the completion of day
three. For this investigation it was assumed that the lunar day and night are of equal length, 14.77
days.

Figure 4-5. Lunar surface temperature throughout lunar cycle
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During the daytime hours, the equatorial temperature reaches a maximum of 387.1 K at
noon (point a), the midpoint of the lunar day. It is at this point where the input solar radiation is
at a maximum as shown in Figure 4-5. From this time onward, the temperature begins to
decrease rapidly until the end of the lunar day where the temperature is approximately 185.6 K
(point b). From here the rate of change in temperature begins to decrease, although very slowly
at first, reaching a magnitude of 104.9 K midway through the night (point c). The remainder of
the dark period sees little change in temperature reaching a minimum value of 102.4 K (point d)
before rising again very sharply to begin the daily cycle over again.
For further comparison, Table 4-2 shows the temperature data for four evenly spaced
times throughout the lunar day as compared to the other previously published studies of
Vasavada et al. (1999) and Christie et al. (2008), which were used for comparison throughout.
The results of Apollo field experiments were also included (Vaniman, Reedy, Heiken, Olhoeft,
& Mendell, 1991; Lauderdale & Eichelman, 1974). As seen, there is a slight variation between
the results of this study and those included for comparison, however, when dealing with a
material such as lunar regolith this is not unexpected. Due largely to general unfamiliarity with
lunar regolith and its material properties, a range of values is acceptable for use with many of the
material properties including thermal conductivity, density, and specific heat. Different values
for the maximum direct solar heat radiation power can also be found ranging from the 1414
W/m2 used by Christie et al. (2008) to the 1450 W/m2 noted by Lauderdale and Eichelman
(1974). Due to this variation, the different studies used slightly different material properties,
which may explain the slight difference in the temperatures shown.
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Table 4-2. Lunar surface temperature comparison data

4.5

Hours after
Noon

Malla and
Brown

Christie et al.
(2008)(2008)

Vasavada et al.
(1999)(1999)

0 hours
6 hours
12 hours
18 hours

387.1 K
185.6 K
104.9 K
102.4 K

386.0 K
145.0 K
95.0 K
85.0 K

392.0 K
148.0 K
108.0 K
100.0 K

Lauderdale and Eichelman
(1974)(1974)
Rima Hadley
Taurus-Littrow
396.0 K
396.0 K
N/A
N/A
N/A
N/A
93.0 K
103.0 K

Subsurface Temperature
Of particular importance to the future design of a lunar habitat under thermal loading is

the temperature at varying depths beneath the lunar surface. The methodology used for this
purpose can be utilized to obtain the temperature profile through the depth of the regolith cover
of the habitat. For a fixed point in time, the general thermodynamic equation, Eq. (4-18),
considering only the change in depth, X, can be reduced to (Malla & Brown, 2015):
-v

& S ] w,f
&w S

= lm u)f x, @ − lm

n

x, @ = lm noo + lm s − lm a + lm

(4-18)

To begin, this depth study was completed at a particular fixed time, noon, in order to
study the effect of maximum temperature. However, the methodology is equally valid and can be
applied for any other time. Next, the temperature was determined during the peak nighttime hour
using the minimum surface temperature calculated during the lunar surface study in Section 4.3
as a boundary condition.

4.5.1

Solution Technique: Numerical Analysis and Integration
Similar to the previously described surface temperature study, fourth order Runge-Kutta

techniques were used in the numerical integration of the thermodynamic equation, Eq. (4-18).
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Equation (4-19) shows the complete equation solved for the daytime scenario including the input
and output terms.
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Because this equation is of the second order, before Runge-Kutta techniques can be used, Eq.
(4-19) must first be transformed into a series of first order equations that can then be solved
simultaneously as an initial value problem (Chapman, 1974). To do this, a new variable, Z, was
introduced as follows:
&]

&Š

&w

"

= „‹ Œz p2qa r + 1 −

&w

a

=‰

`a,cRM cos da

(4-20a)
{ − z`a,cRM cos da

+

a`

{• (4-20b)

To solve the system of equations, two initial conditions were used, the surface
temperature, and the initial rate of change of the temperature with depth. This value was not
known initially, however, by using the shooting method of numerical integration and the
previously discussed fourth-order Runge-Kutta method, the system of equations could be solved
through the use of the known temperature well below the surface (Rao, 2002). Through the
study of the Apollo mission’s experimental results and those determined by Christie et al. (2008)
and Vasavada et al. (1999), it was determined that the final temperature well below the surface
would remain at a constant value, held there by the flow of radiation stemming from the Moon
itself. The temperature used well beneath the surface was 254.8 K, midway between the peak
daytime temperature of 387.1 K and the minimum nighttime temperature of 102.4 K.
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In addition to this method, for further verification, the MATLAB function “bvp4c” was
used to solve the thermodynamic equation as a boundary value problem (The Mathworks Inc.,
2013). The bvp4c function is a finite difference code that implements the three-stage Lobatto IIIa
formula. This is a fully implicit Runge-Kutta method and a collocation formula. It results in a C1
continuous solution of the fourth order.

4.5.2

Temperature Variation with Depth

4.5.2.1 Subsurface temperatures with Extreme Surface Conditions
The results of the temperature profile through depth from the present study are shown in
Figure 4-6. Also shown are the results as calculated by Vasavada (1999) and those collected onsite during the Apollo mission experiments. As shown in Figure 4-6, the maximum temperature
during the daytime analysis was 387.1 K determined from the previous lunar surface analysis
along with the minimum temperature of 254.8 K.

Figure 4-6. Lunar subsurface temperature
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Of primary importance here is the apparent effect of the 2 cm thick layer of fluff at the
surface of the Moon. Largely due to the lower thermal conductivity, the fluff layer has a higher
temperature shielding capability than the underlying, compacted, regolith. Through the first 5 cm
of depth (including the 2 cm fluff layer) the temperature dropped by nearly 25% to a magnitude
of 292.1 K, a drop of 95 K. From this point on, the decrease in temperature was much more
gradual resulting in the final constant temperature of 254.8 K after only 30 cm of total depth.
The resulting nighttime temperature profile was found to be quite similar to the daytime.
Starting at 102.4 K, the temperature increased rapidly to a value of 209.4 K at a depth of 5 cm. A
much more gradual increase in temperature led again to a constant value of 254.8 K at a depth of
30 cm.
From Figure 4-6, it can be seen that the results obtained in this study are quite similar to
both those of Vasavada (1999) and of the Apollo missions. Vasavada (1999) returned slightly
higher and slightly lower surface temperatures during the daytime and nighttime respectively
however this resulted in a constant temperature beneath the surface nearly identical to that
calculated here. The overall trend of increasing and decreasing temperatures is also in general
agreement. The Apollo data shown in the inset plot of Figure 4-6 is also in high agreement with
the present study. The temperatures are well within the acceptable range of difference, which can
be expected due to the overall uncertainty and irregularity of the regolith material properties
used. The primary difference seen is that the Apollo dataset shows a temperature, which
continues to increase, albeit it very gradually, with depth well below the 30 cm limit analytically
calculated.
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4.5.2.2 Subsurface Temperature Change With Time
The potential for fatigue stresses in the structural members necessitates the study of the
temperature variation throughout the lunar diurnal cycle at particular depths of lunar regolith.
This was done by repeating the original subsurface temperature analysis presented previously,
but only changing the initial condition of the surface temperature. The temperature at a depth
well below the surface was maintained at the constant value of 254.8 K.
Figure 4-7 depicts the results of this study at multiple depths including 0 cm (lunar
surface), 5 cm, 15 cm, and finally 30 cm. As evidenced, even at the depth of 5 cm beneath the
lunar surface, the temperature very closely resembles a sinusoidal curve. The extreme rise and
fall during the daytime and the gradual decrease during the night is all but eliminated due largely
to the presence of the fluff layer. In general, as the depth in regolith increases, the variation of
temperature throughout the lunar cycle decreases resulting in a much steadier temperature
profile.

Figure 4-7. Subsurface temperature variation throughout the lunar cycle
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4.5.2.3 Surface Temperature without Regolith Fluff
While the Moon is covered with a thin layer of loosely compacted regolith fluff, it is
possible that during the construction process of a lunar habitat, this layer will be removed thus
altering the makeup of the regolith system. Figure 4-8 shows the results of a subsurface analysis
throughout the lunar cycle using only the properties of the densely compacted lunar regolith
without a layer of fluff.

Figure 4-8. Subsurface temperature without regolith fluff

The results show further evidence of the strong insulating characteristics of the loosely
compacted regolith fluff as shown in Table 4-3. When compared to the dense regolith only
model, the temperatures at the various depths are significantly higher than those when including
the fluff layer. Table 4-3 shows the comparison of the maximum and minimum temperatures
found at different depths of the model. This difference is primarily due to the level of
compaction of the regolith and the thermal conductivity of each material. With a lower density
and thermal conductivity within the fluff layer, the flow of energy is reduced resulting in higher
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insulating abilities (Thomas 1993). These findings show that the high compaction and thermal
conductivity of a dense regolith shield around a lunar habitat, in terms of thermal shielding, is
actually less beneficial, which is a positive feature due to the inherent difficulties of regolith
compaction within the lunar environment.
Table 4-3. The effect of regolith fluff on subsurface temperatures
Depth
0 cm (Surface)
5 cm
15 cm
30 cm

4.6

Including Fluff Layer
High
Low
387.1 K
102.4 K
304.1 K
203.4 K
275.4 K
234.1 K
254.8 K
254.8 K

Not Including Fluff Layer
High
Low
387.1 K
102.4 K
365.0 K
180.5 K
315.2 K
214.3 K
280.7 K
258.8 K

Habitat Structural Shielding System

Previously, two different frame-membrane habitat concepts have been developed and undergone
a preliminary structural analysis for various different loading conditions. Figure 4-9 shows a
modular four-sided habitat whose dynamic response to impact loading was studied (Malla &
Gionet, 2013). Figure 4-10 displays a rectangular habitat and airlock system, which is also used
for this study. Previously the effects of self-weight, internal pressurization, and extreme
temperatures were studied (Malla, Brown, & Filburn, 2011; Malla & Brown, 2012). In order to
create a habitable environment for use in a long-term lunar habitation mission, appropriate
shielding must be installed surrounding the habitat. One method of shielding utilizing the in-situ
resources is to provide a layer of lunar regolith around the structure.
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Figure 4-9. Proposed habitat structure (Malla & Chaudhuri, 2006; 2008)

Figure 4-10. Rectangular lunar habitat 3D and cross-section (Malla, Brown, & Filburn, 2011)

With appropriate modification of the methodology presented for the lunar surface and
subsurface temperature, the regolith shield surrounding the habitat interior was investigated.
There exist two main differences to be considered for this version of the study: 1) the internal
temperature of the habitat (293 K) will be considered as a boundary condition and 2) lunar
albedo radiation from nearby surfaces will be considered as an additional input source subject to
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the same absorption coefficients as all other input sources. Figure 4-11 shows this updated
system along with the aluminum frame of a proposed habitat.

Figure 4-11. Habitat regolith shield layer thermal balance

4.6.1

Steady State Temperature
Ultimately the surface temperature analysis is the same as previously described only with

the additional input source. The new steady state temperature can be calculated as before by
setting the input and output sources equal to each other as shown

lm a + lm + lm R = lm noo

(4-21)

where lm R is the input albedo radiation from the adjacent lunar surface. This formulation results in
a steady state temperature for the lunar habitat scenario of 457 K.
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4.6.2

Shield Surface Temperature
Like the previous lunar surface analysis, the differential equation solved is a simplified

version of the general thermodynamic equation, Eq. (4-8) while considering variation with time
only. Equation (4-22) shows the lunar surface equation for the habitat scenario after the
substitution of the input and output relationships (Malla & Brown, 2015).
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Fourth-order Runge-Kutta numerical integration techniques were again used to
numerically estimate the solution to this first order differential equation. The results of this are
shown in Figure 4-12. Beginning at the steady state temperature of 457 K at lunar noon, the
temperature decreases significantly throughout the remainder of the daytime hours before
leveling off and reducing at a much more gradual rate. The minimum temperature found during
the nighttime hours was 182.7 K.
These temperatures are significantly higher than those calculated previously showing the
overall power of the lunar albedo radiation. The maximum temperature is approximately 15%
higher than the values measured on the surface by the Apollo crews.
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Figure 4-12. Regolith shield surface temperature

4.7

Subshield Temperature

4.7.1

Subshield Temperatures Considering Extreme Conditions
The solution method for this scenario is the same as the previous subsurface studies only

with a different set in boundary conditions as mentioned previously and still using Eq. (4-18).
This boundary value problem was solved using the calculated surface temperature and the known
habitat interior temperature as the boundary conditions. The habitat interior is assumed to be at a
constant room temperature of 293 K while the surface temperature will vary from 182.7 K at
night to 457 K during the day. Figure 4-13 shows the results of this instantaneous time study.
Figure 4-13 shows that the temperature variation within the top 30 cm of regolith is
identical to the surface study and unaffected by the interior boundary condition of 293 K. After
reaching a nearly constant value 319.9 K approximately 30 cm deep, the temperature remains
stable for about 45 cm. At this point the temperature decreases gradually for the remaining 25 cm
until reaching its final magnitude of 293 K at the border of the habitat interior.
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Figure 4-13. Regolith habitat subshield temperatures

4.7.2

Temperature Change With Time Through Regolith Shielding Depth
For the eventual application of temperature loading to the structural members of the

habitat frame, the temperature variation with respect to both depth and time was determined for
the shielding scenario. Figure 4-14 shows the results of this analysis considering the temperature
at depths of 0 cm, 5 cm, 15 cm, and 30 cm.

Figure 4-14. Regolith habitat subshield temperature variation throughout lunar cycle
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Similar to the previous study, after only a small depth of 5 cm the general trends of the
surface temperature are eliminated and the temperature profile is nearly sinusoidal. As the depth
increases the amount of temperature variation at a particular depth decreases until it is eliminated
at about 30 cm beneath the surface of the shield. Below this point, the regolith is unaffected by
the input radiation present at the surface and is only affected by the habitats interior temperature.

4.8

Conclusions
During this investigation, the surface temperature of the Moon was analytically

determined using the fourth-order Runge-Kutta numerical integration technique. With the
surface temperature known, the temperature gradient through a depth of lunar regolith was
determined for both day and night scenarios on the lunar surface and also on a one meter thick
regolith shield surrounding the lunar habitat, which may be present during a lunar habitation
mission.
The surface of the Moon is subject to both direct solar radiation as well as an internally
generated heat flow originating in the presence of potassium and uranium isotopes with the
regolith itself (Vaniman, Reedy, Heiken, Olhoeft, & Mendell, 1991). By equating the sum of
these inputs with the system output generated by non-blackbody radiation, the steady state
temperature was found to be 387.1 K at lunar noon. The results of the study showed that a
minimum equatorial surface temperature of 102.4 K just before the beginning of the daytime
hours. The subsurface temperature profile results showed that only the outermost 30 cm of
regolith were affected by the incoming radiation. The temperature decreased significantly
through the 2 cm fluff layer before gradually decreasing to a constant value of 254.8 K at a depth
of 30 cm. The trend showed that as the depth increased, the variation of temperature decreased.
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Similarly, when considering a fixed depth of 1 m as a thermal shield atop a lunar habitat,
the same general trends seen with the lunar surface model applied. The additional input of lunar
albedo from adjacent surface conditions resulted in a surface temperature of 457 K with a
minimum of 182.7 K. The effect of the surface radiation sources again only altered the
temperature of the outermost 30 cm, while the innermost 25 cm of regolith was affected solely
by the habitat’s interior temperature being held at a constant 293 K.
Ultimately this study shows evidence that the thin layer of loose regolith fluff proves to
be an important aspect to the in-situ resource utilization (ISRU) shield. The temperature changed
more rapidly within the 2 cm thick layer of fluff than it did within the denser layer beneath. This
suggests that the compaction of lunar regolith for use as a shield might not only be difficult and
potentially impractical in the lunar environment, but also undesirable altogether. A less dense
and loosely compacted layer may prove more effective in terms of thermal shielding. The results
of this study also correlate highly with previous studies completed as well as with data collected
from various NASA run Apollo missions. By doing so, this study serves as an excellent
representation of the lunar environment and therefore as a reliable source for the temperature
data to be used in the structural design of a lunar habitat.
With this information known, it can be applied to a proposed lunar habitat concept for the
purposes of structural analysis and design in preparation for a long-term colonization mission.
Through this, an accurate representation of the applicable thermal expansion and contraction
effects can be accommodated within the habitat design. It is anticipated that the thermal effects
demonstrated here will affect both the required cross sectional dimensions of the frame members
as well as the dynamic response of the structure.
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It should be noted that future studies in this subject matter should include more precise
formulation of the problem at hand including the variation of additional parameters, which can
affect the thermal conductivity and the flow of temperature through the lunar regolith. Some of
these parameters include regolith density, porosity, and the bulk thermal inertia. A variable time
boundary condition should also be considered when solving the unsteady heat conduction
equation. By varying these properties, along with the temperature, in a more precise formulation,
a very strong understanding on the flow of temperature through regolith can be had.

4.9
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Chapter 5 Habitat Structural Analysis Including Thermal Effects
Habitat Structural Analysis Including Thermal Effects

Abstract
The extreme hot and cold temperatures present on the surface of the Moon bring about
one of the most important design challenges when considering a lunar habitat for use in a longterm colonization mission. Within this paper, the analytical determination of the lunar surface
temperature within a one-meter regolith shield is presented. It was found that the surface
temperature on the structure built at the lunar Equatorial surface could reach temperatures as
high as 457 K during the day while dropping to 183 K at night. Secondly, the initial static
analysis, including the determination of both member stresses and nodal deflections due to the
applied internal pressure and the aforementioned temperature profile, is presented. The added
mass of the regolith shield helped to reduce both the stress and deflection magnitudes throughout
the structure. The high daytime temperatures resulted in increased nodal deflections due to
thermal expansion, while the cold nighttime temperatures had an inverse effect. This same
design process can also be used to consider other locations on the surface of the Moon or for
different habitat structural concepts.

5.1

Finite Element Model
As stated previously within Chapter 3, the structural model of the lunar habitat created

using Abaqus CAE/Standard (Dessault Systemes Simulia Corp., 2008) consists of a series of
type B31 Timishenko beam elements for the frame members and type S4R quadrilateral shell
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elements for the inflatable membrane. The mesh used for the model breaks each frame member
into ten elements of equal length while each bay of the inflatable membrane is divided into a ten
by ten grid to align with the frame members.
For the thermal study and its effect on the structural system, a sequentially coupled
thermal stress analysis was completed. For this, the temperature profile determined through the
depth of regolith is defined during the initial step of the analysis at which point the structural
members develop the appropriate stresses and deflections due to the temperature alone. This
information is then used as an initial state for the stress analysis where the various loading
conditions are applied. In addition applying a temperature to the structural members, this step of
the analysis also pre-stresses the frame and membrane giving it an initial stiffness. As with the
static analysis previously completed, these loads conditions consist primarily of the applied
internal pressure upon the membrane and the weight of the lunar regolith shield surrounding the
habitat membrane.

5.2

Theoretical Background
As stated previously within Chapter 3, the axial load present within the individual frame

members is affects the natural frequency of vibration of that member. To account for the
extreme temperature exposure, consider the thermal stress present (Boley, 1974):

2f = Ž2f q

(5-1)

where E is the modulus of elasticity and T is the temperature change. The thermal stress induces
an axial load within the member defined by
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• = Ž •f q

(5-2)

Substituting this thermally induced axial load into Eq. (3-16) the following expression is
obtained that defines the natural frequency of vibration under a thermally induced axial load
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Thermal Load Analysis
The thermal analysis was completed for both the minimum and maximum expected

temperature based on the study of Chapter 4. Again, this includes a maximum temperature of
457 K applied to the outer chord members with the inner chord members at room temperature,
293 K. Similarly, the minimum temperature applied at the outer chord is 182.7 K with the inner
chord again held at 293 K. The temperature profile for the diagonal members is shown in Figure
4-13.
The results of these two temperature load scenarios are show within Table 5-1. As was
done for the static analysis of Chapter 3, the results are summarized by using the maximum Von
Mises stress values, yield strength safety factor, and the maximum nodal displacement. The
member sizes used previously were maintained for the purposes of comparison.
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Table 5-1. Habitat Thermal Stresses and Deflections
Section
Main
Habitat

Airlock
Structure

Chord
Inner
Diagonal
Outer
Membrane
Inner
Diagonal
Outer
Membrane

Yield Stress
503 MPa
2.92 GPa
503 MPa
2.92 GPa

Max. Stress
Day
Night
269 MPa 290 MPa
326 MPa 299 MPa
309 MPa 276 MPa
368 MPa 370 MPa
218 MPa 239 MPa
314 MPa 292 MPa
338 MPa 301 MPa
411 MPa 413 MPa

Safety Factor
Day
Night
1.73
1.87
1.54
1.68
1.63
1.82
7.93
7.89
2.30
2.10
1.60
1.72
1.49
1.67
7.10
7.07

Max. Displacement
Day
Night
25.75 mm
25.15 mm
26.23 mm
22.49 mm
27.41 mm
20.20 mm
56.87 mm
56.22 mm
17.90 mm
17.36 mm
19.20 mm
17.42 mm
20.65 mm
13.04 mm
56.10 mm
54.72 mm

From the analysis results shown within Table 5-1, little change is seen in the nodal
deflections of the inner chord members, which is expected as they are restrained by the inflatable
membrane. The outer chord members, however, have more freedom to deflect and are found to
do so. The high daytime temperatures are causing the aluminum members to expand, primarily
at the center of the top and side panels which are farthest from the support locations. The cold
nighttime temperatures cause the aluminum members to contract resulting in smaller nodal
deflections throughout. The inflatable membrane was largely unaffected by the temperature
change indicating that the internal pressure is far greater than that produced by the temperature
change alone. In general, the von Mises stress increased under both scenarios, however, the
safety factor remained greater than 1.5 for all parts of the structure.

5.4

Frequency Analysis
To study the effects of temperature changes on the frequencies of the lunar habitat, the

structure was analyzed in two different configurations: the aluminum frame structure alone and
the aluminum frame with the Kevlar membrane attached. For each case, the structure was
analyzed under three different temperatures profiles determined during the lunar surface study of
Chapter 4. The two exterior temperature extremes used were 182.7 K and 457 K, which gave the
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high and low extreme temperatures expected on the surface. A constant value of +20°C was also
applied for reference in order to study the effects of no temperature change. No internal pressure
was applied to ensure that the response seen is the result due to of the temperature change alone.

5.4.1

Aluminum Frame Alone
The first twenty-five frequencies obtained from the aluminum frame alone from the three

temperature cases are shown in Figure 5-1. The application of extreme temperatures to the outer
chord of the aluminum frame had very little effect on the frequency response of the structure.
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Figure 5-1. Frequency response of the frame-only structure under thermal loads
The select results shown within Table 5-2 help to reinforce this finding. When a constant
temperature is experienced throughout the structure (as with an exterior temperature equal to
20°C), the first mode of vibration has a frequency of 29.4 Hz which increases with each mode
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reaching a value of 62.3 Hz by the tenth mode. When an extreme hot environment is experienced
with a temperature of 134°C, the first mode of vibration has a frequency of 29.3 Hz, slightly less
than the structure with no temperature change.
Table 5-2. Natural Frequencies of Frame-Only Structure under Thermal Loads
Mode Number
1
3
5
7
9

External Temperature
293 K
29.406 Hz
35.039 Hz
46.851 Hz
50.943 Hz
60.000 Hz

182.7 K
29.710 Hz
35.502 Hz
47.440 Hz
51.444 Hz
60.493 Hz

457 K
29.273 Hz
34.840 Hz
46.585 Hz
50.719 Hz
59.807 Hz

This is due to the lack of restraint at the upper portion of the structure. The pin supports
located around the perimeter of the base at ground level resist displacements only at that
location. The rest of the structure is free to move (free to rotate as well as displace). When the
warm temperatures cause the outer chord and diagonal members to expand, the lack of external
constraints results in very little pre-stressing due to thermal effects. This in turn does not greatly
affect the stiffness of the structure and leads to minimal change on frequency. When the extreme
cold temperatures were applied, the first mode of vibration has a frequency of 29.7 Hz, slightly
higher than the model with a constant temperature. Thermal contraction occurs with the reduced
temperatures causing a decrease in deflections and an overall stiffness increase. Again, due to the
freedom of motion throughout the structure, the effects of temperature on the frequency response
of the frame-only habitat are minimal, however they are present nonetheless.

5.4.2

Aluminum Frame with Flexible Membrane
As previously observed, the application of the inflatable membrane brings about

increased natural frequencies when considering the global vibrations of the structure. However,
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the local vibrations present within the membrane bays are further complicated with the presence
of the temperature effects.
Table 5-3. Natural frequencies of frame-membrane structure under thermal loads
Mode Number
1
3
5
7
9

External Temperature
293 K
29.406 Hz
35.039 Hz
46.851 Hz
50.943 Hz
60.000 Hz

182.7 K
29.710 Hz
35.502 Hz
47.440 Hz
51.444 Hz
60.493 Hz

457 K
29.273 Hz
34.840 Hz
46.585 Hz
50.719 Hz
59.807 Hz

Table 5-3 and Figure 5-2 show the frequency results for the frame-membrane
combination under extreme temperatures. As expected, when an exterior temperature of 293 K
is applied, the results match those obtained when considering no temperature effects. The early
mode shapes are observed to be associated with highly localized membrane vibrations and have a
frequency beginning with 23.3 Hz, lower than that of the frame-only structure. It was not until
mode 5 that a global vibration is seen within the frame of the structure. This mode corresponds
to a frequency of 31.0 Hz, an increase over the frame-only structure, which consists of only
global vibrations. When an exterior temperature of 457 K was applied, the number of localized
vibration modes is reduced as now mode 3 consists of a global vibration with a frequency of 32.0
Hz. This is yet another increase in frequency due to the expanding and therefor stiffening
membrane.
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Figure 5-2. Frequency Response of Frame-Membrane Structure Under Thermal Loads

From this, it is evident that should the exterior temperature continue to increase, the local
vibrations will be removed from the structural response and all mode shapes will consist of
global vibrations only. However, temperatures higher than this level are not expected on the
lunar surface.
The application of a cold temperature profile with a minimum value of 187.5 K, however,
worsens the issue of localized vibrations. All of the first twenty-five mode shapes found were
localized with no global vibrations within the frame. This is due to the fact that as the frame
members contract in the low temperatures, the bay dimensions become smaller causing the
membrane to gain slack and allowing for increased deflections and greatly reduced membrane
stiffness.
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5.5

Conclusions
During this investigation, frequency analyses were conducted on a three- dimensional

frame-membrane structure subjected external temperature profiles with extremes of 187.5 K at
night and 457 K during the day caused by exposure to the harsh lunar environment.
Upon attaching the flexible Kevlar membrane with no internal pressure or temperature
change applied, the natural frequency of vibration of the structure was increased compared to the
frame only structure when considering the global modes of vibration. However, many other
lower frequency modes were found all consisting of localized membrane vibrations within
individual membrane bays. These local modes began with a frequency of 23.3 Hz during mode 1
while the global vibrations did not appear until mode 5 with a frequency of 31.0 Hz which is an
increase of 1.6 Hz over the frame-only structure’s first global mode.
When the membrane was not attached to the frame, the extreme temperature variation at
the exterior of the structure resulted in little effect on the natural frequency due to the lack of
displacement restraint at the top of the structure. With the membrane applied, an increase in
temperature to the daytime extreme was found to increase the natural frequency from 23.3 Hz to
25.2 Hz when no internal pressure was applied. This increase in temperature also helped to
minimize the presence of local vibrations. A large decrease in temperature to the nighttime
extreme accentuates the local vibrations within the membrane bays and in turn results in very
low natural frequencies beginning at 5.6 Hz.
The results from this study show that the effect of inflatable membranes, temperature
variations, and internal pressure on lunar structures can have a significant effect on the frequency
of vibration of frame-membrane habitats and their understanding is critical in the design of such
outposts.
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Chapter 6 Summary, Conclusions, and Recommendations for Future Work
Summary, Conclusions and Recommendations for Future Work

6.1

Summary
This thesis focuses on the structural analysis of a proposed lunar habitat design concept

considering the thermal effects cast upon it by the harsh lunar environment. Lunar colonization
has been a topic of great interest among many particularly beginning during the era of the Apollo
missions.
Beginning with an overview of the lunar environment and its many challenges posed on
the lunar outpost and its inhabitants, the design challenges and past proposals were presented
within Chapter 2 of this thesis. At the conclusion of this chapter, a frame-membrane structural
system was presented for a detailed analysis beginning within Chapter 3. This initial static
analysis considered the self-weight of the structure and regolith shielding materials as well as the
weight of the environmental control and life support systems and the internal pressure needed for
the internal environment.
Chapter 4 presented an analytical analysis of the lunar temperature environment
including the surface and subsurface temperatures as well as the temperature atop a lunar habitat.
This analysis used the fourth-order Runge Kutta technique of numerical integration to determine
the range of temperatures to be expected throughout the lunar cycle.
Lastly, within Chapter 5, the lunar temperatures determined were applied to the structural
members to determine their response including the stresses and deflections as well as the natural
frequencies of vibration.
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6.2

Conclusions
Presented within this section are the overall conclusions for each of the three primary

sections within this thesis. This contains the initial static analysis of the habitat, the study of the
lunar surface, subsurface, and habitat surface temperatures, and finally the structural analysis of
the habitat considering the effects of the extreme temperatures present within the lunar
environment.

6.2.1

Habitat Initial Static Analysis
The results show that the contribution of lunar gravity has no noticeable effect on the

vibration of the structure when no membrane is applied. Both cases resulted in a natural
frequency for the first mode of vibration of 28.0 Hz. However, the addition of the ECLSS mass
and regolith shielding show a significant effect on the natural frequency dropping to a value
ranging from 3.5 to 17.4 Hz, depending on the amount of mass added and its location. The

effect of the added mass of the regolith is so significant that the added mass of the
ECLSS is reduced to a point where is can be considered negligible in terms of global
vibrations.
When the frequency analysis was completed for the cases including the complete
structure without any added mass, it is evident that the applied internal pressure plays an
important role in the overall vibrational behavior. Initially, without an applied internal pressure,
the natural frequencies determined were very low beginning with 8.48 Hz for the first mode. In
the case of this structure, these low frequency vibrations are localized within individual
membrane bays and do not affect the rigid frame in any way. It is not until a sufficient pressure is
applied that the lowest frequencies of vibration occur on a global level within the rigid frame.
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Beginning with 4 kPa, the application of an internal pressure to the membrane increases
the stiffness of the structural overall by increasing the natural frequency by approximately 8 Hz.
This increase occurs within the first mode regardless of the magnitude of the internal pressure
above 4 kPa. The increase of later modes, however, depends on the level of pressure increase
within the pressure. For each pressure, there is a point at which the frame-only structure becomes
stiffer. For a pressure of 4 kPa, this point occurs between the 4th and 5th modes, as seen in Figure
3-5. For a pressure of 15 kPa, this point occurs around the 8th mode, and for 57.2 kPa it occurs
th

just prior to the 10 mode of vibration.
As with the frame-only structure, the addition of the ECLSS and/or regolith shielding
mass greatly reduces the global stiffness of the structure. The addition of regolith alone reduces
the first mode of vibration from 36.9 Hz to 5.4 Hz when the habitat is fully pressurized to 57.2
kPa. While the ECLSS provided an overall reduction in stiffness, the location of the mass again
proved important. When the ECLSS is attached to the walls, the resulting forces have the most
direct path to the supports therefore creating the smallest effect. When the ECLSS is hung from
the center of the roof frame, the forces create the largest stresses and have the longest path to the
supports. These results suggest that the ECLSS should be placed along the outer edges of the
interior in order to minimize potentially dangerous vibration-induced damage during the
colonization mission.

6.2.2

Lunar Temperature Study
During this investigation, the surface temperature of the Moon, along with the flow of

temperature through a 1-meter deep regolith shield was analytically determined using the fourthorder Runge-Kutta numerical integration technique.
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The results of the study showed that a minimum equatorial surface temperature of 102.4
K just before the beginning of the daytime hours. The subsurface temperature profile results
showed that only the outermost 30 cm of regolith were affected by the incoming radiation. The
temperature decreased significantly through the 2 cm fluff layer before gradually decreasing to a
constant value of 254.8 K at a depth of 30 cm. The trend showed that as the depth increased, the
variation of temperature decreased.
Similarly, when considering a fixed depth of 1 m as a thermal shield atop a lunar habitat,
the same general trends seen with the lunar surface model applied. The additional input of lunar
albedo from adjacent surface conditions resulted in a surface temperature of 457 K with a
minimum of 182.7 K. The effect of the surface radiation sources again only altered the
temperature of the outermost 30 cm, while the innermost 25 cm of regolith was affected solely
by the habitat’s interior temperature being held at a constant 293 K.
Ultimately this study shows evidence that the thin layer of loose regolith fluff proves to
be an important aspect to the in-situ resource utilization (ISRU) shield. The temperature changed
more rapidly within the 2 cm thick layer of fluff than it did within the denser layer beneath. This
suggests that the compaction of lunar regolith for use as a shield might not only be difficult and
potentially impractical in the lunar environment, but also undesirable altogether. A less dense
and loosely compacted layer may prove more effective in terms of thermal shielding.

6.2.3

Habitat Structural Analysis Considering Thermal Effects
Using the temperature profile determined during the lunar temperature study, the habitat

was analyzed under both the maximum (457 K) and minimum (187.5 K) temperature profiles.
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These were then compared to a constant temperature equal to the interior environment. In
addition, the structure was also analyzed both with and without the interior membrane system.
The inflatable membrane increased the natural frequency of vibration of the frame
structure when compared to the frame alone. This is considering only the global modes of
vibration and ignoring those, which were localized within the individual membrane bays. The
frame only began with a frequency of 29.4 Hz while the membrane provided an initial global
vibration of 31.0 Hz during mode 5.
When the membrane was not attached to the frame, the extreme temperature variation at
the exterior of the structure resulted in little effect on the natural frequency due to the lack of
displacement restraint at the top of the structure. When the maximum daytime temperature
profile was applied along with the membrane, the first natural frequency rose from 23.3 Hz to
25.2 Hz when no internal pressure was applied. The presence of localized membrane vibrations
was also reduced with the increased temperature.

A large decrease in temperature to the

nighttime extreme accentuates the local vibrations within the membrane bays and in turn results
in very low natural frequencies beginning at 5.6 Hz.
The results from this study show that the effect of inflatable membranes, temperature
variations, and internal pressure on lunar structures can have a significant effect on the frequency
of vibration of frame-membrane habitats and their understanding is critical in the design of such
outposts.
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6.3

Recommendations for Future Work
This study expands upon a great deal of work completed on the frame-membrane type

structure used for this study. However, it still stands as a preliminary study in many respects.
Future works should be completed to refine and expand upon that presented here
The construction and transportation of the habitat is one area that should be reconsidered
a great deal. While aluminum was used for the frame members in this study, composite plastics
must be considered in the future.

With their very low weight and high tensile strength,

composites may be a more promising material than the aluminum used here. Methods of
deconstructing and packing the structure for transport must also be considered.

Transport

volume is extremely important and the large void area of the frame is potentially inefficient for
traveling purposes.

However, it is felt that with appropriate thought and planning, this

inefficiency can be minimized.
Future studies regarding the temperature flow through lunar regolith should include more
a precise formulation of the problem including the variation of additional parameters that can
affect the thermal conductivity and the flow of temperature. Some of these parameters include
regolith density, porosity, and the bulk thermal inertia. A variable time boundary condition
should also be considered when solving the unsteady heat conduction equation. By varying these
properties, along with the temperature, in a more precise formulation, a very strong
understanding on the flow of temperature through regolith can be had.
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Appendix A.

Fourth-Order Runge Kutta Lunar Temperature Matlab Code

Fourth-Order Runge Kutta Lunar Temperature Matlab Code

%General Use Vectors and Constants
T_400 = [0:1:400]';
%Temperature Vector, K
t = [0:3600:2548800]';
%Time Vector, sec (step = 1 hr)
t_day = [0:59/1417:59]';
t_st = [0:88.5/2124:88.5]';
SB = 5.67e-8;
%Stefan-Boltzmann Constant, W/m2-K4
t_c = 2548800;
%Lunar Cycle, sec
A = 2.25;
%Bay Area, m2
T_inf = 4;
%Space Temperature, K
T_surf = 387.14;
%Lunar Surface Temperature, K
%Material Properties
%Lunar Regolith
a_reg = 0.87;
r_reg = 0.13;
tr_reg = 0.00;
area_reg = 2.21;
e_reg = 0.97;
TI = 0.019;

%Regolith Absorptivity
%Regolith Reflectivity
%Regolith Transmissivity
%Regolith Area per Bay, m2
%Regolith Emissivity
%Thermal Inertia, m2-s1/2-K/J

%Fluff Layer
p_f = 1000;
%Fluff Density, kg/m3
for i = 1:1:401
k_f(i,1) = 9.22e-4*(1+1.48*(T_400(i,1)/350)^3); %Fluff Thermal Conductivity,W/mK
c_f(i,1) = 1/(TI^2*k_f(i,1)*p_f);
%Fluff Specific Heat, J/kg-K
end
l_f = 0.02;
%Fluff Depth Beneath Surface
%Regolith Layer
p_r = 2000;
%Regolith Density, kg/m3
for i = 1:1:401
k_r(i,1) = 9.30e-3*(1+0.73*(T_400(i,1)/350)^3); %Regolith Therm. Conduct., W/mK
c_r(i,1) = 1/(TI^2*k_r(i,1)*p_r);
%Regolith Specific Heat, J/kg-K
end
l_r = 1;
%Regolith Depth Beneath Fluff
%Aluminum
a_al = 0.10;
r_al = 0.90;

%Aluminum Absorptivity
%Aluminum Reflectivity
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tr_al = 0.00;
area_al = 0.04;
e_al = 0.10;

%Aluminum Transmissivity
%Aluminum Area Per Bay, m2
%Aluminum Emissivity

%Lunar Environment Properties
Gi_max = 6;
%Internal Energy Flux, W/m2
Gs_max = 1414;
%Solar Energy Flux, W/m2
for j = 1:1:length(t)
if j<length(t)/2
Gs(j,1) = Gs_max*sin(((2*3.14)/t_c)*t(j,1));
else
Gs(j,1) = 0;
end
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
Gs2(j,1) = Gs(j-length(Gs),1);
else
Gs2(j,1) = Gs(j,1);
end
end
%System Inputs
%Direct Solar Radiation
%Regolith
for i = 1:1:length(Gs)
qd_s_reg(i,1) = a_reg*Gs(i)*A;
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_s_reg2(j,1) = qd_s_reg(j-length(Gs),1);
else
qd_s_reg2(j,1) = qd_s_reg(j,1);
end
end
%Aluminum
for i = 1:1:length(Gs)
qd_s_al(i,1) = a_al*Gs(i)*A;
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_s_al2(j,1) = qd_s_al(j-length(Gs),1);
else
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qd_s_al2(j,1) = qd_s_al(j,1);
end
end
%Lunar Albedo Radiation
%Regolith
for i = 1:1:length(Gs)
qd_a_reg(i,1) = r_reg*a_reg*Gs(i)*A;
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_a_reg2(j,1) = qd_a_reg(j-length(Gs),1);
else
qd_a_reg2(j,1) = qd_a_reg(j,1);
end
end
%Aluminum
for i = 1:1:length(Gs)
qd_a_al(i,1) = r_reg*a_al*Gs(i)*A;
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_a_al2(j,1) = qd_a_al(j-length(Gs),1);
else
qd_a_al2(j,1) = qd_a_al(j,1);
end
end
%Non-Blackbody Radiation
%Regolith
for i = 1:1:length(Gs)
qd_nbb_reg(i,1) = a_reg*e_reg*SB*A*(T_surf^4-T_inf^4);
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_nbb_reg2(j,1) = qd_nbb_reg(j-length(Gs),1);
else
qd_nbb_reg2(j,1) = qd_nbb_reg(j,1);
end
end
%Aluminum
for i = 1:1:length(Gs)
qd_nbb_al(i,1) = a_al*e_reg*SB*A*(T_surf^4-T_inf^4);
end
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for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_nbb_al2(j,1) = qd_nbb_al(j-length(Gs),1);
else
qd_nbb_al2(j,1) = qd_nbb_al(j,1);
end
end
%Internal Radiation
%Regolith
for i = 1:1:length(Gs)
qd_i_reg(i,1) = a_reg*Gi_max*A;
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_i_reg2(j,1) = qd_i_reg(j-length(Gs),1);
else
qd_i_reg2(j,1) = qd_i_reg(j,1);
end
end
%Aluminum
for i = 1:1:length(Gs)
qd_i_al(i,1) = a_al*Gi_max*A;
end
for j = 1:1:2*length(Gs)
if j>length(Gs)
qd_i_al2(j,1) = qd_i_al(j-length(Gs),1);
else
qd_i_al2(j,1) = qd_i_al(j,1);
end
end
%Steady State Temperatures
Tss_surf = (((max(qd_s_reg2)+max(qd_i_reg2))/(A*e_reg*SB))+T_inf^4)^0.25;
Tss_reg =
(((max(qd_s_reg2)+max(qd_a_reg2)+max(qd_nbb_reg2)+max(qd_i_reg2))/(A*e_reg*SB))+T_i
nf^4)^0.25;
Tss_al =
(((max(qd_s_al2)+max(qd_a_al2)+max(qd_nbb_al2)+max(qd_i_al2))/(A*e_al*SB))+T_inf^4)^
0.25;
T0 = Tss_surf;
T_surf(178,1) = T0;
dt = 3600;

%Steady-State Temperature
%Time Step, sec
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for i = 178:1:2124
%4th Order Runge-Kutta Thermal Balance
if i<=354 || (708<i && i<=1062) || (1416<i && i<=1770)
k = 9.22e-4*(1+1.48*(T_surf(i,1)/350)^3);
c = 1/(TI^2*k*p_f);
k1 =
((a_reg*Gs_max*A)/(p_f*l_f*A*c))*sin(((2*3.14)/t_c)*(i*3600))+((Gi_max*A)/(p_f*l_f*A*c))
-((e_reg*SB*A*(T_surf(i,1)^4-T_inf^4))/(p_f*l_f*A*c));
k2 =
((a_reg*Gs_max*A)/(p_f*l_f*A*c))*sin(((2*3.14)/t_c)*(i*3600+0.5*dt))+((Gi_max*A)/(p_f*l_
f*A*c))-((e_reg*SB*A*((T_surf(i,1)+0.5*k1*dt)^4-T_inf^4))/(p_f*l_f*A*c));
k3 =
((a_reg*Gs_max*A)/(p_f*l_f*A*c))*sin(((2*3.14)/t_c)*(i*3600+0.5*dt))+((Gi_max*A)/(p_f*l_
f*A*c))-((e_reg*SB*A*((T_surf(i,1)+0.5*k2*dt)^4-T_inf^4))/(p_f*l_f*A*c));
k4 =
((a_reg*Gs_max*A)/(p_f*l_f*A*c))*sin(((2*3.14)/t_c)*(i*3600+dt))+((Gi_max*A)/(p_f*l_f*A
*c))-((e_reg*SB*A*((T_surf(i,1)+k3*dt)^4-T_inf^4))/(p_f*l_f*A*c));
T_surf(i+1) = T_surf(i)+(dt/6)*(k1+2*k2+2*k3+k4);
elseif (354<i && i<=708) || (1062<i && i<=1416) || (1770<i && i<=2124)
k = 9.22e-4*(1+1.48*(T_surf(i,1)/350)^3);
c = 1/(TI^2*k*p_f);
k1 = ((Gi_max*A)/(p_f*l_f*A*c))-((e_reg*SB*A*(T_surf(i,1)^4-T_inf^4))/(p_f*l_f*A*c));
k2 = ((Gi_max*A)/(p_f*l_f*A*c))-((e_reg*SB*A*((T_surf(i,1)+0.5*k1*dt)^4T_inf^4))/(p_f*l_f*A*c));
k3 = ((Gi_max*A)/(p_f*l_f*A*c))-((e_reg*SB*A*((T_surf(i,1)+0.5*k2*dt)^4T_inf^4))/(p_f*l_f*A*c));
k4 = ((Gi_max*A)/(p_f*l_f*A*c))-((e_reg*SB*A*((T_surf(i,1)+k3*dt)^4T_inf^4))/(p_f*l_f*A*c));
T_surf(i+1) = T_surf(i)+(dt/6)*(k1+2*k2+2*k3+k4);
end
end
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