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1.0

2.0

Project Objectives and Requirements

1.1  Background

Marsis the fourth planet from the sun. The conditions on Mars vary greatly from the conditions
on Earth. The average temperature on Marsis-65° Celsius. A day on Marsis 24 hours and 37
minutes, with ayear lasting 687 days. The seasons are similar to Earth’s but are approximately
twice aslong. The amount of solar radiation falling on Marsis approximately 0.4 that of Earth per
square meter. Due to the dust storms on the surface, much less solar radiation can occur. The
atmospheric pressure on Marsis 0.1 kPa, which isinsufficient for sustaining life.

Thefirst step to inhabiting Mars is the understanding of the possibilities of life on the planet. The
CO, content on the planet makes it uninhabitable for humans, but plant life can be sustained with
controlled conditions. Plant life on Mars would need a higher temperature, higher pressure, high
humidity, high nutrient source, and better growth medium than available on the surface.

A miniature greenhouse could be proposed to fly abroad a Mars Lander in the next 5-10 years.

The proposed greenhouse can act as the source of the fundamental requirements for the plant life
on Mars. The greenhouse would be able to control temperature, pressure, humidity, nutrients, and
aplatform for the plantsto grow. The greenhouse would house Arabidopsis plants and maintain a
suitable environment for their survival and growth.

1.2  Objective
The overall objective of the proposed project is to conceive, design, fabricate, integrate, test and
verify a deployable greenhouse for arobotic Mars Lander.

1.3  Requirements

Using an existing Mars Lander, the Beagle 2, design requirements are defined according to the
Beagle 2's available resources. The Beagle 2 Mars Lander can accommodate experiments not
exceeding 0.05 m® (1.75 ft%) in volume and 3.5 kg (~7.72 Ibs) in mass. The Beagle 2 has an on-
board power supply, providing 30 W-hrs during the day and 16 W-hrs during the night. Thereisa
gas supply of CO, that is provided by another on-board experiment, the Mars Atmospheric
Acquisition and Compression.

The Martian Environmental Pod will be capable of housing an Arabidopsis plant that needs to be
sustained for 6 weeks, the life span of the plant, and be maintained at a pressure of 10 - 50 kPa.
Theinternal temperature of the greenhouse must be monitored and the heat loss retarded. The
structure will be compact and deployable for transport and will inflate to create a closed system.
For operation and inflation, the MEP will use an outside power source and gas supply for testing
because that would be provided by the Mars Lander and MAAC experiment.

Development and Assessment of Design Alternatives

Theinitial requirements break down the project into three subsystems, the greenhouse structure, which
includes the pressure system, the thermal controls, and the el ectronics, which includes actuation and data
acquisition.

21  Thermal Control

Considering the temperature can drop to —65° C at night on the Martian surface, there needs to be
an ample supply of heat to sustain the desired temperature range. Heaters, solar radiation, and
insulation are outlined in the trade study below, Table 1, to help retard heat |oss from inside the
greenhouse.
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Table 1 - Heat Sources

Comments Weight Cost

Heater -Reaction time of 10-20 ms
MicroHeater -80 — 85% energy efficiency 5oz
Insulation -Utilizes the latent heat of
Phase Change fusion of the material
Material -Allows for passive system
Solar Radiation -Uses natural light to provide

heat

-Allows for passive system

Heaters are ideal for heating the inside of the greenhouse but consume more power than allotted to
the thermal control subsystem. Insulation does not provide heat to the greenhouse but can act asa
buffer between the surrounding environment and retard heat loss. The sunlight can be
concentrated, using reflectors, during the day and the energy stored within the phase change
materials for use at night. By combining the use of insulation and solar radiation, the temperature
range can be maintained.

The phase change materials, PCM, that will be used are paraffin and act as a heat source and heat
sink. When the temperature drops below the paraffin’s melting point, the material solidifies and
gives off heat, acting as a heat source. When the temperature rises above its melting point, the
material liquefies and absorbs and stores heat, acting as a heat sink. Table 2 outlines the paraffin
phase change materials with varying melting points and latent heats of fusion.

Table 2 - Phase Change M aterials

Melting Latent Heat of
Point (°C)
n-hexadecane 16.7 102
n-heptadecane - 77
n-octadecane 26.6 106
n-nonadecane 30.4 78
n-eicosane 35.2 109

The driving factor in choosing a certain composition of paraffin is the melting point. The melting
point needs to be within the temperature range and therefore, n-heptadecane (C17H36) was
chosen, with amelting point of 20.7° C. The latent heat of fusion is defined as the heat it requires
for the material to change phases at its melting point and although it would be preferred for this
property to be smaller, it is not adriving factor.

The greenhouse needs to be compact and deployable and will therefore be athin and flexible
material. Although this material for the greenhouse will be selected with the lowest thermal
conductivity possible within the requirements, a structure needs to be constructed to aid in
reducing the heat loss and provide a surface for the reflectors. The following configurations were
analyzed in atrade study, Table 3, to determine the basis for a thermal shield.

Martian Environment Pod 8 Final Design Report



Table 3 - Thermal Shields

Comments Insulation Solar Radiation
Umbrella - Would not allow UV transmittance
Petals - In open configuration, reflectors
could concentrate UV light
- Save space for deployment
Blanket - Would not allow UV transmittance

- Easily stored for transportation

The petal configuration incorporates both insulation and solar radiation as thermal controls. In
order to make the petal system compact for transportation and deployable once on Mars, different
materials and different methods of actuation were analyzed. Table 4 shows the different materials
that were considered for the petals.

Table 4 - Petal Materials

Comments Density Yield Strength Cost

Aluminum -Rigid materia is hard to
package and deploy

Elastic Memory -By heating above the glass
Composites transition temperature, the
petal is packaged into most
compact state

Aluminum could be packaged by placing the petals on hinges and wrapping them around the base
of the greenhouse but this would call for another actuation system for just the deployment. Elastic
memory composites work by molding the composite material into the desired shape, a petal, and
then once the shape is cast, the materia is heated above its glass transition temperature and rolled
into its packaged configuration and cooled in that configuration. Oncein flight, the material is
heated back above its glass transition temperature and returns to its cast shape. Therefore, elastic
memory composites were chosen because the petals can be rolled to a compact state for
transportation and then deployed into the petal configuration for the duration of the mission.

The petals need to be opened and closed depending on whether its day or night. Three different

actuation systems were analyzed, a paraffin actuator, shape memory alloys, and a mechanical
system, asseenin Table 5.
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Table5 - Actuation Systems

Stroke Actuation Actuation Power Cost Comments
Length Time Temp Consumption
Paraffin - Passive actuation
Starsys 300 secs
IH-50125
Shape - Two-way SMA’s do not
Memory Alloy allow for enough elongation.
Flexinol
d=0.012"
Mechanical - Weight = 0.071 oz
RadioShack
SR-3 Motor

Paraffin actuators use heat from the surrounding environment and convert it to linear work. The
paraffin within the actuator solidifies once the environment’ s temperature drops below the
actuation temperature and a piston provides aforce up to 500 |bs. Because of the many different
compositions of paraffin, an actuation temperature can be selected between —70 - 80° C. Shape
memory alloys rely on electric current to actuate and only have a stroke length of 4 - 5% of the
total length of the wire, which is not enough elongation for how far the petals need to rotate. The
mechanical system would be integrated into an actuation system the same way the paraffin
actuator would but would consume power. Taking into consideration all properties, the paraffin
actuator offers passive actuation at the desired actuation temperature and is selected for the
thermal shield actuation system.

2.2  Greenhouse Structure

The main factors taken into account in the design of the green house enclosure were the customer
requirements, mass, transmissivity, delta pressure, size and strength. Due to customer
requirements it was decided that the enclosure be inflatable. This balloon-like enclosure needs to
be strong enough to withstand stress created by a difference in pressure of 50 kPa between the
inside and outside of the enclosure while allowing as much visible light to enter its walls as
possible. The design parameters that most directly determine this design are the selection of
meaterials and structural configuration.

For the materials, many thin transparent films were considered. The two main groups of films
were urethanes and polyamides. Polyamides were chosen over urethanes due to their optical
properties. Polyamides allow a good amount of visible light to pass through them while not
allowing potentially harmful UV light to pass. Urethanes do not have this beneficial
characteristic. Among the polyamides looked at were Kapton, LaRC-CP1 and CP2, Teflon, and
TOR-LM. These materials were compared by their densities, relative costs, tensile strengths and
their transmittance. Table 6 and Table 7 below are the tables that summarize these properties.
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Table 6 - Transmittance and Tensile Strength
Ultimate Tensile Strength (MIPa)

LaRC-CP1 and CP2 had adequate mechanical properties and excellent optical properties while
their costs were extremely high. Teflon and TOR did not have as good of mechanical properties
as Kapton and LaRC. Kapton was chosen because of its good mechanical properties and its
affordable price. The trade study in Table 8 summarizes the positives and drawbacks of each

material.

Martian Environment Pod

11

Transmittance (0.5 mil) Pre-Test LED GEO
Fost-Test Post-Test
Pre-Test LED SEC
P I Kanton E 240.9718 152.0294 192 3637
iKanton E 0.683 0.679 0674
P 93.7687 77.81075 7342918
CP1 0.830 0.796 0.745
CP2 94 45817 £3.08703 91.35553
CP2 0.834 0.809 0.805
Teflan FEP 0.955 0.945 _ Teflon FEF 21.02901 17 92637 =
Ul Doeie e Otz TOR-LM 50.33173 35 85274 33 61064
Table 7 - Cost and Density Analysis
Cost Density
Kapton E $0.95/2 0.00142g/ce
ZP1 +150/"2 1.4340/ce
cpz2 F150/"2 1.4340/ce
Teflon FEP 0.00215g/%cc
TOR-LR 0.00135g/cc
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Table 8 - Greenhouse M aterial Trade Study

Tensile Strength Transmittance
Kapton E
CP1 Medium Medium
CcpP2 hediurm rMedium
Teflon FERP
TOR-LM hediurm

The structural configurations considered included a sphere, hemisphere, cone, cylinder, box and
pyramid. The two configurations that were given most consideration were the sphere and the fulll
cylinder. These configurations were given the most consideration due to their high ratios of
internal volume to external surface area, which reduces convection, and because thin walled
pressure vessel s of these shapes have relatively even distribution of stressin the walls of the
meaterials. The sphere was chosen because it has a higher volume to surface arearatio and its
stress distribution was more even.

To maintain the delta pressure of 10 -50 kPa, it was decided that there needs to be avalve to
control the flow of air into the structure and arelief valve to assure that if the inflow valve does
not shut off at the right time, pressure can still be released. The control valves considered were the
micro valves by the Lee Company. Characteristics considered were the power consumption, the
dispense rate, and the weight. Price was not considered since the most expensive valve micro-
valveisin the range of $60. It was decided that the simplest configuration, which was a non-
latching 2-way solenoid valve, would suffice. The trade study in Table 9 summarizesthe
properties relevant to the project of the different valves.

Table9 - Pressure Valve Trade Study

Power Dispense Rate

100 microl./s

Preset volume pumps
Lee CO

Configuration A

Lee CO

2 \Watts/ph

Configuration B
Lee CO

2.3 Watts/ph
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The micro-check valves offered by the Lee Company are essentially the same except for the
diameters and the cracking pressures. The 5.5 mm diameter check valve with a cracking pressure
of 69 kPa, or the Lee CCPI5510069S, is sufficient for this application.

The last thing to consider is how to mount this dome to the thermal control structure. One obvious
method would be to just bond the material to the structure using an epoxy. The major
disadvantage with this method is that it can not be removed if something needs to be worked on or
if the enclosure needsto be replaced. Another possible method isto bond the dome to aring that
can be fastened to the thermal control structure using screws. This later method would require a
rubber o-ring be placed in between the ring and the thermal control structure to reduce |eakage.
Because of its versatility, the ring mounting method was chosen.

2.3  Electronics

The electronics package is needed to provide data for the thermal control and greenhouse
structure. Temperature and pressure are fundamental aspects of the MEP project. In order to
maintain the required temperature and pressure, temperature sensor and pressure Sensors are
needed to provide feedback for this system.

Three different types of temperature sensors were analyzed; Table 10 shows the trade study of the

SENSsors.
Table 10 - Temperature Trade Study
Cost Resolution
Thermocouple Med
Thermistor
Fiber Optic

The cost, weight, resolution, and power consumption were all analyzed for athermistor, a
thermocouple, and afiber optic sensor. The thermistor was chosen because of its low cost, low
weight, low power consumption, and good resolution. Fiber optic sensors are designed for volatile
environments and are not appropriate for this application. The thermocouple would provide
accurate readings but it need cold junction compensation which is added weight.

Since there is a pressure range of 10 - 50 kPa a pressure sensor is needed to monitor the pressure

inside the greenhouse. Table 11 isatrade study of different pressure sensors, taking into
consideration the cost, power consumption, weight, time response, size, and resolution.
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Table 11 - Pressure Sensor Trade Study

Cost Time Resolution

Response

Honeywell
185PC30AT

Honeywell
PPTR

Power consumption and weight design drivers set forth by the initial requirements. It isimportant
to select a pressure sensor with the lowest power consumption and weight. The time response and
resolution of the pressure sensor are imperative because the feedback needs to be instantaneous
when filling the greenhouse with CO, so it does not burst.

In order to store and analyze the inputs from the sensors, a data acquisition is necessary. The
Beagle 2 provides an on-board flight computer so all data acquisition needed during the testing of
the MEP will be performed on an outside CPU. Table 12 isatrade study of the data acquisition
systems. The LabView Tackle Box provides the lowest cost, lowest weight, high sampling rate,
and is portable. The portability is anecessity because the testing will occur outside.

Table 12 - Data Acquisition Trade Study

Cost | Weight | Ease | Sampling | Portable | Power
of Use Rate

LabVIEW Tackle
Box

ITLL Lab Station

Microprocessor

3.0 Design-To Specifications
3.1  Thermal Shield
With the preliminary breakdown of the weight, power, and cost alotments for the thermal control
subsystem, the design drivers for this subsystem include a mass not exceeding 5 Ibs, power
consumption not exceeding 4 W-hrs, and sustaining the internal temperature at 15 - 25° C.
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The overall configuration for the thermal shield is depicted in Figure 1, with phase change
material placed inside of the greenhouse and the thermal shield closing at dusk and opening at
dawn.

Figure 1l - Thermal Control System

The petals are cast into the petal shape using elastic memory composites (EMC), a carbon fiber
with memory polymer. In order to heat the petal above it glass transition temperature, nichrome
wires that are cast into a fiberglass sheet are cast into and throughout the EMC. When a power of
10 W is supplied to the nichrome wires, the EM C becomes flexible and can be rolled down for
storage and flight. Once the system is on Mars and ready for deployment, the necessary power is
supplied to the nichrome wires and the petals return to their original cast shape.

The actuation system is engaged using the paraffin actuator as the driver. The system incorporates
the actuator with a gear drive that moves every petal at the same rate at the same time. This gear
drive system will be mounted below the greenhouse while the paraffin actuator isinside the
greenhouse.

Phase change materials are contained within small packages in the bottom of the greenhouse. They
act as abuffer for heat transfer, storing extra energy acquired during the day and giving off that
energy when needed at night.

3.2  Greenhouse Structure

The performance parameters which drive the design of the greenhouse are mass, strength, size,
heat transfer characteristics and transmittance. The shape that was chosen is the sphere because of
its high internal volume to surface arearatio and the even distribution of stress with the walls of
the enclosure. Thingsthat will need to be purchased are the uncoated Kapton and the DP105

€POoXy.

Thering will make it possible for the enclosure to be removed for maintenance or anything else
that will require removal of the enclosure. The ring will fit inside the bottom of the enclosure and
glued with epoxy.

The rubber O-ring is meant to eliminate |eakage between the ring and the thermal control structure
and will be the exact same size of as the ring but half as thick.
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4.0

The control valve must have low power consumption in order to meet the daily power allotment
and must be small enough to fit inside the thermal control structure without interfering with any of
the other systems. It must also be capable of maintaining the delta pressure. The valve that will be
purchased isthe LIF series 2-way solenoid valve from the Lee Company.

Therelief valve needs to crack at a pressure above the required delta pressure but below the
pressure that will cause the greenhouse to rupture. For this the CCPI5510069S check valve by the
Lee Company, which cracks at 69 kPa, will be purchased.

3.3  Electrical System

Given the pressure range of inside of the greenhouse a sensor was needed that could span the
range of 50 kPa. Also, because of the feedback response for the control valve the time response
had to be at least 5 ms and aresolution of at least 1 kPa. The power consumption limit constituted
the choice of pressure sensor will low power consumption. The Omega PX139 was selected
because its specifications met all of the design requirements. The PX139 has aresolution of 0.5
kPa, atime response of 2 - 3 ms, and a power consumption of only 0.01 W.

The required temperature range for the system is 15 to 25 °C. The resolution required is0.5 °C.
Due to the fact that the temperature is only for data acquisition and is not in a feedback loop the
time constants only need to be at least 15 s. The Omega 44000 series thermistor was chosen
because it meets those specifications. The 44000 series thermistor has atime constant of 10 s, a
power consumption of 0.0075 W, and aresolution of 0.1 °C.

The calculated torque was 367 oz-in. The DC motor was sel ected based upon the torque rating,
power consumption, mass, and size. The Faulhaber 2342-006CR with a 23/1 989:1 planetary
gearbox was chosen because it meets al of the criteria. The motor meets the required torque while
only consuming 6.25 W of power. The total mass of the motor isonly 0.45 Ibs.

System Architecture

4.1  Descoping the Project

After assessing the work required for a passive actuation system and maintaining the temperature
inside the greenhouse at a desired range, it was concluded that the project needed to be scaled
back. Theinitial requirement of maintaining the temperature inside the greenhouse at 15 - 25° C
was adjusted to requiring the system to monitor the temperature inside the greenhouse and retard
the heat loss at night.

With this change in the requirements, the thermal shielding system was reduced to one DOF from
two DOF, simplifying the design of the actuation system. Although a paraffin actuator would
provide a passive actuation, the cost and complexity of incorporating it into the design istoo great.
Therefore, the thermal shield was actuated using a mechanical system, including a motor and
shaft. Since the temperature does not need to be sustained around room temperature, the phase
change materials were no longer necessary. The “flower configuration” for the structure of the
thermal shield was originally considered because it offered the option of reflectors for
concentrating light. Seeing as the light concentration is not a requirement for the system, the
configuration for the structure was redesigned. In order to fit the MEP in the Mars Lander, the
greenhouse shape was changed from a sphere to a cylinder.

4.2  Overview of Requirements

The Martian Environmental Pod was capable of housing an Arabidopsis plant that needed to be
sustained for 6 weeks, the life span of the plant, and be maintained at a pressure of 10 - 50 kPa.
Theinterna temperature of the greenhouse was monitored and heat |oss reduced. The structure
was compact and deployable for transport and inflated to create a closed system. For operation and
inflation, the MEP used an outside power source and gas supply for testing because that would be
provided by the Mars Lander and MAAC experiment.
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4.3  System Design

The overall system design included the greenhouse structure, the thermal shielding, and the
electronics package. The overall architecture included the main platform which everything was
mounted to, a mounting box on top of the platform for the greenhouse, a bottom box for the
electronics package and the motor, and the thermal shielding petals. Because the MEP woul be
transported on-board a Mars Lander, the system must have a compact configuration for flight, a
deployed configuration for the daytime, and a fully deployed configuration for night. In Figure 2,
the stowed system for flight and daytime configuration are depicted.

Figure2 - Stowed System

The SolidWorks model accurately depicts the configuration during the day when the thermal
shield is open. To accurately depict the flight configuration, the greenhouse would be deflated.
Figure 3 depicts the MEP fully deployed at night.
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5.0

Figure 3 - Fully Deployed System

In order to initially inflate the greenhouse when the system is on Mars, the pressure system was
activated and theinitia fill took place. The MEP would sit within the Beagle 2 and would have
unlimited space in the upward direction. Since the thermal shield needed to operate in one DOF
instead of 2 DOF, the retractable configuration allowed for a compact state for flight,
photosynthetic light to reach the greenhouse during the day, and reduction of heat loss at night.
The petals retracted to below the horizon to allow light to reach the greenhouse from all angles
along the horizon.

For maintaining the pressure inside the greenhouse, a control valve, check valve and CO, tank
were used. The control valve was part of the electronics system and incorporated into the
electronics package. The check valve was mounted in the top mounting box and ensured that the
greenhouse did not burst. The CO, tank was external and used for testing.

The electronics package included the pressure sensor, the temperature sensor, the DC motor and
limit switches for the actuation of the petals, and the circuit board. The power supply was external
and used for testing.

Mechanical Design Elements

51  Thermal Shield

The objective of the thermal shield was to reduce the heat |0ss ensued by the greenhouse with a
mass not exceeding 5 Ibs. Considering this objective, two materials were analyzed, aluminum and
acrylic. Acrylic has athermal conductivity of 0.20 W/m*K, which is on a magnitude of 100 times
less than aluminum, and a density of 1400 kg/m®, which is on a magnitude of 2 times less than
aluminum. The acrylic provides for less heat transfer and lower weight characteristics than the
aluminum. The figure below shows the efficiency of the thermal shield by graphing the heat
transfer rate from the greenhouse to the outside environment versus the heat transfer rate from the
greenhouse in conjunction with the thermal shield to the outside environment.
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Figure4 - Heat Transfer Rate Analysis

The analysis assumed that the internal temperature began at 20° C and the heat transfer rate was
calculated at temperatures varying from -30 - 60° C. The thermal conductivity of the Kaptonis
0.12 W/m*K and the thermal conductivity of acrylic is 0.20 W/m*K. The thickness of Kapton
selected was 5 mil (~ 0.005") and the thickness of the acrylic selected was 0.096” to reduce the
weight. The MatLab code used to model the heat transfer rate can be seen in Appendix 13.4. As
seen in Figure 4, the thermal shield retards the heat loss, thus meeting its requirement.

Since each petal relies on the outermost petal and axle to engage the deployment, it was necessary
to analyze the torque produced by the petals and the diameter of the axle required. The following
equations outline the shear stress produced by the petals on the axle, the polar moment of inertia of
the axle, and torque produced by the petals on the axle, respectively.

Tr !
[‘@( =— J= /Ij
J 32
A theoretical model was produced using MatL ab to show the increased torque with respect to the
petal length. The graph is shown in Figure 5 and the MatLab codeisin Appendix 13.5.

T=F*d
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Figure5 - Torque Analysis

The total torque produced by the petals on the axle was cal culated to be 367 0z-in, meaning the
motor was sized to the torque required. Using the shear stress equation, the diameter of the axle
needed to be greater than 0.083". A diameter of 0.25” was chosen for the diameter of the axle due
to availability, offering a safety factor of three. By calculating the polar moment of inertiafor a
hollow axle versus a solid axle, a hollow axle was initially chosen because of itslower stress and
less weight. Due to availability and changesin overall design, the solid axle was used in the final
design of the thermal shield. In order to reduce the torque needed from the motor, a set of two
gears with aratio of 4:1 were integrated to quarter the torque necessary to actuate the petals. A 2”
diameter gear was fixed to the center of the axle and a0.5” diameter gear was fixed on the motor
shaft.

During initial testing, the torque was too greater on the point of rotation on the petals. In order to
reduce the torque at this point, an aluminum sleeve was conceived to distribute the torque along a
different entity. The figure below shows the aluminum sleeve or brace that was designed to fix to
the axle and bear most of the torque.

Figure 6 - Aluminum Brace with Key

The aluminum braces dlid over the outermost petal and was then fixed to the axle using the keys.
The thickness of the aluminum brace was 0.30”, with 0.10” for space around the petal and an
additional 0.2" for support.
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The thermal shield was the structural backbone for the entire system. It consisted of the platform,
axle, gear drive, and ten petals varying in size. All subassemblies were mounted to the platform
and were constructed from 0.096” thick acrylic. The following figure, Figure 7, shows the
platform with axle mounts fixed on either side. Additional axle mounts were added to ensure
support of the axle.

\ Motor Mount

Limit Switch Axle Mount

Mounting Box —% l /

v
—— 4

«4— Electronics
Box

Gear

Figure7 - Platform

The thermal shielding petals were all placed along the axle with a2” diameter gear secured in the
center of the axle. The gear passes through a slot in the middle of the platform with the axle
supported by the axle mounts. Each petal varies dimensionally but was scaled to the same design
so that they store within each other. The outermost petal (Petal 1), which pulls the subsequent
petal during actuation in both directions and hit the limit switch to stop the motor during
deployment of the shielding, is depicted in Figure 8.

Figure8 - Petal 1

Petal 1 was fixed to the axle for rotation while the remaining nine petals were free to rotate about
the axle. When the motor began rotating, Petal 1 moved with the axle whereas each subsequent
petal was caught by the tabs running the width of the petals. Upon retraction, tabs' running along
the length of Petal 1 caught all petals as the axle rotated in the reverse direction. The motor was
mounted below the main platform and using two gears, the rotation of the motor was trand ated to
the axial motion to actuate the retractable structure. The petals varied in length from 7.5"-14.25" at
0.75" intervals and vary in width from 6.5"-8.3” at 0.2” intervals. The innermost petal (Petal 10) is
shown below in Figure 9 and had a limit switch tab to stop the motor during retraction of the
thermal shield.
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Figure9 - Petal 10

Figure 10 shows the full assembly of all ten petals with the gear secured on the axle and the axle
fixed to the outermost petal. The tolerance in the width direction is 0.04”, allowing room for
rotation and the tolerance in the lengthwise direction is approximately 0.15”.

Figure 10 - Full Petal Assembly
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5.2  Mounting Box
Figure 11 shows the mounting box for the greenhouse.

Figure 11 - Mounting Box

Once the greenhouse enclosure was constructed, it was fixed to a mounting ring that screwed into
the mounting box. The greenhouse and mounting ring were screwed into the mounting box from
underneath. This mounting box also allowed for the check valve to be inside the greenhouse and
the thermistor, pressure sensor, and gas line to run up into the greenhouse from the lower
electronics box. The tabs were located on the outside of the box to allow for easy access during
testing. The small openings on the side of the box were for the axle to run through.

5.3  Electronics Box

The electronics box was constructed by initially fastening the sides of the box together and placing
the upper and lower tabs on the inside of the box. Since the electronics, including the circuitry,
control valve, and motor, were fastened to the side of the electronics box, they needed to be
accessible but secured. The bottom plate of the box screwed on from the outside, allowing access
during testing. Also, the electronics box provided height and stability for the MEP so that the
system does not rest of the edge of the petals. Figure 12 shows the exploded view of the
electronics box.
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Figure 12 - Electronics Box

54  Greenhouse Structure

The enclosure was a cylinder made out of Kapton with one open end. It was decided since PDR
that this enclosure be a cylinder. Even though a sphere has a high volume-to-surface arearatio, it
was decided that the cylinder would be more practical to manufacture and itsinflated size would
be more narrow. Therefore, it would be easier to cover with athermal shield. However, the
objectives have not changed since PDR and are that the greenhouse must be large enough to house
one Arabidopsis plant but no larger to reduce mass, and strong enough to withstand a delta
pressure of 50 kPa.

Figure 13 - Greenhouse Stress Analysis
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Figure 13 shows how the longitudinal and hoop stress change in athin-walled cylindrical pressure
vessel astheinternal pressureincreases. The following equations were used to make these graphs:

S| =%=15 MPa Fa-l

s, :%:30 MPa Eq.2

For cylindrical pressure vessel eight inchestall, six inchesin diameter and with awall thickness of
5 mil, the longitudinal stressis 15 MPa and the hoop stressis 30 MPa. These stresses are well
below the tensile stress of Kapton which is 165 MPa.

This enclosure was a cylinder 8 inchestall, 6 inches in diameter and its walls were 5 mil (127 pm)
thick. It was constructed out of Kapton and glued together using 3M DP105, which isan
industrial grade epoxy. The cylinder was achieved by taking a rectangular piece of Kapton and
wrapping it around so that it forms a hollow cylinder. A circular piece of acrylic was then be
secured to one end of the cylinder using DP105. This assembly is shown in Figure 14.

Figure 14 - Greenhouse Enclosure

The mounting hardware included an acrylic ring that was secured with epoxy inside the open end
of the ring, and a rubber o-ring that was placed between the acrylic ring and the thermal structure
to prevent leaks. Thering and o-ring are shown in Figure 15.

Figure 15 - Acrylic Ring and Rubber O-ring

The acrylic ring was mounted inside the open end of this enclosure and bonded there using DP105
epoxy. The Kapton was dlightly wrapped around the bottom of the ring for increased bond
strength, shown in Figure 16.
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Figure 16 - Ring Enclosure Assembly

The acrylic ring, as well as the rubber o-ring, had four screw holes each and each screw hole was
0.14 inches in diameter and placed evenly around the rings. The rubber o-ring was placed in
between the acrylic ring and the thermal control structure. The screws fastened from below the
thermal control structure up through the o-ring and threaded into the acrylic ring.

The pressure system included a control valve and a check valve. A CO, regulator regulated the gas
flow from atank at a pressure of 25 kPato the control valve which opened and allowed CO, to
enter the enclosure until it reaches 50 kPa and closed. The check valve opened if the pressure
inside the greenhouse exceeded 69 kPa and was used as a redundancy to ensure that pressure does
not get too high.

The first component of the pressure system wasthe 5 Ib CO, tank with aregulator that had a relief
valve (60 psi relief). Thisregulated the pressure to a pressure of 25 kPa and will push the CO,
through tubing to the control valve. The control valve along with the tank and regulator are
pictured below in Figure 17.

Figure 17 - CO, and Pressure Valve

The valve seen aboveisaLIF series, 2-way solenoid valve made by the Lee Company. It operates
at 5V and requires 280 mW. Thevalveisvery small, 1.12” in length and 0.28” in diameter. Its
flow rate should allow it to inflate the structure in about 1.5 minutes. Plastic tubing with an inside
diameter of 0.042" was used to carry CO, from the tank to the control valve and from the control
valve to the enclosure. The valve was mounted, with 0.1” diameter nylon screws, on the underside
of the platform next to the gear slot.

Martian Environment Pod 26 Final Design Report



The last component of the pressure system was the check valve. It was the CCPI55100695 check
valve made by the Lee Company. The valveis specified to crack at 69 kPa, offers a completely
passive system, and is 5.5 mm in diameter. The valveisshown in Figure 18.

Figure 18 - Release Valve

The check valve was mounted by drilling a 5.5 mm diameter hole in the top box and sealing it
flush with the top of the mounting box using DP105 epoxy.

6.0 Electrical Design Elements

6.1 Power System

The electronics power system for the greenhouse was run off of power supplied by the Mars
Lander. This power system can supply a maximum power of 30 W-hrs during the day and 16 W-
hrs during the night. The electronic system was designed with a fixed voltage supply of 5V and a
current draw of 1.5 A maximum. To simulate the power supply, a portable power source was
used. The Tektronix PS280 power module was chosen because it can provide a constant 5 V with
variable amperage not to exceed 3 A. The actual power sourceis shown in Figure 19.

Figure 19 - Tektronix PS280

This system was portable in order to accommodate the greenhouse’ s mobility for testing. Power
was supplied to the Tektronix PS280 by a standard 120 VV AC power source.

6.2 Sensors

6.2.1 Temperature Sensor

The Omega 44000 series thermistor was connected in series with 1000 Ohm resistor. A 5
V power supply was supplied to the thermistor. Figure 20 shows the wiring diagram of
the temperature sensor. The voltage drop across the thermistor was measured and used to
calculate the temperature. The thermistor was located inside of the greenhouse. The
thermistor provided aresolution of 0.1 °C.
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Figure 20 - Thermistor Wiring Diagram

6.2.2 Pressure Sensor

The Omega PX 139 differential pressure sensor measured the pressure difference between
the outside air and the air inside of the greenhouse. The pressure sensor was powered by
a5V power supply. Figure 21 below shows the wiring diagram of the pressure sensor.

Figure 21 - Pressure Sensor Wiring Diagram

The voltage output was connected to the BNC terminal block using a BNC connector.
The output spans from 0.25V to 4.25 V. A silicone tube connected the pressure sensor to
the inside of the greenhouse. The pressure sensor provided aresolution of 0.5 kPa.

6.3 Thermal Actuation

6.3.1 DC Motor

The Faulhaber 2342-006CR with 23/1 989:1 planetary gearbox wasiinitialy chosen to
actuate the thermal shield. A 5V power supply would of connected to the motor through
arelay switch. The motor drew a maximum current of 2 A. The motor would of been
capable of providing the required torque. The Maxon A-22 was the motor actually used
in thisdesign. Dueto shipping problems the vendor Maxon Motors was chosen over
Faulhaber. The Maxon A-22 aso has a planetary gear box with aratio of 1016:1. This
new motor provides enough torque and is a good replacement for the Faulhaber. The
wiring of the thermal actuation system will be discussed in section.
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6.3.2 Limit Switch

Two limit switches were used to stop the motor. The limit switches were rated to a
maximum current draw of 3 A. The limit switches were normal closed and were
momentary push button switches. This provided an open circuit when pressure was
applied to the perspective switch.

6.3.3 Relay

The Potter & Brumfield R10E1Y 2S200 DPDT relay reversed the polarity on the motor.
Therelay wasrated to acurrent of 2 A. The coil was actuated by a5 V supply from a
solar panel acting as a sun sensor.

6.3.4 Solar Sensor

The solar sensor supplied avoltage of 5V when in the sun. This5 V actuated the coil of
therelay. The panel was hard wired to the relay. The solar sensor is a photosensitive
resistor.

6.3.5 Overall Integration
The thermal actuation was a complex integration between the DC motor, limit switch,
relay and solar panel. Figure 22 below shows the flow chart of the wiring.

Figure 22 - Thermal Actuation Overview

The DC motor was connected to two circuits; one 5 V circuit and the other -5V. The
relay was the switch between each circuit. The DC motor remained connected to the
circuit until the relay was actuated. This occurred at the transition from day to night and
night to day, based upon the sun sensor. The limit switch prevented the continued
operation of the motor. They acted as a break in the circuit when the thermal shield hit
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the switch. The power to the motor was supplied from the same power supply asthe
sensors, the Tektronix PS280.

6.4  Pressure Control
The pressure valve was actuated by the LabView software. The valve from the Lee
Company was controlled by a5 V signal to open the valve and was normally closed.

6.5  ElectronicsIntegration
The electronic package consisted of alaptop computer, pressure sensor, pressure valve,
temperature sensor, thermal actuation system, and power supply. Below, Figure 23
shows the overview of the electronics integration.

Figure 23 - Electronics Integration

6.6  Power Analysis
The power of each component was theoretically calculated to ensure the power
requirement was not breached. Table 15 shows the breakdown of the power analysis.
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Table 13 - Power Consumption

Power Consumption

(W)

Pressure Valve 0.99

DC Motor 6.25

Pressure Sensor 0.01
Temperature Sensor 0.0075
Total Max Consumption 7.2575

As Table 15 shows the maximum theoretical power consumption was well below our
limits. The power analysis was also plotted for a 24 hour cycle. Figure 24 shows the
power well below the limits.

Power Consumption 24 hrs

— Power Valve
—— Power Motor
Power Press
~—— Power Temp
— Power Total
=== Power Limit

Power (W)
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Time (min)

Figure 24 - Power Consumption Analysis

6.7 Noise Analysis
The signal resolution of our system was 0.01 V. The noise was estimated to be 0.0 mV.
This noise value is a common noise value experience by ITLL lab stations. The signal to
noise ration (S/N) was calculated at various noise levels, thisis shown in Table 16. This
leaves a factor of safety of 42 until our S/N ratio required filtering.
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Table 14 - S/N Analysis

Signal (V) Noise (V) SIN
0.01 0.00002 500.0
0.01 0.00012 83.3
0.01 0.00022 455
0.01 0.00032 31.3
0.01 0.00042 23.8
0.01 0.00052 19.2
0.01 0.00062 16.1
0.01 0.00072 13.9
0.01 0.00082 12.2
0.01 0.00092 10.9

7.0  Software Design Elements

The software was programmed using LabView on alaptop computer. The programming consisted of two
analog input channels and one digital output channel. The program read the voltage difference coming in
on the analog channels. One channel was dedicated to the temperature sensor and the other was dedicated
to the pressure sensor. The program converted the voltage input from the thermistor’'s ACH and converted
it into atemperature reading. This reading was stored to afile and then plotted versustime. The pressure
sensor voltage input was converted into a pressure value. The corresponding pressure ran through an
if/then statement to control the pressure valve. If the pressure read greater than or equal to 50 kPa, the DIO
signal issetto O V. If the pressure read less than 50 kPa, the DIO signal isset to 5 V. This process opened
the valveif the pressure drops below 50 kPa and did nothing if the pressure was above 50 kPa. The data
stored to afile from the pressure read out was also plotted versustime. Figure 25 isaflow diagram of the
software design.
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Figure25 - LabView Flow Chart

The data was processed using a 12 bit DAQ card and a BNC terminal block interfaced between the DAQ
card and the electronics package.

8.0  Fabrication and Integration

8.1

Thermal Shield

8.1.1 Machining

To begin the fabrication of the thermal shield, each petal part was machined out of acrylic
on the laser cutter. The drawings created in Solidworks were first converted to .dxf files
in CorelDraw as readable documents for the laser cutter. Once al documents were
available in Corel Draw, the parts were machined to size using the laser cutter. Two
problems were encountered with the laser cutter. The first problem was the availability of
the laser cutters. The laser cutters were originally available to the public during ITLL
hours but due to student abuse, they were moved into a monitored area and cut the
availabletimein half. Thisinterfered with scheduling and set the machining behind
schedule. This problem was addressed by reworking the schedule and working with the
staff of the machine shop to allow for some after-hour use. The second problem was that
the laser cutter was inconsistent with the cuts due to dirt buildup on the laser. This caused
the cuts to be jagged and meant that more time must be spent on preparing the parts for
construction.

8.1.2 Construction

The first method used for construction involved using an epoxy to adhere each part of the
petal together. An epoxy from 3M was recommended by the vendor and used in the
assembly of petals 7 - 10. These petals were assembled by applying the epoxy to each
joint and setting the petals into their final configuration for curing. The quoted curing
time was approximately two days and each petal cured for this quoted time. For initial
testing of the design of the petals, an axle was placed through the petals and the outer
petal rotated about the axle. Inthis preliminary test, two problems were encountered.
Thefirst being that the epoxy was flexible and had not hardened after almost 2 weeks of
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curing. The petals did not hold their shape and had to be rebuilt using a new method.
Also, petals 7 — 10 had to be machined again using the laser cutter. The second problem
was that there was too much shear stress acting on the point of rotation on the hole in the
side petal. This problem was addressed by distributing the torque onto the aluminum
dleeve described later in this section.

The final method for construction of each petal was completed by arranging each petal in
their final configuration, clamping down each part, and applying an acrylic solvent to
each joint. Figure 26 shows the method used for construction.

Figure 26 - Clamping M ethod for Petal Construction

Thefirst step wasto line up the side petal partsin parallel by sliding a0.25” axle through
the holes and then placing the end cap between the side petal parts. A spacer was cut to
size for each petal and placed half way to avoid buckling and to square off the assembly.
These parts were clamped together to hold the shape of the petal. Figure 27 depicts the
axle and spacer in place on the assembly of Petal 10.
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Figure 27 — Spacer and Axle Usein Petal Construction

Once these parts were clamped, the bottom tab was slid into place on the inside of the end
cap. The acrylic solvent was then brushed onto each joint, from the inside and outside.
This was allowed to cure for approximately 20 minutes and then the clamps could be
removed from the assembly. The petal was then flipped and the top tab was set into place
against the table and on the outside of the end cap and clamped into position. The acrylic
solvent was brushed onto this joint and allowed to cure for another 20 minutes. For petals
1 and 10, additional parts such as the petal catches on petal 1 and the limit switch tabs on
both petals 1 and 10 had to be adhered using the same method. The figure below shows
mid-construction with the first five petals completed. Testing was conducted throughout
fabrication to ensure that the design was functional and that the acrylic parts would hold.

Figure 28 - Mid-construction of Petals 1-5

Final assembly of the petalsis pictured below in both the stowed and fully deployed
states. The petals were spray painted black for aesthetic reasons.
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Figure 29 - Final Assembly of Thermal Shield

Asdiscussed earlier, the aluminum sleeves were decided upon to reduce the amount of
torgue on the point of rotation on the petals. The final design elements of the aluminum
sleeve were discussed in Section 5.1. The aluminum sleeve was to be machined out of
aluminum and fixed to the axle, changing the material of the axle from acrylic to
aluminum. The first consideration for fixing the aluminum sleeve to the axle was
welding. This posed a problem because the welding would have to occur in close
proximity to the acrylic, causing it to melt. The final design decision wasto design a
keyed axle and keyed aluminum sleeve that would align and allow the sleeve to rotate
with the axle. The aluminum sleeve was machined out of a0.75” auminum block on the
CNC mill. The Solidworks drawing was converted into AutoCAD and the CNC process
programmed by Matt Rhode. Different depths had to be met so accordingly, different
drill bits were used to obtain the different depths of the aluminum sleeve. The keyed axle
was machined using the drill press. A depth of 0.10” was set and the opening of the key
way was set to 0.10” using the appropriate drill bit. The key way was drilled in 1.5 on
either side of the axle for reduction of weight and ease of machining. The key was
machined on the vertical band saw using a0.10” aluminum block. The dimensions were
marked off and sawed to size. To ensure that the key would fit within both key ways, the
key was sanded down using the grinder.

A small hole was drilled into the center of the axle for the set screw of the 2" diameter
gear. This allowed the gear to be fixed to the axle and not slide during operation.

Below, Figure 30 isthe exploded view of the thermal shield with the partsin their initial
positions.

2" diameter gear

l < Axle Mount
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Figure 30 - Thermal Shield
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The assembly of the thermal shield begins with the petals. Each petal is assembled and
then slid onto the axle on one side. The 2" diameter gear is then fixed onto the center of
the axle and the remaining side of the petalsis slid on. The axle mounts then secure the
axle to the platform. The motor, with the 0.25” diameter gear fixed on the motor shaft, is
lined up with the larger gear in the center of the platform. The motor is fastened onto the
bottom of the platform and the thermal shield is complete.

8.2 Greenhouse Structure

8.21 Molded Greenhouse

Upon ordering the Kapton for constructing the greenhouse, the vendor, American
Durafilms, advised that crumpling the greenhouse may not be an effective method for
deployment. This concerned was raised due to the fact that crumpling the greenhouse
can cause pinholes, hindering its ability to hold the required delta pressure. For this
reason, another method was investigated to make the greenhouse a deployable cylinder.
If the Kapton can be formed into a shape of a cylinder with horizontal z-folds aong its
length, creases would occur horizontally along the tips of the z-folds. Thiswould
eliminate any random intersection of creases. The method used incorporated an
aluminum bar or molding tool with horizontal grooves cut into the outside of it. The
Kapton, which was heated to the quoted softening temperature of 350 - 400°C, was
wrapped around the molding tool and secured to it with hose clamps at each end. It was
then rolled over the grooved plate in order to push and stretch the material into the
desired shape. After the part was alowed to cool, the hose clamps were removed so that
the material could also be removed. American Durafilms claims that Kapton does not
heat seal so removal of the Kapton from around the molding tool after it had been heated
was not an issue.

Starting with a solid-stock cylindrical bar of aluminum that was six inches in diameter
and 9 inches in length, and using the lathe, the molding tool was machined. The
machined part is pictured below.

Figure 31 - Molding Tool

Thefinal tool only needed to be 8” tall, but for machining purposes, starting with a9” bar
was necessary for al” gripping surface. Originally, it was planned to insert acylindrical
heating element into a vertical 3" diameter hole in the center of thistool. For this reason,
a 3" diameter hole spanning the length of the tool was drilled through the center. A
grinding machine was used to grind one end a rectangular bar of steel to atriangular tip
with a50° cutting angle. This piece of steel was used in the lathe to cut eight groovesto
adepth of 0.85”. Before making these cuts, it was necessary to shave off small layers of
aluminum from the outside in order to make the bar perfectly circular so that it did not
wobblein the lathe. This made the diameter of the bar slightly smaller than the original
dimensions of the molding tool. However, this did not affect the final dimensions of the
greenhouse because the Kapton could be overlapped around the molding tool. Once the
Kapton was removed from the molding tool, it could be expanded to a6” radius. The 1”
gripping surface was cut off using the horizontal band saw and then all the sharp edges
were filed smooth to eliminate cutting surfaces.
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The furnace in the Durning Lab operates up to 1200°C, well above our temperature range
of 300-400°C. Having access to this furnace made the use of an internal heating element
and hence the 3" hole through the center inessential.

The grooved plate was made by rolling the molding tool over a piece of modeling clay,
producing grooves with the same dimensions as the grooves in the molding tool. The
clay was then allowed to harden for two days. The following figure is the molded clay.

Figure 32 - Molding Plate

This plate was approximately 20 inches in length, allowing enough room for fabrication.
Kapton does not soften when heated as claimed by both DuPont and American

Durafilms. It does plastically deform when heated but requiresit to be held in the desired
position whileit is heated. Also, it must be held in the same position while it coolsto
room temperature and because of this, the plate did not adequately perform thejob. To
achieve this, the Kapton was wrapped around the molding tool with a hose clamp at one
end. Starting at the groove closest to the clamped end, steel wire was wrapped around the
Kapton and pulled tightly so that the Kapton was pulled into the groove. The two ends of
the wire were twisted together to firmly hold it in that position. Thiswas done for each
successive groove and then a hose clamp was placed around the free end of the molding
tool. The molding tool was then placed in afurnace and heated to the desired
temperature, removed, and allowed to cool to room temperature.

Once all of the hose clamps and wires were removed, the Kapton was also removed. This
deformed piece of Kapton was glued together with a small overlap at the seam, an acrylic
ring glued inside one end and an acrylic disc at the other. The disc and the ring were held
in place with hose clamps while they were allowed to dry. The overlapping seam was
held together by hand for thirty minutes until it firmly set and then allowed to cure for
three days. Because of the geometry of these z-folds, the overlapping seam did was not a
perfect bonding surface. Small gaps were left in the two ends that overlap to create the
seam. These gaps were filled in with asilicon adhesive. A picture of the final product is
shown below.
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Figure 33 - Molded Kapton

8.2.2 Rigid Greenhouse

In case the greenhouse that was made out of the molded Kapton failed to function
properly, another greenhouse made out of an unmolded sheet of Kapton was also
produced. The purpose of thisisto test that the strength of the Kapton. The Kapton
needs to withstand the delta pressure set forth in the requirements. The rigid Kapton
greenhouse was also necessary to test the pressure sensor and the check valve in case the
other pressure vessel did not work. It was constructed out of an unmolded sheet of
Kapton and glued together using the same epoxy. This sheet was wrapped around an
acrylic ring and an acrylic disc at each end with hose clamps to hold them in place. The
seam was held together until it was firmly set and then the whole thing was allowed to
dry for three days. All the seams for this structure were reinforced with a silicon
adhesive. This set up can be seen below.

8.2.3 Pressure System

The check valve was installed into a small hole drilled into the mounting box and sealed
with silicon adhesive. The pressure valve was mounted inside the electronics package
with aline running to a connector that is threaded into the top of the mounting box. The
greenhouse enclosure was screwed down to the mounting box with screws that thread up
through the mounting box and the acrylic ring in the bottom of the greenhouse. The
check valve and the connector from the pressure valve are situated in the mounting box
so that when the greenhouse is secured, the check valve and the line from the pressure
valve sit inside the acrylic ring, allowing them access to the inside of the greenhouse.
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Figure 34 - Pressure System

8.3  Electrical System

The electrical system was built in two different stages; the thermal actuation system and the sensor
system. The thermal actuation system involved everything needed to operate the thermal shield.
The sensor system was the circuitry involving the temperature and pressure sensors.

8.3.1 Thermal Actuation System

The thermal actuation system included the motor, the relay, the solar panel, and the limit
switches. The thermal actuation system was built on a breadboard and tested. This
process was an important step in indicating the circuit needed to be redesigned. Figure
35 showsthe initial design. Upon testing it became clear that the sun sensor as a voltage
divider was unable to trip the coil. Thiswas due to the fact that coil acted asaresistor in
parallel with the voltage divider.

Figure 35 - Initial Circuit

The circuit was then redesign to include a voltage comparator. The voltage comparator
allowed the sensditivity to the sunlight to be adjustable. The second design iteration is
shown below in Figure 36. This circuit uses the adjustable voltage comparator to send
the output to the transistor and allowed coil to actuate. The diode was added to dissipate
some of the remaining energy in the coil. A capacitor was added to cause a minor time
delay making the circuit less sensitive the rapid light fluctuations. This circuit was also
built on a breadboard and is shown in Figure 37.
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Figure 36 - Second Circuit Design

Figure 37 - Breadboard Second Design Iteration

The circuit was then transferred to a protoboard for demonstration using wire wrap. The
new board is shown in Figures 38 below. Figure 38 isthe entire demonstration setup
with the motor to confirm the operation of the limit switches. Figure 39 isaclose up
view of the actual circuitry.
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Figure 38 - Demonstration cir cuit

Figure 39 - Circuit close up

The final stage of the fabrication was building the circuit on a solder protoboard. The
voltage comparator was adjustable by changing the resistances in three locations. In
order to make this easily adjustable the circuit went through the final design iteration.
Thefinal circuit is shown in Figure 40. Three5k trim potsreplaced the resistorsin the
second circuit.
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Figure 40 - Final Thermal Actuation Circuit

Thefinal circuit was soldered into place on a protoboard. The limit switches were wired
from the relay to the designated holes on the main platform. The thermal actuation
circuit was ready to be tested.

8.3.2 Sensor System

The sensor system consisted of the pressure sensor, temperature sensor, gas valve control,
and the input/output BNC cables. The sensor circuit wasinitialy built on a breadboard
for preliminary testing, see Section 9.4. The circuit was wired as shown in Figures 20
and 21. The output was achieved by stripping the BNC cables and using the shielding as
ground. Figure 41, below, isthe breadboard setup of the sensor circuit.

Figure 41 - Breadboard Setup Sensors

The sensor system was then soldered onto the protoboard. The BNC cables were solder
into place creating the umbilical to the data acquisition system.

8.3.3 Software System
The software was developed using LabVIEW. The software, shown in Figure 42,
measures and records the temperature, pressure, time, and valve signal. The calibration
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inputs are set to alinear fit. Thiscan be seen on the front panel in Figure 43. Datawas
taken every second and the pressure valve control limits are adjustable. The software
was written with the help of Brad Dunken. The thermistor was calibrated using a
controlled water bath. The data points were then plotted and a linear curve was fit to the
data. The pressure sensor linear fit was just determined using the voltage range and the
pressure range. The two endpoints provided alinear fit.

Figure 42 - Block Diagram

M A S Ny

Figure 43 - Front Panel
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The software interfaced with the DAQ card and the BNC terminal block. The BNC
connections to the umbilical can be seen in the figure below.

Figure 44 - BNC Terminal Block

8.3.4 Electrical System Integration

The final integration step was the soldering of each system to the protoboard. With both
subsystems soldered onto the board the electrical system was completely integrated.
Figure 45 shows the entire circuit integrated and functioning. The electrical umbilical
contains the power source, two input BNC cables, and one output BNC cable. Dueto
availability the motor was purchased from a different vendor. The new motor is made by
Maxon Motors, see Section 13.3 for specs.

Figure 45 - Final Circuit (front & back)
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Figure 46 - Integrated Electrical System

8.4  Final Integration

8.4.1 Drawing Tree
Table 17 isan overview of al the components for the MEP. The drawing tree lists each
part, bought or made, the quantity required of part and subassembly, and the material

used.
Table 15 - Drawing Tree

Drawing
Number Drawing Name Quantity | Make/Buy | Material
MEP-010000 Assembly, Greenhouse Structure 1 | Make
MEP-010100 Greenhouse 1 | Make Kapton
MEP-010200 Mounting Ring 1 | Make Acrylic
MEP-010300 Top Disk 1 | Make Acrylic
MEP-010400 Sealant Ring 1 | Make Rubber
MEP-020000 Assembly, Thermal Shield 1 | Make
MEP-020100 Assembly, Platform 1 | Make
MEP-020110 Platform Plate 1 | Make Acrylic
MEP-020120 Axle Mount 2 | Make Acrylic
MEP-020200 Assembly, Axle 1 | Make
MEP-020210 Keyed Axle 1 | Make Aluminum
MEP-020220 Gear, diameter = 2" 1 | Buy Aluminum
MEP-020300 Assembly, Gear Drive 1 | Make
MEP-020310 DC Motor 1 | Buy
MEP-020320 Gear, diameter = 0.5" 1 | Buy Aluminum
MEP-020400 Assembly, Petal 1 1 | Make
MEP-020410 Cap1l 1 | Make Acrylic
MEP-020420 Petal Side 1 2 | Make Acrylic
MEP-020430 Top Tab 1 1 | Make Acrylic
MEP-020440 Petal Catch 1 2 | Make Acrylic
MEP-020450 Switch Tab 1 1 | Make Acrylic
MEP-020460 Bottom Tab 1 1 | Make Acrylic
MEP-020500 Assembly, Petal 2 1 | Make
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MEP-020510 Cap 2 1 | Make Acrylic
MEP-020520 Petal Side 2 2 | Make Acrylic
MEP-020530 Top Tab 2 1 | Make Acrylic
MEP-020540 Bottom Tab 2 1 | Make Acrylic
MEP-020600 Assembly, Petal 3 1 | Make

MEP-020610 Cap 3 1 | Make Acrylic
MEP-020620 Petal Side 3 2 | Make Acrylic
MEP-020630 Top Tab 3 1 | Make Acrylic
MEP-020640 Bottom Tab 3 1 | Make Acrylic
MEP-020700 Assembly, Petal 4 1 | Make

MEP-020710 Cap 4 1 | Make Acrylic
MEP-020720 Petal Side 4 2 | Make Acrylic
MEP-020730 Top Tab 4 1 | Make Acrylic
MEP-020740 Bottom Tab 4 1 | Make Acrylic
MEP-020800 Assembly, Petal 5 1 | Make

MEP-020810 Cap5 1 | Make Acrylic
MEP-020820 Petal Side 5 2 | Make Acrylic
MEP-020830 Top Tab 5 1 | Make Acrylic
MEP-020840 Bottom Tab 5 1 | Make Acrylic
MEP-020900 Assembly, Petal 6 1 | Make

MEP-020910 Cap 6 1 | Make Acrylic
MEP-020920 Petal Side 6 2 | Make Acrylic
MEP-020930 Top Tab 6 1 | Make Acrylic
MEP-020940 Bottom Tab 6 1 | Make Acrylic
MEP-021000 Assembly, Petal 7 1 | Make

MEP-021010 Cap 7 1 | Make Acrylic
MEP-021020 Petal Side 7 2 | Make Acrylic
MEP-021030 Top Tab 7 1 | Make Acrylic
MEP-021040 Bottom Tab 7 1 | Make Acrylic
MEP-021100 Assembly, Petal 8 1 | Make

MEP-021110 Cap 8 1 | Make Acrylic
MEP-021120 Petal Side 8 2 | Make Acrylic
MEP-021130 Top Tab 8 1 | Make Acrylic
MEP-021140 Bottom Tab 8 1 | Make Acrylic
MEP-021200 Assembly, Petal 9 1 | Make

MEP-021210 Cap 9 1 | Make Acrylic
MEP-021220 Petal Side 9 2 | Make Acrylic
MEP-021230 Top Tab 9 1 | Make Acrylic
MEP-021240 Bottom Tab 9 1 | Make Acrylic
MEP-021300 Assembly, Petal 10 1 | Make

MEP-021310 Cap 10 1 | Make Acrylic
MEP-021320 Petal Side 10 2 | Make Acrylic
MEP-021330 Top Tab 10 1 | Make Acrylic
MEP-021340 Switch Tab 10 1 | Make Acrylic
MEP-021350 Bottom Tab 10 1 | Make Acrylic
MEP-021400 Aluminum Sleeve 2 | Make Aluminum
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MEP-021500 Assembly, Motor Mount 1 | Make
MEP-021510 Flat Mounting Plate 1 | Make Acrylic
MEP-021520 Motor Mounting Plate 1 | Make Acrylic
MEP-021600 Axle Collar 2 | Buy
MEP-021700 Key 2 | Make Aluminum
MEP-030000 Assembly, Electronics Box 1 | Make
MEP-030100 Assembly, Box 1 | Make
MEP-030110 Bottom Plate 1 | Make Acrylic
MEP-030120 Assembly, Electronics Box Ring 1 | Make
MEP-030121 Plate, Side, Lengthwise 2 | Make Acrylic
MEP-030122 Plate, Side, Widthwise 2 | Make Acrylic
MEP-030123 Bottom Box Tab 8 | Make Acrylic
MEP-030200 Assembly, Electronics Package 1 | Make
MEP-030210 Assembly, Circuit 1 | Make
MEP-030211 Relay Switch 1 | Buy
MEP-030212 Resistor 4 | Buy
MEP-030213 Trimpots 3 | Buy
MEP-030214 Transistor 1 | Buy
MEP-030215 Op-Amp 1 | Buy
MEP-030216 Diode 1 | Buy
MEP-030217 Capacitor 1 | Buy
MEP-030218 Photo Sensor 1 | Buy
MEP-030220 Pressure Valve 1 | Buy
MEP-030230 Pressure Sensor 1 | Buy
MEP-030240 Thermistor 1 | Buy
MEP-040000 Assembly, Mounting Box 1 | Make
MEP-040100 Plate, Side, Axle Opening 2 | Make Acrylic
MEP-040200 Plate, Side 2 | Make Acrylic
MEP-040300 Plate, Top 1 | Make Acrylic
MEP-040400 Mounting Box Tab 4 | Make Acrylic
MEP-040500 Check Valve 1 | Buy
MEP-050000 Molding Tool 1 | Make Aluminum
MEP-060000 Software 1 | Make
The final integration requires each subsystem to be constructed and then assembled in the order
stated below in the final integration flow diagram. The part numbers seen in the boxes below are
the parts required in the assembly.
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Figure 47 - Final Integration Flow Diagram

The thermal shield forms the base of the structure. The mounting box for the greenhouse was
secured on top of the platform, while the electronics box was secured to the bottom of the
platform. Initially, the motor was attached to the bottom of the platform. The limit switches were
placed in the holes on either end of the platform and the wiring ran back to the electronics
package. The electronics package was secured to the side of the electronics box and the wiring
was then fed through the platform. Then, the greenhouse was constructed and attached to the
mounting box. The wiring and tubing was then secured to the mounting box and the mounting box
was then screwed down to the platform. After all adjustments are made to the electronics and the
external power and gas supply is run through the electronics box, the bottom plate to the
electronics package is screwed on. The overall assembly is shown in Figure 48.
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Figure 48 - Final Integration

The final assembly for the stowed configuration and the deployed configuration during the day
and at night are depicted in the following figures.

Figure 49 - Final Assembly in Stowed Configuration
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Figure 50 - Final Assembly during the Day

Figure51- Final Assembly at Night

9.0 Verification and Test Plan
9.1 General Requirements
To measure the success of the project, it isimportant to refer to the requirements established for
the MEP and evaluate whether or not the requirements were met. The first set of requirementsis
driven by the availability of space and resources on the Beagle 2 Lander. Each experiment on the
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Beagle 2 must not exceed 3.5 kg (~7.72 Ib) in mass, 0.05 m® (~1.75 ft%) in volume, and consume
less than 30 W-hrs during the day and 16 W-hrs during the night. In order for the MEP to fit
onboard the Beagle 2, the overall structure had to be deployable and inflatable. The parts of the
MEP that were deployable were the greenhouse and the thermal shield, reducing the volume, and
the greenhouse was inflatable. Both of these issues are addressed in Section 9.3 as part of the
greenhouse and pressure systems. The final mass of the MEP was 3.17 kg (~6.99 Ib), well below
the required mass limit. The final dimensions of the MEP were 28.5” x 9" x 8.5” in the stowed
state, which is within the volume constraint of the Beagle 2. For power consumption, the
maximum power consumption was 2.5 W for the MEP, well under the constraints of the Beagle 2.
The second set of requirements was driven by the Arabidopsis plant and its needs for survival. The
first requirement was that the greenhouse could house one Arabidopsis plant, and with a maximum
height of 18 cm (~7"), the greenhouse stood 7.25” tall, capable of housing the Arabidopsis plant.
The second requirement was that the greenhouse be maintained at a delta pressure of 10 - 50 kPa
in order to keep the Arabidopsis plant alive. The greenhouse could be maintained at any delta
pressure ranging from 0 — 90 kPa. The final requirement was that the temperature be monitored
and the heat loss slowed down. This was made possible by using a thermistor to monitor the
temperature and the thermal shield proved to retard the heat loss. Thisis discussed further in
Section 9.2. The table below outlines the requirements and the final projects capabilities.

Table 16 - Final Requirements M et

Requirement Requirement Met? M EP capability
Deployable and inflatable Yes Deployable: greenhouse and thermal shield
Inflatable: greenhouse
Mass 3.5kg(7.721b) Yes Mass = 3.17 kg (6.99 Ib)
Volume 0.05m?® (1.75 ft%) Yes Dimensions. 28.5" x 9" x 8.5
Volume = 0.0357 m® (1.26 ft°)
Power consumption 30 W-hrs (day) Yes Total power consumption = 2.5 W
Power consumption 16 W-hrs (night)
House one Arabidopsis plant (18 cm) Yes Height of greenhouse = 18.42 cm (7.25")
Pressure of 10 — 50 kPa Yes Pressure of 0 — 90 kPa
Monitor temperature and retard heat |oss Yes Monitor temperature: thermistor
Retard heat loss: thermal shield
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9.2  Thermal Shield
The testing and verification of the thermal shield included verifying that the shield actuated and
the effectiveness of the thermal shield.

9.2.1 Structural Operation

The hypothesisis that the thermal shield will open and close in approximately 10
seconds. The system will be verified through examining the opening and closing of the
thermal shield system and the deployment of the petals will be timed. The test will be run
in acontrolled, stagnate environment, with the pressure at approximately 1.0 atm and the
temperature at 22° C. The purpose of the test is to ensure that the thermal shield can open
and close based on the structural design.

The results from this test were that the thermal shield did deploy and the structural design
did function as expected. Each petal was stored within the next and pulled the subsequent
petal during deployment. With the aluminum sleeves fixed to the axle and the 2"

diameter gear fixed to the axle, the petals rotated smoothly with the rotation of the motor
shaft, which had the 0.5” gear attached to it. The interface between the gears was proven
effective and the respective diametrical pitches chosen were adequate. The deployment of
the thermal shield took approximately 12 seconds. Although this was over the predicted
deployment of 10 seconds, it does not affect our requirements and our design still proves
to be effective.
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9.2.2 Temperature Testing

The objective of thistest isto measure the effectiveness of the thermal shield and the
temperature buffer it can hold. With the variable being the surrounding temperature, the
procedure is as follows:

1. Placethe systemin acold environment below 0° C, with the data
acquisition system hooked up.

2. Place a second temperature sensor outside the system to record the
environments temperature.

3. Plot the temperatures versus time.

The purpose of this experiment is to ensure that the thermal shield reduces the heat loss
and this will provide feedback to our selection of acrylic as the thermal shield material.

The testing box used for this experiment wasa 5’ x 2' x 3' box made out of 2" thick
housing insulation. Dry ice was placed in the bottom of the box to simulate the cold
environment that would be encountered on Mars. A thermistor was placed 3 inches above
the bottom of the box in the center to read the environments temperature. The greenhouse
was placed inside the testing box and the testing box was placed in the sun. The
greenhouse was not inflated for thistest. Once all of the data acquisition wasin place, the
testing data was recorded. For the environment temperature, the readings were taken
every 10 seconds and recorded by hand. The software recorded the temperature inside the
greenhouse. After approximately five minutes, a cover was placed on the testing box to
simulate night. During the first trial, the cover did not cut off enough light for the sun
sensor so the cover was spray painted black to reduce the light for the subsequent trials.
The closing of the thermal shield is audible due to the sound of the motor and it was
confirmed that the thermal shield did close.

Once the thermal shield was closed, data acquisition resumed for approximately 8
minutes until the cover was removed again to simulate daytime. Data was taken for
approximately two more minutes until the conclusion of the test.

The following graph plots the data taken during the last trial.
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Figure 52 - Temperature Testing Data

The graph shows that when the test began, there was a 15°C temperature difference
between the testing box environment and inside the greenhouse. Astime proceeded, the
temperatures in both locations decreased at approxi mately the same rate. Once the
thermal shield had closed, the drop in temperature over time was greater in the
environment than inside the greenhouse. Thisis because the thermal shield was deployed
and was retarding the heat loss due to the lower thermal conductivity of acrylic. The
thermal shield and greenhouse were able to maintain a 15°C temperature buffer between
the surrounding environment and inside the greenhouse. Thistest verifies that the acrylic
thermal shield helpsto retard heat 1oss which was the requirement set forth for the MEP.

9.3 Greenhouse Structure

9.3.1 Molding Tool Testing

It was stated that the Kapton would soften and plastically deform at temperatures
between 350-400°C. However, it was also stated by the vendor that softening Kapton is
very difficult because of how well Kapton maintains its mechanical properties at
extremely high and low temperatures. Because of this, much testing was done to
determine the best temperature and method for making this mold work. Below isa
matrix that summarizes the tests that were done. Each test was done with a new piece of
Kapton that had not previously been used for atest.
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Table 17 - Molding Test Matrix

Thefirst test was done by wrapping a piece of Kapton around the molding tool and
gluing the seam together. After the glue hardened, the tool was placed in an oven and
heated to 350°C. Onceit reached that temperature it was removed from the oven and
rolled along the grooved plate so that the ridges in the plate pushed the Kapton into the
grooves on the molding tool. Thiswas done at many temperatures between 350 - 500°C,
with the best results occurring at 400°C. However, these tests all produced inadequate
results. At temperatures above 400°C, the Kapton actually carbonizes. When
carbonization occurs, the material turns black and loses its mechanical strength, rendering
it useless for our application. Therefore, no further tests were done above 400°C. Similar
tests were done except that instead of gluing the seam together, the material was fixed to
the ends of the molding tool using hose clamps. Since the best results were previously
achieved at temperatures around 400°C, these tests were only done at 390 - 400°C and
produced similarly inadequate results. The figures below are pictures of this process.

Figure 53 - Molding Process
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Since these tests did not work, another method was tested. For this method, hose clamps
were placed around the Kapton at each end to secure the material on the molding tool and
then a hose clamp was placed over a groove nearest one side and then dightly tightened.
This setup was placed in the oven at 400°C, allowed to heat up, and periodically, the
clamp wastighten over the groove in order to slowly deform the material. Since hose
clamps were at both ends of the molding tool, tightening the hose clamp over the groove
was causing the material to stretch. This caused the material to tear and therefore this
was not repeated more than twice for each temperature (390 and 400°C). Instead it was
tried again with a hose clamp at only one end of the molding tool. Having one loose end
allowed material to be pushed into groove rather than trying to stretch it into the groove.
After the hose clamp was tightened into the groove as much as possible, a clamp was
placed over each successive groove and tightened slowly. Thistest produced better
results and showed more plastic deformation but the grooves in the material were flat
because the hose clamps were not slender enough to be tightened all the way to the
bottom of the grooves. In order to produce the desired results another method was tested.

Figure 54 - Kapton molded with hose clamps

For the last test tried the Kapton was wrapped around the molding tool with a hose clamp
at one end so that the other end was not secured. So starting at the groove closest to the
clamped end, steel wire was wrapped around the Kapton, and pulled very tightly so that
the kapton was pulled down into the groove. Then the two ends of the wire were twisted
together to firmly hold it in that position. This was done for each successive groove and
then a hose clamp was placed around the free end of the molding tool. The molding tool
was then placed in a furnace and heated to 400°C, removed and allowed to cool to room
temperature. These produced our best results and therefore this molded piece of Kapton
was used to construct the molded greenhouse.

9.3.2 Molding Greenhouse Testing

When pressurizing this molded greenhouse, the test was quickly terminated because the
seam broke open, releasing the pressureinside. Thisrequired usto do testing on our
backup pressure vessel, which was the rigid pressure vessel. The pressure tests done on
this vessel were all successful. After successful tests were completed, the deployability
of this vessel was tested by taking off the line from the pressure sensor, deflating the
material by hand and reattaching the line from the pressure sensor. Since the lines from
the valve and the sensor were connected, no air could enter the greenhouse and it was
held inits position with the help of suction. The tests were done over again and are
summarized in the subsequent section.

9.3.3 Rigid Greenhouse Testing

The first test administered will be to determine that the greenhouse enclosure will
actualy inflate. In thistest, the pressure and temperature will be kept constant. The
variable for this experiment will be the internal pressure of the greenhouse. This will
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require the use of the pressure sensor which has resolution of 0.5 kPa and range of +/-
103.421 kPa. The values read by the pressure sensor will span from 0 kPato 100 kPa.

A plot of pressure versus time will be made to analyze how the pressure rate changes
over time. Thiswill be used to determine how the upstream pressure influences the
increase of internal pressure.

Therigid greenhouse was used in testing the control valve. The pressure increased until
50 kPawas reached at which the control valve closed and pressure was no longer flowing
into the greenhouse. The pressure leveled off at 50 kPa because of the control valves
closure. This can be seen in the plot below.

Figure55 - Control Valve Test

This was the highest pressure that the greenhouse needed to be able to withstand and
therefore the requirement that it be able to hold the delta pressure of 50 kPa was
achieved.

The second test will verify whether or not the check valve cracks at the quoted 69 kPa.
For this test, the pressure and temperature of the environment will be kept constant while
the internal pressure of the greenhouse will be varied. Thiswill require the use of the
pressure sensor, the control valve and the check valve.

A plot of pressure versus time will be made to analyze how the pressure changes over
time. Thisplot will be used to prove that the pressure does not increase above 69 kPa,
thus proving that the check valve serves its purpose.

For this test, the rigid greenhouse was used.
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9.4

Figure 56 - Check Valve

Asthe graph above shows, the pressure increased to just over 13 psi, or approximately
69 kPa, and the check valve opened and relieved pressure. When the check valve
opened, gas could be heard escaping from the check valve and the pressure plot began
dropping off as can be seen in the above graph. Thisfulfilled the requirement that if the
pressure inside the greenhouse becomes to high, it can be relieved before it ruptures the
greenhouse.

Electronics

9.4.1 Analytical Testing Plan

The power consumption will be tested analytically. The hypothesis was plotted on Figure
24 over a 24 hr cycle.

The testing procedure is as follows:

Hook up ammeter in series between power supply and electronics package.
Measure current draw over time.

Calculate power based on measured current and known voltage (5 V).

Plot versus time and compare to Figure 23

APoODNPE

9.4.2 Analytical Testing Data

The current was measured according to the procedures stated in Section 9.3.1. The
maximum current reached was 0.49 A. Table 20 shows the power output tested during
operation. The peak power spike occurs at operation of the thermal shield.

Table 18 - M aximum Power Consumed

Maximum Power Consumed (Hypothesis) | Maximum Power Consumed (Actual)

5W 25W

The power consumption was well below the design requirements. The maximum power
calculated was 5 W and the maximum actual power consumed was 2.5 W. Thisisdueto
the fact that the motor was geared with a4:1 ration on the axle. The excel chart can be
found in Appendix A.
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9.4.3 \Verification Testing Plan

The motor circuit, pressure sensor, and temperature sensor will be tested by verification.
All components will be tested prior to the integration. The motor circuit will be tested by
verifying the operation of the relay, motor direction, and motor reversal. The hypothesis
for therelay iswhen 5V is supplied to the relay the output will be 5V and when 0V is
supplied to the relay the output will be-5V. The procedure for testing the relay is as
follows:

Hook up power supply to relay.

Supply 5V to coil using lab station power supply.

Measure output with voltmeter.

Check the output to verify 5V out.

Supply 0 V to coil using lab station power supply.

Measure output with voltmeter.

Check the output to verify -5V out.

NogkrwdpE

The hypothesis for the motor direction iswhen 5V is supplied to the positive terminal the
output is CW and when 5V is supplied to the negative terminal the output is CCW. The
testing procedureis as follows:

Hook up 5V to positive terminal from lab station power supply.

Hook up ground to negative terminal.

Turn power on.

Record motor rotation.

Reverse terminal connection.

Record motor rotation.

ok wNE

The motor reversal test is testing the integration of the relay and motor circuit. The
hypothesis for the motor reversal iswhen 5V is supplied to the relay coil the motor
rotates CW and when -5 V is supplied to the relay the motor rotates CCW. The testing
procedure is as follows:

Using a bread board connect 5V to relay.

Connect the motor to the relay outputs.

Supply 5V to the cail.

Record motor direction.

Supply OV to the coil.

Record motor direction.

ok wNE

The pressure sensor is going to be tested prior to use to verify its functionality. The
hypothesisis when the sensors is power the voltage output is 2.25 V. The procedureisas
follows:

1. Supply 5V to sensor using lab station

2. Connect sensor output to voltmeter.

3. Record output.

The temperature sensor will be test prior to integration. The procedure is as follows:
Supply 5V to the thermistors.

Using a voltmeter measure the voltage across the assembly.

Using the conversion from the supply calculate the air temperature.
Record ambient air temperature.

Compare to thermistors reading.

Place thermistorsin an ice bath.

M easure voltage across thermistors.

Convert to temperature reading.

Comparethe 0 °C.

©CoNoTOA~AWNE
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9.4.4 Verification Testing Data

The electronic testing was performed at many different stages throughout the building
process. Section 9.3.3 outlines the procedures for verification testing of the electronic
system. Thesetesting steps lead to the design iteration of the circuit. Table 21 showsthe
testing data from the electronic circuit. The thermistor hypothesis varied dlightly because
the resistance was estimated from the specification shest.

Table 19 - Electronics Verification Testing

Test Performed Hypothesis | Result
Measure relay output with +5V to coil +5V +5V
Measure relay output with 0 V to cail -5V -5V
Hook up +5V to motor terminal (+), ground (-) Ccw CW
Hook up +5V to motor terminal (-), ground (+) CCwW CCwW
Verify motor reversal integration, +5 V to coil Cw CW
Verify motor reversal integration, 0 V to coil CCwW CCWwW
Verify pressure sensor operation 225V 2.225V
Verify voltage at 23 °C 01V 0.167 V
Verify voltage at 0 °C 0.8V 0.73V

10.0 Project Management

10.1 Organizational Chart
The chart shown in Figure 57 outlines the projects management and subsystem allotment.

Advisors Martian Environmental Pod Proiect
Prof. Jean Koster Project Manager Advisorl Board
Prof. Jim Maslanik Sara Stemler y
Chief Financial Officer Webmaster Safety Engineer
Tod Sullivan Tod Sullivan James Ball
Electronics/ Greenhouse Thermal
Data Acquisition Structure Shielding/Assembly
Tod Sullivan James Ball Sara Stemler

Figure 57 - Organizational Chart
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10.2 Work Breakdown Structure
Thetop level WBSis shown in Figure 58.

Figure 58 - Work Breakdown Structure
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10.3 Schedule
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104 Budget

10.4.1 Projected Budget

Budget

Kapton HN $45.00

Pressure Valve $50.00

Check Valve $3.50

Thermal Shield $10.87

Platform/Axle $3.15

Boxes $0.20

Motor $219.30

Pressure Sensor $85.00

Thermistor $15.00

Resistor $1.00

Solar Panel $20.00

Relay $4.10

Limit Switches $6.00

Total $463.12

10.4.2 Final Budget
Date Vendor Amount

12/9/2003 Colorado Plastics $ 10.67
12/15/2003 Kinkos $ 207.94
12/15/2003 Kinkos $ 19.20
1/15/2004 R S Hughes CO $ 33.30
1/20/2004 Maxon Precision Motors $ 348.27
1/23/2004 R S Hughes CO $ 62.93
1/23/2004 Omega Engineering $ 114.35
1/28/2004 American Durafilm $ 163.08
1/28/2004 R S Hughes CO $ 47.90
1/28/2004 McGuckin Hardware $ 6247
1/28/2004 Colorado Plastics $ 10.32
1/30/2004 Radio Shack $ 30.84
1/31/2004 Radio Shack $ 54.54
1/31/2004 Fistells Elec $ 34.40
2/9/2004  Colorado Plastics $ 42.00
2/12/2004 Beverage Factory $ 109.90
2/25/2004 McGuckin Hardware $ 117.56
3/1/2004  Colorado Plastics $ 20.50
3/10/2004 HobbyTown USA $ 46.37
3/11/2004 R S Hughes CO $ 183.04
3/31/2004 McGuckin Hardware $ 16.20
4/5/2004  Designatronics $ 108.71
4/6/2004 R S Hughes CO $ 39.68
4/8/2004  McGuckin Hardware $ 10.77
4/9/2004  Colorado Plastics $ 20.50
4/10/2004 McGuckin Hardware $ 85.49
4/12/2004 McGuckin Hardware $ 129.45
4/12/2004 McGuckin Hardware $ 29.83
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4/14/2004
4/15/2004
4/16/2004
4/17/2004
4/17/2004
4/19/2004
4/23/2004
4/24/2004
4/24/2004
4/24/2004

JB Saunders
McGuckin Hardware
The Home Depot
King Soopers

The Home Depot
WO#57040604
Office Depot

King Soopers
Kinkos

Kinkos

Beginning Balance:

Expenditures:

11.0 References

Available:

7.50
16.15
64.81
55.27
3.64
22.32
93.20
57.02
25.17
9.58

P hH B DB P

$4,000.00

$(2,514.87
$1,485.13
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9.) Kedl, RJ. Wallboard with latent heat storage for passive solar applications. Oak Ridge
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10.) Shackelford, JF. Introduction to Materials Science for Engineers. Prentice Hall,

2000: 5th edition.

11.) Vable, Madhukar. Mechanics of Materials: Oxford University Press, 2002.

12.) Whedler, RM et a. Mars Greenhouse: Concepts and Challenges. Proceedings from a

1999 Workshop, August 2000.
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12.0 Appendices
12.1 Omega PX139 Specifications
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12.2  Omega 44000 Series Thermistor Specifications
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12.3 DC Motor Specifications
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124 MATLAB Codefor Heat Transfer Rate
k Kapton=0.12; %Thermal conductivity of Kapton (W/m*K)
k acrylic=0.2; %Thermal conductivity of acrylic (W/m*K)

array = [

-23, 1413, 0.0181, 1.14*10"-5, 0.724;
7, 1271, 0.0246, 1.40*10"-5, 0.717;
17, 1.224, 0.0253, 1.48*10"-5, 0.714;
27, 1177, 0.0261, 157%10"-5, 0.712;
37, 1143, 0.0268, 1.67¥10"-5, 0.711;
47, 1.110, 0.0275, 1.77*10"-5, 0.710;
57, 1.076, 0.0283, 1.86*10"-5,  0.708];
%T  density conductivity viscosity  Pr

%K  kg/m"3 W/(m*C) m"2/s

%For thermal shield

t_acrylic = 0.0254; %m

A_cylinder = 0.030968; %m"2

t_Kapton = 0.000127; %m

A_Kapton = 0.030968; %m"2

t_air = 0.04445; %m

A_air = 0.030968; %m"2

V = 30; %m/s

L =0.1524; %m

A =0.030968; %2

t_inside = 0.04445; %m

A_inside = 0.03096768; %m"2

fori=17
Re L(i) = (V*L)/array(i,4);
Nu(i) = 0.664*Re_L (i)"0.5*array(i,5)(1/3);
h(i) = (array(i,3)*Nu(i))/L;
R_outside(i) = L/(h(i)*A);
R _1(i) =t_acrylic/(k_acrylic* A_cylinder);
R _2(i) =t _air/(array(i,3)*A_air);
R _3(i) =t_Kapton/(k_Kapton*A_Kapton);
R_total(i) = R_outside(i) + R_1(i) + R_2(i) + R_3(i);
Q(i) = (20 - array(i,1))/R_total (i);

end

temp =[-23,7,17,27,37,47,57];

plot(temp,Q, @d®

hold

xlabel (@emperature (C)®

ylabel (®leat transfer (W)®

title(®eat transfer rate for interal temp =20 C®

%For greenhouse without shield
A_cylinder = 0.030968; %m"2
tl_air = 0.04445; %m

A_air = 0.030968; %m”"2

V = 30; %om/s

L =0.1524; %m

A =0.030968; %m"2

t_inside = 0.04445; %m
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A_inside = 0.03096768; %m"2
fori=217
Re L2(i) = (V*L)/array(i,4);
Nu2(i) = 0.664*Re_L 2(i)"0.5*array(i,5)"(1/3);
h2(i) = (array(i,3)* Nu2(i))/L;
R_outside2(i) = 1/(h2(i)*A);
R2(i) = t_Kapton/(k_Kapton* A_Kapton);
R_total2(i) = R_outside2(i) + R2(i);
Q2(i) = (20 - array(i,1))/R_total2(i);
end
plot(temp,Q2,6®
legend(®ith Thermal Shield@&ithout Thermal Shieldg2)

125 MATLAB Codefor Torque Analysis
mass = 0.3003*0.45359; %kg

g = 9.807; %m/s"2

total_torsion=0;

dimension =[

0.1651, 0.1905, 0.0697992;
0.17018, 0.20955, 0.07051;
0.17526, 0.2286, 0.07691;
0.18034, 0.24765, 0.08329;
0.18542, 0.2667, 0.089687;
0.1905, 0.28575, 0.096088;
0.19558, 0.3048,  0.102641;
0.20066, 0.32385, 0.108915;
0.20574, 0.3429, 0.115341;
0.21082, 0.36195, 0.121742];

fori=1:10
area_endcap(i)= dimension(i,1)*dimension(i,3);
area_petal (i) = dimension(i,2)*dimension(i,3);
total_area(i) = area_endcap(i) + area_petal (i);
mp_endcap(i) = area_endcap(i)/total_area(i);
mp_petal(i) = area_petal(i)/total_area(i);
mass_endcap(i) = mass*mp_endcap(i);
mass_petal (i) = mass*mp_petal(i);
torsion(i) =mass_endcap(i)*dimension(i,2)* g+0.5* mass_petal (i)*dimension(i,2)*g;
total_torsion = total_torsion + torsion(i);

end

total_torsion

i =[1:10];

plot(dimension(i,2)* 39.37,torsion(i)* 141.6119)
xlabel (@ength of petal (M)®

ylabel(@orsion on axle (0z-in)®

title(@orque vs. Petal Length®
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12.6 Final Power Calculation
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