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ITMECE 2019 Conference

To whom it may concern,

My name 1is Douglas MacNinch and I am a Senior Mechanical
Engineering student here at Tech graduating this December. As
part of the Mechanical Engineering curriculum, I am part of the
In Orbit Structural Health Monitoring {IOSHM) design team. Our
team has written a paper that will be published in the ASME
database and also stored in the archives at the Library of
Congress. This paper details our work on this project from

conception to completion.

As part of the publication process the lead author is
required to attend the conference and give a ten minute
presentation. If our team is not represented at the conference,
our paper will not be published. I am the lead author, and so I
am requesting funding from the SGA for travel, lodging, and food
while I attend the conference from November 11th to November 13th

of this vyear.

To aid in you decision, I will be attaching a copy of our
paper along with the required forms. The conference ig less than
three weeks away, so I would like to know your decision as soon

as possible so that I can make other arrangements as necessary.
Thank you for your consideration,

Douglas MacNinch
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ABSTRACT

This contribution reports design and development of a
pavioad for structural health monitoring (SHM) experiments on
the International Space Station (IS85). The payioad was
designed to operate in low earth orbit (LEQ) environment and
fit specifications of the Malerials International Space Station
Experiment (MISSE) module. In particular, LEO environmental
factors such as a strong vacuum, thermal variations from -18°C
to 60°C [1], and background radiation were considered. The
payload is a rectangular nudti-leveled structure which houses
several SHM experiments, active sensors self-assessment, and
electronic  hardware with data  storage and  retrieval
capabilities.  SHM  experiments  include  guided  wave
propagation in a metallic structure, monitoring of an imitated
crack, assessment of a bolted joim, investigation of structural
vibration via electromechanical impedance method, and
acoustic emission monitoring. In addition, piezoelectric sensor
self-assessment is realised using impedance diagnostics. It is
anticipated that the pavicad will operate for one year in LEO
and provide insights on the effect of space environmment on
SHM of future space vehicles during long-duration flights. This
contribution focuses on mechanical design of the pavioad to
support SHM experiment. Specific arrangement of payload
elements and implementation of boundary conditions for SHM
experiments are reported  Theoretical calewlations  and
examples of SIM experimental data obtained in laboratory
tests are presented and discussed in light of expecied variations
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due to LEQ environment. Measures to protect SHM hardware
from harsh space enviromment are presented. Perspective
applications of SHM as an integral component of future space
systems are discussed.

Keywords: Mechanical Design, Experimental Test Plate,
Low Earth Orbit, Structural Health Monitoring, Finite Element
Analysis, Atomic Oxygen, Solar Radiation, Static Loading,
Thermal Stress, International Space Station.

1. INTRODUCTION

As technology progresses and the world reaches further out
into space, the need for safe and rehable space structures will
increase exponentially. In the world today, there are thirteen
countries with space programs, and in the United States alone,
there are more than thirty privately-owned space vehicle
manufacturers, At this very moment, there are roughly 4,900
satellites, two space stations with six humans orbiting our
planet [24]. As space becomes increasingly commercialized and
more people are able to visit; the need for safety will take
precedence.

Structural health monitoring (SHM), is the process by
which the structural integrity of an object is evaluated using a
system of structurally integrated sensors and actuators. SHM is
among one of the critical technologies to enable sale and
refiabie space systems. One of the first SHM studies focused on
the use of Bragg-grating fiber optic sensors that were placed on
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the liquid hydrogen fuel tank of the NASA/ McDonnell
Douglas Delta DC-XA reusable rocket [2}. Fiber optic
technology for SHM on space vehicles has been considered by
many researchers {3,4,5,6]. however, a disadvantage of the
fiber optic SHM is that it is passive technology and is not able
to interrogate a structure on demand. For this reason, there has
been considerable interest in embedded ultrasonic sensors [7],
which utilize small and unobtrusive piezoelectric actuators to
launch guided waves into aerospace structures while similarly
small unobtrusive piezoelectric sensors detect changes in elastic
wave propagation or the reflection signals caused by material
damage [8,9]. Several applications of embedded ultrasonic
sensor SHM on space structures have been reported, including
rocket engines [10], TPS [11], plate structures [12] and bolted
joints [13]. Of particular interest to this paper, were the active
ultrasonic experiments. In 2011, the New Mexico Tech, In
Orbit  Structural  Health  Monitoring  (IOSHM)  team
demonstrated electro-mechanical impedance monitoring of
bolted joints while on the SL3 sub-orbital flight [14]. Then in
2013, the condition of a payload was monitored in real time
during the SL8 sub-orbital flight, in which experiments
included detection of a crack, loosely bolted joints, recovering
dispersive characteristics of a metallic plate and acoustic
emission monitoring [13]. Unfortunately, sub-orbital fights
only expose a payload to the space environment for a short time
whereas a long-term exposure to the space environment is more
desirable,

This paper discusses the design and development of a
payload that will house experiments enabling active SHM in
the low earth orbit (LEO) environment aboard the International
Space Station (ISS5). The practical applications of SHM are
limitless, and the methods used in this paper could potentially
detect material abnormalities such as corrosion or oxidation,
physical damage such as dents, dings, scratches or holes and
manufacturing defects such as loose or missing bolts or rivets,

2, MISSION PROFILE AND SPACE ENVIRONMENT

The design of this payload included accounting for several
environmental factors in the LEO such as atomic oxygen (AQ)
corrosion, radiation, and vacuum, which are discussed in the
following sections.

2.1.Mission Profile

It is anticipated that the payload for long term SHM in the
space environment will be a part of the 12th installment of the
Materiats International Space Station Experiment (MISSE-12).
As part of the MISSE-12 dircetive, the payload will spend a
minimum of 12 months aboard the ISS in low earth orbit. The
ISS orbits the Earth once every 92 minutes at an average orbital
range of 400-km [1]. The payload is planned to have a WAKE
orientation aboard the MISSE-12, which is characterized by
minimal exposure to atomic oxygen and a view over the IS8
structure. The main concern is the hazards brought from
radiation and the vacuum of LEO. While in orbit, the payload
will conduct a series of SHM experiments. Ultimately the
purpose is to demonstrate the feasibility of a structural health
monitoring system for future use in Jong term space missions.

uncbstructed

- Zenith view uncbstructed

~ Wake view over ISS structure
view into IS5 structure

FIGURE 1: MISSE-12 ORIENTATION AND LOCATION ON THE
ISS [9].

2.2. Thermal Fatigue and a Cycling Thermal Gradient

While the payload is operating on the 188, it wili
experience radiation and extreme cold while it is cast in a
shadow, either due to Earth’s shadow or the ISS [1]. It will also
be exposed to harsh sunlight as the Sun’s radiation will be
emitting heat on the payload. The payload will only be
experiencing thermal radiation as the vacuum environment
makes conduction and convection non-existent [17]. Thermal
radiation will consist of Solar, albedo, infrared emitted by
Earth, and infrared emitted by the 1SS [t]. The thermal gradient
cycles from -18°C to 60°C and as the payload orbits the Earth,
the payload will be undergoing thermal expansion and
contraction from the various temperature variations. This will
result in thermal fatigue of the payload and could cause
micro-cracks on the surface of the payload.

2.3. Vacuum Environment and Alteration of Properties

The LEO environment has a high vacuum ranging from
10¢ to 10-° Torr. This vacuum pressure causes outgassing
which occurs when the vapor pressure of a material is higher
than the pressure of the vacuum, This outgassing can condense
on optical sensors, solar panels, and other sensitive equipment
which can cause complications. This outgassing can also cause
deformities of the payload and could skew the data collection.
To alleviate this problem, Aluminum 6061-T6 was chosen as
the primary material as it is approved by NASA to have low
outgassing.

2.4. Radiation and Electrostatic Environment

The Sun, cosmic rays and radiation belts around the Earth
are the primary sources of radiation which the ISS and the
payload will experience. A photon flux of 0.1 eV 1o 1 keV [1}
can be observed in this environment due to solar ultraviolet
radiation. Excessive radiation exposure can cause corruption of
the data collection through malfunction of electronic equipment
within the payload. Considering this, the 6061-T6 aluminum
which the payload is fabricated from serves as a barrier to
radiation.

Electrostatic discharge occurs when the surface of a body
is charged by radiation, magnetic fields or high energy
electrons. lonospheric plasma is the most abundant source of
natural charge. It is formed when oxygen and nitrogen are
ionized by solar radiation which then ionizes to create low
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energy, high-density electrons. An ionosphere discharge of 0.1
eV will be observed. This discharge can cause malfunctions of
electrical equipment present in the payload,

2.5. Micrometeoroid and Orbital Debris Collisions

A critical concern for the project was the effect of
micrometeoroid and orbital debris (MMOD) collisions. A
micrometeoroid is any object in the LEQ environment that has
an average mass of 1 gram and an average velocity of 10 km/s
[1]. Using the kinetic energy equation, each of these objects has
an average kinetic energy of 50 k¥/m°®. Understandably, MMOD
collisions can be devastating in and of themselves.
Compounding to the problem is the domino-like Kessler Effect.
Due to the presence of space junk, the Kessler effect states that
a single collision can instigate a cascade of subsequent
collisions, and the combined energy of these collisions pose the
possibility to damage the payload severely. For that reason, the
payload will be mounted in a position that minimizes
possibtlities of orbital debris damage.

2.6. Atomic Oxygen Corrosion

Atomic oxygen (AO) is the unstable and highly reactive
form of oxygen. When diatomic oxygen (O,) enters LEQ, the
ionosphere and radiative environments cause electron shearing
which subsequently causes separation of the oxygen molecules;
in their natural state, oxygen molecules have a charge of -2, and
the separation of an oxygen pair causes a charge imbalance,
which results in highly reactive AQ. With the high charge
densities, AQ exists freely and abundantly in LEQ. With flux
concentrations of up to 3.33 x 10* atoms/em? (8.842 gfem?) [1],
AQ combines with aluminum atoms and the unusable product,
ALQ;, drifts away, leaving behind a cavity in the structure, ie.,
corrosion caused by AQ. With this in mind, the payload uses a
thick shielding layer of aluminum to reduce the effects of AQ
corrosion on the experiments.

2.7. Passive Vibration Environment

The ISS undergoes microgravity vibration due to transient
or non-iransient origins. These vibrations have frequencies
ranging from 107 to 1 Hz. At low frequencies, the causes can
be traced to atmospheric drag, gravity gradient due to the Earth,
and vibrations due to the motions of the 1SS crew. The higher
frequencies can be traced to mechanical components, impacts,
and thruster firings {12]. These vibrations would need to be
considered as the payload will be conducting experiments
related to guided wave and electromechanical impedances. The
position of the payload would also need to be considered as the
range of frequencies vary depending on where the non-transient
vibrations are occurring.

3. SHM EXPERIMENTS ON ISS

The payload will house a total of seven experiments which
are as follows:

1} Imitated Crack Detection

2} Detection of Loose Bolts

3} Acoustic Emission

4) Electro-mechanical impedance measurement of the
piczoelectric sensor to obtain its electro-mechanical
dynamic characteristics

5) Electro-mechanical impedance measurement of the
plate structure to study its vibration characteristics

6) Measurements of structural dispersion curves

7) Passive piezoelectric transducer degradation

The payload will house an MD7-Pro Digital SHM system
which is comprised of acquisition and accumulation nodes
conngcted to a distributed piezoelectric semsor amay. The
acquisition node will transmit an acquired ultrasonic signals,
and the accumulation node will act as the CPU for the system
and store data. An actuator will excite the plate while
distributed sensors receive the signal. Experiments 1, 2, 3 and 6
will be conducted on aluminum test plate one and require three
sensors and one actuator. Experiment 5 will be on aluminum
test plate two with one active sensor which will serve as both
actuator and sensor. The setup of experiments on two plates in
the payload can be seen in Figure 2. Experiment 6 includes a
measurement of electro-mechanical dynamic responses of free
piezoelectric sensor positioned between two experimental
plates as also ilustrated in Figure 2. Experiment 7 will be
located on the top plate in order for the camera attached to the
MISSE-]2 compartment to capture its degradation in real time,

Piezoelectric &,
Actuator for
impedance
studies

I Plates are clamped around their boundary ! T

Ep—

Free PZT
sSensor

{b)* =
FIGURE 2: EXPERTMENTAL SCHEMATICS AND SENSOR
DISTRIBUTION FOR (a} PLATE ¥, PLATE 2 (b) AND FREE
SENSOR BETWEEN PLATES.
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4, PAYLOAD MECHANICAL DESIGN

The payload was designed in accordance with the
requirements of the payload integrator, Alpha Space Test &
Research Alliance, LLC. A set of geometrical dimensions
restricts the design, requirement not to have loose parts, and
must be self-sufficient and able to survive for up to one year in
the LEO environment. The payload was designed as a
rectangular box with dimensions of 152 4-mm by 266.7-mm by
63.5-mm or a volume of 2.581-mm”6. The material chosen was
6061-T6 Aluminum, a material that many current space
vehicles are made from and which is WASA-approved. Within
the payload, two rectangular test plates with adhered
piezoelectric sensors are located. The lower portion of the
payload contains the data acquisition system and related
electronic components responsible for sensor operation and
data collection. These electronics need protection from solar
radiation and kept at temperatures no more than 63°C to prevent
data corruption and data loss, thus leading to the inclusion of a
1-em thick radiation shielding layer and the incorporation of a
heat sink to the electronics base. A series of wires power the
sensors and transfer the data back into the electronics, along
with a pair of channels integrated along each of the 127-mm
sides of the middle frames, test plates and compartment frame,
The final design element would be the physical connection and
the power connection points to the MISSE platform,

- Base Frame
s Cabin Frame

sesnnne Test Plate 2
tiddie Frames
9 g Tast Plate 1

4= Top Frame

FIGURE 3: EXPLODED (STRUCTURAI. ONLY) VIEW OF
PAYLOAD DESIGN WITH EACH COMPONENT LABELED.

4.1. Top Frame

The design of the top frame was crucial to the survivability
of the payload. The top frames main operation is to attach to the
MISSE platform. This required the design to have five
mounting tabs located along cach of its 266.7-mm sides. The
6.4-mm thickness provides structural rigidity to the frame while
afso providing ample thread engagement space for bolting the
first test plate and middle frame together. While referencing to
Figure 3, the top frame design incorporates ten 25.4-mm by
12.7-mm mounting tabs evenly spaced along the 266.7-mm
side of the payload. Each tab has a centered 3-mm hole in
which to bolt the payload to the MISSE platform securely, This
frame is 7-mm tall and with the mounting tabs has an overall
width of 177.8-mm. Centered along this 177.8-mm side is a

single piezoelectric sensor which will be used to study how the
LEO environment affects the sensors themsclves.

4.2. First Test Plate

Below the top frame and between one of the middle plates
is the first test plate which can be seen in Figure 3 as test plate
1, This plate is made from [.016-mm thick 6061 T6 aluminum
and will incorporate three piezoelectric sensors and one
piezoelectric actuator. These sensors will perform three
separate experiments which include the imitated crack, loose
bolt detection, dispersion  and the acoustic emissions
experiments.

4.3. Middle Plates

The middle frames referenced in Figure 4 and Figure 5
were designed to be interchangeable as a mounting companion
to the top frame and first test plate or the second test plate and
the compartment frame. The middle frames were designed to
touch back-to-back but not to attach to one another. This design
essentially creates two test plate assemblies that bolt together to
form a single payload. The idea of mounting the middle frames
back to back allows the forty-four each mounting bolts to be
placed head to head which is depicted in Figure 4. This makes
it impossible for any loose bolts to escape from the payload
during any portion of its trip in LEO. Each middle frame is
7-mm thick and has two wire channels centered along each of
the 152.4-mm sides. The wire channels were designed to fit in
the center of the middle frames between the mounting holes as
to not interfere with the fixed-fixed boundary conditions. The
middle frames are bolted to either the top frame or cabin frame
with forty-four each M3 x 3-mm Mil-Spec black oxide cap
bolts. The top frame and the compartment frame will then have
forty-four each 3-mm helicoil inserts to protect the aluminum
payload from the threading and unthreading of the stee! bolts.

Boks contoling
payload
assambl

Balts clampirgg TustPlata 1
sxpanmental plates

FIGURE 4: HEAD TO HEAD BOLTING PATTERN

4.4, Second Test Plate

The second test plate, which is between the second middle
frame and the compartment frame is physically identical to the
first test plate. However, this plate will house the
Electromechanical Impedance experiment. This experiment will
test the vibration characteristics of the plate.

4.5, Cabin Compartment Frame

The next component is the compartment frame which
provides a housing for the electronic components. This portion
of the payload is critical to protecting the electronics housed
within. The four sides of the compartment frame are 12.7-mm
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thick and are designed to protect the electronics from solar
radiation. Along onre of the 127-mm sides is a 10-mm diameter
hole which was designed to altow a power source from the
MISSE platform to enter the payload and power the electronics
within. The top side of the compartment frame was designed
with a 3-mm depression to allow room for the array of sensors
to be secured to the bottom of, test plate two. The compariment
frame was also designed with two wire channels that match up
with the channels designed into the middle frames and test
plates.

4.6. Base Frame

Attaching to the bottom of the compartment frame is the
base frame. The base frame was designed to bolt to the bottom
of the compartment frame using twelve M3 x 8-mm Mil-Spec
black oxide steel bolts. Each of the four electronic components
will be secured to the top side of the compartment frame within
the inner dimensions of the compartment frame walls. Each
component is secured by a thin aluminum bracket connected to
the base frame with four each M3 x 3-mm Mil-Spec black
oxide steel screws and will also be adhered to the base with a
thermally conductive adhesive paste. On the hottom side of the
base frame is a set of forty-three 1.59-mm wide by 5-mm tall
grooves which create a heat sink that was designed to keep the
electronics within their working temperature range.

M3 x 3mm Black
Oxide Bolts Test Plate 1

[ﬁead to Head balt

FIGURE 5: CUTAWAY SHORTVIEW DEPICTING HEAT SINK
FINS.

4.7. Radiative Fins

Regulating the temperature of the payload is crucial to
ensuring the success of the project. After contacting the
manufacturer of the MD?7. the optimal operating temperature
was discovered to be 40 °C to 65 °C. With radiation being the
only means of heat transfer in space, the team decided o add
radiative heat fins to the botiom of the electronic housing base.
At the time of the design, the thermal gradient of the payload
was expected to be from -120 °C to 120 °C and as such the heat
sink was designed for these conditions. In order to optimize the
number of fins needed a MATLAB script was written to
calculate the radiative heat transfer rate from the electronic base
and through the heat sink. This process utilized the equations
given in [23]. Figure 6 iltustrates the optimization of the heat
sink where the number of fins were chosen as the point after the

zero-crossing in the heat transfer difference. At the output of
this optimization, forty-three fins of 0.1994cm thickness were
chosen.

Optimization of Paytoad Heat Sink with T = 65C and Toum = 12{.’0
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FIGURE 6: OPTIMIZATION OF THE PAYLOADXS HEAT SINK
AT (a2) MAXIMUM ELECTRONIC AND LEO TEMPERATURE
AND (b) MINIMUM ELECTRONIC AND LEQ TEMPERATURE

4.8. Other Design Considerations

The design went through many iterations as the team
progressed toward the final design. One of the most considered
variables throughout the design processes were the boundary
conditions for the experimental test plates. The boundary
conditions for ecach of the test plates are critical when
establishing baseline eigenfrequencies, The first iteration
incorporated a simply supported knife-edged design. This
design consisted of a total of eight knife-edged pieces of sieel
that were designed to fit within a groove cut around the edges
of the middle frames, top frame, and compartment frame. These
knife edges would face one another, top and bottom, and clamp
the test plates between them. This design was found to be
unstable, hard to manufacture and not capable of creating a
repeatable boundary condition. The second iteration was a
simply supported clamped roller design. This design was
similar to the knife-edged design in that rolled pieces of steel
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would rest in grooves on either side of the middie frame to top
frame connection or the middle frame to cabin frame
connection. The test plates would then be clamped between.
This design was also found to have inconsistent boundary
conditions which caused uneven stress distribution due to
variations in contact pressure that the steel rods were exerting
on the aluminum test plates. The design option found to be
most effective for the design criteria was the fixed-fixed
boundary condition. The fixed-fixed condition was
incorporated by the use of forty-four M3 x 3-mm black oxide
bolts, fourteen on each of the two 266.7-mm sides and eight
each on the two 152.4-mm sides. This boundary condition is
the most consistent and easiest to manufacture compared to the
other design options.

5. FINITE ELEMENT MODELING AND ANALYSIS

5.1. Static Loading Environment

Static loading analysis consisted of considering static
loading conditions that the payload would experience during its
deployment. From Falcon 9 Rocket data, Figure 7, a loading
environment was developed using COMSOL Multiphysics 5.3.
A simplified payload model was subjected to three different
loading orientations, refer to Figure 8, to evaluate potentially
compromising stresses. Longitudinally, the payload was
subjected to gravitational accelerations ranging from -4Gs to
9Gs; axially, gravitational accelerations ranged from -3Gs to

3Gs (1G equates to 9.81 m/s?).

~wenF9 Decign Load Factors  weeF9 Design Load Factors, Payloads < 4,000 (b

. 2,85
&
) .
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‘54 I S
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E u . 1 I P
2 3,-15
.2 [ ST S ——— g
Z, -4
4 -3 .2 -1 0 1 2 3 4

Lateral Acceleration (g}

FIGURE 7: FALCON 9 AXIAL AND LATERAL LOADING
DATA. [19]

5.2. Static Loading: Experimental Test Plates

With variable orientations for the payload, the critical
components to evaluate were the experimental test plates: with
a thickness of 1.016-mum, the accelerations and subsequent
static loads experienced could potentially damage the test plates
via plastic deformation and compromise the entirety of the
experiments. A finite element (FE) model was constructed in
COMSOL Multiphysics 5.3 to simulate the forces a plate would

undergo. The CAD model of the plate was loaded into
COMSOL, which proceeded to create a CAD-kernel file.
6061-T6 aluminum was selected as the material, with a density
of 2.7g/fem’, Young's Modulus of 68.9 GPa, tensile strength
ranging from 124 MPa to 290 MPa and Poisson’s ratio of 0.33.
Fixed boundary conditions were applied at the four walls, as
well as the interior of each hole; these conditions represent the
physical clamping that an experimental test plate experiences in
the payload. Gravitational loads were applied in the three
loading configurations at the maximum acceleration {i.e., 9Gs).
At this condition, the plate is most susceptible to failure or
deformation; the paramount configuration of analysis is
depicted below in Figure 8; arrows depict loads of different
orientation.

Camara

4

FIGURE 8: ORIENTATION OF PAYLOAD [23].

Won Mises Srass (MPe)

W 4.8533E-5

FIGURE 9: STRESS ON TEST PLATE FROM FE ANALYSIS
WITH ACCELERATION APPLIED NORMAL TO THE SURFACE.

Next, an FE model was constructed with a finer mesh
setting {element sizes ranging from 2.67-mm to 21.3-mm at a
maximum growth rate of 1.45, resolution of 0.6, and a
curvature factor of 0.3); the convergence of the solutions
determined the element size and meshing factors: at smaller
mesh sizes, divergence in the FE studies grew. From the FE
studies, the respective safety factors for the three orientations
were found by the ratio of the maximum stress the plate
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experienced to the Young's Modulus (i.e., 68.9 GPa for
Aluminum 6061): these factors are 1.54M for long-side
orientation, 872,000 for short-side orientation, and 12,800 for
surface orientations as shown in Figure 9. While it may seem
that these values are extraordinarily high, due to the nature of
the mission, these parameters falf safely in the operational
window (i.e., overdesigning is not a problem),

5.3. Static Loading: Simplified Payload Geometry

A simplified payload model was developed with COMSOL
using five blocks that were modeled from the basic dimensions
of the payload such as the width, depth, and height. The
payload was simplified because COMSOL attempts to create
infinitesimally small elements compared to the average
elements, which overconstrained the COMSOL models. The
simplified model prevented the FE analysis from converging to
improper values borme out of over-constrained geometries. The
first block was the payload itself having dimensions of
15.24-cm by 6.35-cm by 26.67-cm and with the center of the
block positioned 3.175-cm in the Y-direction and 0-cm in the
other two directions. The next block was the cavity for the
electronics which had the dimensions of 12.7-cm by 1.9812-cm
by 24.13-cm and positioned 4.1656-cm in the Y-direction and
0-cm in the X-direction and Z-direction. The first block was
subtracted by the second block to make the cavity of the
¢lectronics. The third block had the dimensions of 12.7-cm by
2.54-cm by 24.13-cm and positioned 1.27-cm in the Y-direction
and 0-cm the other directions to create a cavity for the test
plates. Just as the second block, the first block was subtracted
by the third block. The fourth and fifth block were the test
plates and had the dimensions 15.24-cm by 0.001-cm by
26.67-cm each and positioned 2.1844-cm in the Y-direction and
0-cm the other for block 4 and 0.6858-cm in the Y-direction for
block 5. The first, fourth, and fifth blocks formed a union to
simulate a clamping condition similar to the bolts on the
payload. The design of the basic payload is shown below in
Figure 0.

FIGURE 10: SIMPLIFIED MODEL OF THE PAYLOAD.

The model has all 4 sides of the top plate fixed and was
subjected to gravitational accelerations shown in Figure 7, with
longitudinal gravitational loading applied in the Z-direction
dictated by the green arrow in Figure 8 and axial loads applied
in the X-direction shown by the blue arrow in Figure 8 and
Y-direction shown with a red arrow in Figure 8. From the
Falcon 9 loading data the longitudinal acceleration ranged from
-3Gs to 3Gs, and the axial accelerations ranged from -4Gs to
9Gs. In COMSOL this was modeled by creating variables that
change the acceleration of the longitudinal and axial loadings to
simulate the different loading conditions that the payload will
undergo. To accomplish this in COMSOL a parametric sweep
was created for a stationary study with the variables having a
step size of 0.5.
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FIGURE 11: COMSOL ANALYSIS WITH ACCELERATION
APPLIED TO SURFACE, SHORT-SIDE. AND LONG-SIDE. (a}
STRESS RESULTS (b) DISPLACEMENT RESULTS.

The results show that the maximum stress is about 0.69
MPa as shown in Figure 11a and the maximum displacement is
9.08 um as shown by Figure 11b. Since this is the maximum
possible stress that the payload may endure this gives us a
safety factor of 99,855 which shows that the payload will
undoubtedly survive the launch with no chance of warping.
These values occur when the variable # is equal to 9 and
variables n,,, and n,,, arc equal to 3. Variable n correlates to the
longitudinal acceleration in the Z-direction and variables n_,
and #,,, correspond to axial acceleration in the X-direction and
Y-direction, respectively. Most of the stress occurs around the
edges of the test plates; this stress is due to a moment of the
weight of the plate itself when at high gravitational loads. The
maximum displacement occurs at the center of the test plates,
and due to the small displacement, there is no concern about the
plates warping and causing the piezogleciric sensors to detect
irregular data.

5.4. Thermal Characteristics of Payload during Operation
in LEO Environment

5.4.1. Development of Artificial Modeling Environment

The thermal environment was simulated in COMSOL 5.3
by including three different heat fluxes, and a heat rate. During
these simulations, an ambient temperature of 23°C was
assumed to analyze the thermal gradient of the payload.
Analyzing the thermal gradient is critical, it will determine how
the electrical hardware and heat fluxes will transfer heat within
the payload, and the payload survivability during thermal
fluctuations. As mentioned earlier, thermal radiation is the only
heat transfer taking place so there will be no conduction or
convection, Therefore, the three heat fluxes: solar, infrared (the
Earth and [SS), and Albedo were provided by [11], where the

average heat flux on Alpha Magnetic Spectrometer main
radiators, orientated in the WAKE region were plotted with
respect to Beta angle. The solar flux value was chosen for the
stmulation expected the payload to experience the maximum
amount of heat flux. The infrared heat fluxes are the summation
of the infrared coming from Earth and ISS components. The
Albedo heat flux was a constant value of 1546 W/m?®. The
value for solar ftux was chosen at 367 W/m?, and the infrared
flux was a constant value at 114 W/m?. A heat rate of 7 W is
the given output of the MD7 hardware [16,18,19}].

5.4.2 Thermal Gradient Applied to Payload

A three-dimensional heat transfer of solids study was
selected as the basic study in COMSOL 5.3. A fine mesh
setting was established, with element sizes ranging from
2.67-mm to 21.3-mm at an element growth rate of 1.45, and a
curvature factor of 0.5. The previously-mentioned simplified
geometry payload was imported and used to avoid
over-constraining the model from sources such as the heat sink.
The arrows, shown in Figure 12¢, illustrate the direction of heat
fluxes and the heat rate of the MD7 hardware. The heat flux
radiates into the payload through the top plate, and an output
heat rate radiates from the payload. All boundaries are fixed
except for the top face of the top plate and the top plate cover as
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FIGURE 12: THERMAL GRADIENT OF PAYLOAD (a) MD7
HARDWARE HEAT RATE ONLY (b) HEAT FLUX ONLY (¢}
HEAT RATE AND HEAT FLUX

the combined surface area absorbs the heat fluxes and
facilitates an output heat flow and maintains the optimal
operational thermal window ranging from -18°C to 60°C while
attached to the MISSE-12 platform. A room temperature
boundary was added to the base; heat fluxes and heat rate were
applied separately and jointly as seen in Figure 12 to the top
plate and top frame to simulate the behavior of the throughout
the payload during operation on the exterior of the ISS.
Additionally, it was imperative to establish a room temperature
boundary in the model to distinguish between thermal gradients
and heat fluxes.

The finite-element studies revealed that the payload
experiences an increase in temperature of 0.02°C, seen in
Figure 12a, while the ambient temperature is room temperature
(i.e., 298K or 25°C) and a heat rate of 5W representative of the
heat emitted from the MD7 system. A summation of the heat
fluxes depicted in Figure 12b shows a significant increase of
4.35°C as the heat fluxes are aligned normal to the face of the
top plate.

The next study combined the heat rate and flux, yielding an
increase of 4.4°C as seen in Figure 12c. The main concem is
that heat fluxes will heat the payload more than the MD7
hardware as the heat fluxes have a more significant impact on
the payload than the MD7 hardware.

6. CONCLUSION

The [SS payload design has been optimized to the
standards and requirements given to the team by Alpha Space
Test & Research Alliance, LLC, the payload integrator. The
payload that will house the SHM experiments has been
designed to be resilient to the extremes of the LEO. The data
from the completed finite element analysis provides guidelines
regarding what should be expected from the payload white in
orbit installed on the International Space Station.
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