Thermal modeling of space debris via Finite Element Analysis
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ABSTRACT

The study of space debris is of critical importance to all sferdeg nationsThe characterization of debris objects
through means of passive imaging techniques would dbofurther studies into therigination, specifications, and
future trajectory of debris object¥he longwave infrared waveband is a potential candidate for the observation of
space debris. However, in ordersimulate and study the radiance of thegcts on longvave infrared detectors
assumptions have to be made regarding the radiative energy incident upon the vdtipctdetermines the
temperature of the object. The purpose of this investigation is to study the-statedsadiative thermal aijbrium
temperature, temperature transients, and object temperature as a function, ébrtivaeying cuboidtype space
debris objects. Conclusions are made regardingatbeementioned thermal analysis as a function of debris orbit,
geometry, orientadin with respect tdime, and material properties

1.0 INTRODUCTION

Space debris has long been a problem for the United States as well as othéargppoations. The proliferation of

space debris in the last decade has brought us clodealiog wth such problems through means of active debris
removal. The U.S. Space Surveillance Network tracks over 22,000 pieces of debris 10cm ¢t]laH@wever,

experts believe there to exist many times this amount of debris that cannot be tracked or det¢etieits size,

material properties, and orbiThe characterization of space debris is important because an understanding of the
structure, mass, and material properties may help researchers to further extract needed information regarding the
orbit andorigination of such debris. To this end the broad scope of this research is focused on theav@ng
Infrared (WIR) signatures of space debris. In order to calculate and model the LWIR signatures of such debris in
orbits between lowEarth orbit and geosghronous orbit, aepresentativeand accurate thermal model must be
developed.

Long-wave infrared imaging techniques offer many potential benefits when applied to the remote sensing of space
debris. LWIR imaging technologies may allow for the imaginglgéots with the Sun in the fielof-view without
saturation of the imaging system. Imaging spalgiectsin the LWIR band has the inherent advantage of not being
dependent upon Solar or Earth illumination which makes the observatiohmeasurements pdss even when
observed objects aia eclipse.This temperature and wavelengliependencés expressed iRlanckOs equation for
blackbodyradiation whichis shown in Equation [2]. Thespectral radiancef a blackbody is dependent upon the
waveband of iterest and the temperature of the emitting object. Therefore if one is concerned with the imaging of
objects in the LWIR band, the model, assumptions, analyses, and processes leading to the determination of the
object temperature need to be accurate adénstandable.
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The themal analysis described hetakes into account the specific orbit, size, orientation, rigid body structure, and
material propertieof simulated debrisApproximations for therigid bodies of space debris are comprised of
cuboids, cylinder, plates, and rocket bodies. Bteadystate section othis analysiscalculates the radiative
equilibrium temperatures of debris due to the radiation emitted by the Sun aadiatibn emited bythe Earth



In the area of space debris resedtdre exists littledataregarding theemperatures of debris in orbit with respect

to time[3]. As each face of the debris object will be receiving heat flux at a different rate during orbit, the problem
cannot be simplified to a oner two-dimensional analysis. Determining the thddmensional thermal profile of

the debris while considering thdfects of received radiant flux, radiation from the debris out to space, and
conduction of heat through the debris material in all three dimensions results in a set of partial differential equations
with respect to three variables that cannot be solvelgtarzdly but can be approximated using the method of Finite
Element Analysis (FEA)Finite element analysis will be used further for the transient analysis, adding specific
material specifications such as conduction and emission properties, in ordpraxirapte the thermal transients of
debris. Such transient scenarios would occur where debris passes through eclipse due to its orbit, which is
representative of much of the debris in {&arth orbit.

2.0 METHODS

There are two main components inherent to the thermal modeling described in this paper: 1) the definition and
calculation of theradianceprofiles and 2) the insertion of this data into the Finite Element Analysis software
package in SolidWorks.

2.1 RADIANCE PROFILES

The derivation of theadiance profilethat is experienced by tharbiting debris obgct is a function of the debris
orbit, geometry, orientatiowith respect tdime, and material propertieAn overview ofthis process is outlined
with adetailed explanation of each step in the following paragraphs

The normalized vectors from the debris object to the Earth and the Sun are calculated for all points along the debris
object3 orbital path.The debris object is then giventrreedimensional geometryor rigid body structurealong

with a specified tumble rate and tumble direction. Once the geometry of the debris object and the orientation of the
debris solid body relative to the local coordinate system are known, the rmdhadictors for all sides of the debris
object can be determinedlssumptions arenade regarding the size, distance, and radiating temperature of the Earth
and Sun. With a known range, angusaibtendsand radiating temperature, thediant flux densityricident upon

the point in space which the debris object occupies along its orbital track can be calGhlatezrmalized vectors

for all sides of the debris obje¢heir orientation relative to that of the Earth and Sun, andrddiance due to the

Eath and Sun on a specific point in thi@ienensional space where the debris object is located are all known.
Therefore the projected area receivimgdiation and the amount of radiative energy the projected area is receiving,
from the Sun and/or Earth ce determinedor all sidesas a function of time for all points along théital path of

the debris object.

The first step in the calculation of thadianceprofiles is to determine the vectors stemming from the center of the
debris object and pointing towards the Sun and the Earth. These vectors are determined relative tc@md&tacth
coordinate system. The vectors a@culated in 1&econd increment®r one entire orbital period. Contained
within the vectors is the range from the object to the Sun and to the Ebehvectors data can be created in
MATLAB [4] or exported from simulation scenarios modeled in SysfemosKit 10 (STK 10)[5].

After the Earth and Sun vectors have been calculabteddebris object is given threedimensional solid body
representation, a tumble directiand accompanying tumble rat&or the simulations contained in this papae
debris object thredimensional sadl body is constrained to a cuboid structureafying size and mas3hecross
sectional areagonstructiontumble directionsand tumble rates used to specify the debris objects to be simulated
aredescribed in Table T he orbitalcharacteristics ahe simulated debris object alown in Table 2.

Table 1. Geometric and tumblertstraintaused for simulation

Side Area [cm]

Debris Construction

Tumble Direction

Tumble Rate [rpm]

10

Solid

Spin about Nadir axis

0.01

17

Hollow

0.1

1




Table 2.Debris djectorbital characteristics

. Semimajor - o Orbital Period
Orbital Type Axis Eccentricity Inclination [min] Propagator
Circular- 7278.14 km 0 08; 102.9 J2
Prograde

The tumble rate and tumble direction apecifiedwith a yaw and pitch angular offset relative to the local
coordinate frame. These specifications establish the initial conditions for the orientation of the front face of the
orbital debris. Once the orientation of the front face is establishedhorméized vectors for each face, or side, of

the debris can be determined since the object is of a cuboid geometry. Assumptions regarding the distance, size, and
radiating temperature of the Earth and Sun are made. These values are shown3n Table

Table 3.Earth and Sunanstants used famulations

Temperatur® | Temperatur® | Radius of Earth Earth Albedo Astronomical Solar Constant
Sun [K] Earth [K] [km] Unit [km] [W/m?]
5778 254 6,371 0.306 149,597,871 1368

Classically, the Sun is assumed to operate as a point Souegard tathe Earthcentered orbits that are simulated

in this researchEquation 1 represents the radiant flux density due to the Sun atdghittf6]. The distance to the

Sun remains relately constant and is set to 1 AThis is expressed as the parame®® Gn Equation The

distance from the Eartbrbiting debris object can be dynamic and is determined as previously mentioned with the
extracted vectors data from STK 10. Due to thetiraedgporoximity of the Earth to the debris objgitte Earth cannot

be assumed to operate as a point sourtead the Earth is modeled as an extended area sWiitbethe Earth

being moeled as an extended area soutbe amount of the EarthOs surface that will radiate energy to the debris
object is dependent upon the height of the object above the surface of the Earth. This relationship is demonstrated
through the Earth depression andlg expressed in Eqtian 2 where the OrO represents the radius of the Earth and
OxO represents the orbital altitude of the debris object above the EarthQ8]surface
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Figure 1. Earth depressiongle

Figure1 demonstrates the relationship between Earth depression angle and subtenddd/iig@idas a function of

orbital altitude above EarthOs surfaks the distance between the EarthOs surface and the object decreases, the
amount of surface area of the Earth which radiates energy to the object will also decrease. As a result the amount of
radiated energy from the Earth to the debris object will moply be a function of range and temperature of the

Earth butwill include the amount of the EarthOs surface areadiating energyo theobject as well.



The surface of the Earth is modeled as a composite of g@iginterspheres. A quartesphere is shown iRigure2

and is constructed by dividing a hesgphere into four equal parts. The quagghere is comprised of an aggregate

of Lambertianradiators[2]. Each radiator has a given surface area representirgtiténg area of that region of

the EarthOs surface and the radiating temperature indical@bla 3.0nce the quartesphere is modeled, the
distance from the debris object to eaeldiator and the angle between each radiator normal vector and the debri
object are calculatedThe irradiance from the Earth to any point in space can be calculatedBggiagon 3and is
expressed in Watts per meter squg@ldThe ®,., O parameter in Equation 3 represents the projected surface area
of the Earth whiclis radiating energy to the debris object according to the Earth depression angle.

Figure 2. Earth gartersphere
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Equations 1 and 3 represdtie irradiance at a point in space due to $uwm andEarth However,this is not
equivalent to the radiant flux experienced by the orbital debris occupying that point in spacadi@ihé flux
incident upon the orbital debrigill depend upon the attitude of the object as a function of time alongrhital
path of thedebrisobject.The received radiant flux fazachside of the debris object is determined by calculating the
dot product of the normal vector from each faceéhefdebris objectith the Earth and Sun vectorBhe resultant
dot product is used as the projected area of eactofabe cuboid debris objetiat is receiving radiation from the
Sun and/or the EartiThe radiant flux profiles for every side of thbjectcan be determinedilizing the calculated
radiant flux densitie$rom the Earth and Sun on the objesing Equatiors 1 and 3 and the projected area of the
debris object that is receiving radiation from the Sun and the Bdréhtotalradiant fluxincidenton each face of
the debris object is expressedequation 4[6]. The@# ! O and!'® ! O terms represent the dot prodadtulation

of the normal vector for each faedth the vectors from the debris object to the Earth and the Sun respectively. The
total radiant fluxon each face! Q0,0 is expressed in Watts

2.2FINITE ELEMENT ANALYSIS

To begin building a simulatichased database of temperature profiles of debris in orbit, thebB&&d thermal
simulation tool in SolidWorks was used to simulate the temperature of cuboid structures representing a small part of
the debris tradespace. Results and conclusions drawn from these simulations will be used to justify simplifications
that make simulating a much larger part of the entire debris tradespace more feasible.

The first set of FEA simulations examined the therprafile of a cuboid geometry with respect to time. A 10cm
hollow cube with a 5mm shell, a 17cm hollow cube with an 8.5mm shell, and a 10cm solid cube were exposed to the
heat flux produced from a nagiointing circular orbit in LEQas mentioned iffable 3 Note that the 17cm cube

with an 8.5mm shell is simply scaled up from the 10cm cube with a 5mm shell. Each cuboid geometry was



simulated with three Horbit tumble rates: 0.01, 0.1, and 1.0 revolutions per minute. In addition to the effdas of
orbit on the thermal profile, the simulations also examined the effemteséll mass, the absorptivitg-emissivity
(/") ratio, and the mechanical thermal properties of different materials on each cubeOs thermal profile.

Aluminum 7075 was chosers dhe initial material for simulation, since it is a common material used in CubeSat
structures. CubeSat aluminum structures are also often chromanodized, so the emissivity and absorptivity values
were set to 0.56 and 0.44, respectively, whigghresenthromanodized aluminuifY]. A separate set of simulations

with emissivity of 0.56 and absorptivity of 1.0 were also run to determinefftbet ef increased absorptivity-

emissivity ratio on the thermal profile. (Note that the second set of valuebdorpéivity and emissivity are not
realistic, as ! + " should sum to 1.) These valaed ratios are listed in Table 4

Table 4. Absorptivity andmissivity values forchromanodize&omparativecoating

Property Chromanodized Value Comparison Value
Emissivity () 0.56 0.56
Absorptivity (1) 0.44 1.0
1" 0.79 1.79

The chromanodized absorptivity/emissivity ratio was also appligitaium, along with two purely theoretical
materials: Ai7075 with the specific heaty of titanium and AF7075 with the conductivitykj of titanium. The

goal of simulating these three additional materials is to first isolate the effects of different specific heat and
conductivity values on the overall thermal profile and then to examine the condfieet$ of these two mechanical
thermal properties in a realistic materiallable 5summarizes the materials used along with their thermal and

material properties.

Table 5. Thermal anchaterial properties used fanwlations

Material C & J # k & W # # &kg # TR
P §/Kg % K '!' $m* K !| $/ﬁ.] |'|
Al-7075 960 130 2810 0.79, 1.79
Al7075_cpTi 520 130 2810 0.79
Al7075 KTi 960 16.4 2810 0.79
Titanium 520 16.4 4510 0.79

Figure3. Solid nodelrendering of acube




A solid model of the cuboid geometry as rendered in SolidWorks is shown in Figline Blission, antimission,
right, left, north, and south faces were assigned to the cube according to convention for application of the orbit
determined heat flux.

The radiance profile described in the previous section were used to create a databaselyffime heat flux
profiles in SolidWorks. Each face had an individual heat flux profil8641 points with a time step of 10 seconds

in between each poithat was ploaded to that face from the database. Since the heat flux profiles are based on the
geometry of orbit, in this way orbit was simulated for each obj&ulidWorks however,will only allow 5000

points at a time in any heat flux profile in the databaBe fit into the database format, the 86ddint profiles were

split into two separate files, one 5000 points long and the other 3641 points long. When the first simulation was
complete (up to 49990 seconds) using the first 5000 points, the thermé fnwfi the final time step was used as

the initial thermal profile for a new simulation that would cover the remaining 3641 points. For objects that took
longer than 86410 seconds to reach steady state, the heat flux profile was Kepeatadotherisnulation using

the final time stepOs thermal profile (point 3641) as the initial thermal profile was run with the heat flux profile
starting over for the first 5000 points. Absorptivity of the object is also a parameter set during this part of simulation
setup. This process was repeated until the object had achieved steady state.

All six faces were set to radiate surfaoeambient to 77K, which is the standard ambient radiation temperature in
Time-domain Analysis Simulation for Advanced Tracking (TABAwith the desired emissivity value as discussed
previously. In addition, the entire object was set to an initial temperature of 77K. However, one limitation of
SolidWorks is that initial temperature values can only be set on the surfaces of annaibj#atyughout the entire

object. To create this initial temperature profile, all six faces were set to 77K and run to steady state without a
transient analysis, thus creating a 77K temperature profile throughout the entire object. The resulthuil#tiorsi

was set as the initial thermal profile of the first transient simulation as the initial thermal condition.

All simulations used a time step size of 10 secamut$ were run with a coarse mesh and SolidWorks® FFEPIus
iterative solver Figure 4 shows the coarse mesh over a 10cm c8liraulations were run and their final thermal
profiles fed into the next simulation as the new initial thermal profile, thus keeping continuity from one simulation
to the next and allowing for longer simutats to be run than the heat flux profile size limitations would allow, until
the object reached steady state.
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Figure 4 Coarsdinite elementmesh g@plied tohollow 10cmcube in SolidWorks

Each simulation produces a comprehensive set of results.pdissible to pull the temperature from any element at
any 1lG@second time step. The software can also calculate the maximum, minimum, and bulk temperature with
respect to time for any surface of the object. For this study, only the bulk temperatweemdgion, antmission,

and north faces with respect to time were used.



One way that SolidWorks Simulation presents results is a visual representation of the temperature gradient of the
object at any single time step of the simulation. An example sftypie of thermal profile for a 10cm hollow cube
with absorptivity 0.44 and tumble rate 1.0 rgvshown in Figure 5

Tomp (ehin)

Figure 5 Thermal profile at time 49990 seconds for a 10cAT@45 hollow cube with absorptivity 0.44 in a
circular, nadifpointing orhit with a1.0 rev/min tumble rate at LEO

The thermal profiles from each time step can also be put together as an animation demonstrating shifts in the
temperature gradientFor this paper, SolidWork&as used to calculate the bulk temperature of each face with
respect to time. This information was exported as a .csv file containing the time step, the time in simulation, and the
calculated temperature. These files were then read into MATLAB for gsioee If a simulation required more

than one run, the file from each run for each face would be loaded separately and then plotted on a single graph for
each face to check for continuity between time segments. The steady state portion of the data isalatid by

face. Figure 6 shows the points used in this process for a chromanodiz8@@d5A10cm hollow cube with a tumble

rate of 0.01 rpm.
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Figure 6 Key points in steadgtate analysis

The value and time of the first and last minimum temperatafites steady state were recorded to ensure that the
steady state average was taken afteomplete cycles and not maycle. The steadgtate average between these
two minima was then calculated using MATLABOSs average function. Once the averagenhzaddoésted for the



mission, antimission, and north faces, the standard deviation between the three faces was also calculated using the
STDEVP function in Excel. The value and time of the last maximum temperature between the two minima were
also recordd. The final minimum was subtracted from the maximum to yield the thermal envelope.

3.0 RESULTS

The results contained within this paper are focused on analyzing the dependency of certain orbital debris
specifications such as size, material, geométimple rate, anchermal properties on themperature profilef the

debris objectwith respect totime for three faces (Mission, AniMission, and North)of the debris objectAn

example is showin Figure 7illustrating the temperature of three facesnfobject for fixed material spiications

and debris geometriyith differing tumble rates.
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From simulationsFigure 8showsthe radiative thermal equilibrium (RTE) temperatisreninimally dependent upon

the size and mass of an objdétgure 8shows steadgtate simulations for AY075 andtitanium, along with two

purely theoretical materials: AM075 with the specific heatf ditanium, and AI7075 with the conductivity of
titanium. Analysis of theAD-0750 case shows that for all debris geometries simulated, the difference in RTE is less
than 1K. For the OTitaniumO case the difference between maximum and minimum RTEsfayedetetries
simulated is less than 3K. The RTE profiles for the debris geometries are notably different for the two hypothetical
materials. The OAI7075_cpTIO casef0X15 wth the specific heat oftanium, yields the same RTE values for the

10 cm solidand the 17 cm hollow debris geometrieswever there is a 1.5K increase in the RTE of the-east
massive debris object, the 10 cm hollow case. The OAL7075_kTiO €285 Alith the conductivity afitanium,
replicates the OTitanium® RTE profile with the exception that the RTE temperatures have decreaséglby aK.
demonstrates that different materials may experience different temperature values for theistateayTE
however the size and mmof the debris object itself has little effect on the RTE of the debris object. The maximum
temperature gradient within a material simulation occurs in the OTitaniumO case and is less than 3K.



RTE wrt Size and Mass for Materials of Different Mechanical Properties (Density, Specific Heat, Conductivity) at 0.01 Tumble Rate with Absorptivity 0.44
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Figure 8.RTE of varyingmaterials fordiffering size andmassdebrisobjects

Figure 9shows the simulation results for three different debris geometries while modulatingdorptivity values

for the Al-075 material. This is done in order to investigate the effect that absorptivity and debris geometry have on
the RTE temperatureand time to reach steadyate. It can be seen that all debris geometries simulated with
absorptivityequal to 0.44 reach RTE at 248/- 1K. The same debris geometries simulated with absorptivity equal

to 1.0 reach RTE at 304K ++2K. In accordance with the findings expressedFigure 8 Figure 9also shows that

debris geometry has little effect on the variance of the RTE for a given material. Instead the RTE reached by debris
is more dependent on the absorptisibyemissivity ratio han on the debris geometryA material with a higher
absorptivityto-emissivity ratio will reach a higher RTE temperature because it is absorbing radiation at an increased
rate relative to materials with lower absorptivityemissivity ratios. Further ahais into Figure 9demonstrates

that the more massive an object is, and the lower its absorptivity value is, the longer it will take its staaly
stateRTE temperature.
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Figure 9.Time to seadystate and RTEemperature fovaryingabsorptivityvalues andlebrisgeometries

Analysis was carried out regarding the tumble rate of orbital debris and its effect on RTE temperature. These results
are shown irFigure 10.The AI7075 material was simulated for a 10 cm hollow and solid cube having absorptivity



values of 0.44 and 1 for three tumble ra®81, 0.1, and 1 rpnT.he data points shown in the top subploFa@fure

10 are broken out into the bottom three subplotshiow detail along the time and temperature axis. Regardless of
tumble rate, analysis of the top subplot of Figure R3 leads to findings that are similar to Riguref9; RTE
temperature reached and time to stestdye are dependent upon the massadusadrptivity of a certain debris object.
When analyzing thelata points representing the different tumble rateshe bottom three subplotthe RTE
temperature reached for a given simulation varies by less than 1.5K, while the time tc&tEadgriedy less than

10 seconds
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Figure 10 RTE versusumblerate forAl-7075 10 cm

The last aspect of this analysis is concerned with the temperature deviations experienced by the debris object from
one face to anotheFigure 11analyzes the RTE temperature versus time to steady state for the different faces of the
cuboid debris object. The top and middle subplotsigure 11shows the data points for three faces of the debris
geometry for all three debris geometries simted. The top subplotitilizes itanium for the simulation material with

a given absorptivity and tumble rate, while the middle subplot utiliAes0&5 for the simulation material with a

given absorptivity and tumble rat€he maximum temperature gradient between faces, 8K, occurs fitathiem
simulation for the 17 cm hollow debris geometry. All intece temperature gradients for the 2075 simulation are

less than 1K. For both materials, the iffeeze temperature gdient decreases as the faces become less thermally
independent. For fixed material specifications, the smaller and the more solid an object is, the more thermally
dependent one face will be on another, therefore decreasing théatedemperature gratit. Heatenergy will be

able to transfer more easily due to thereased amount of thermally conductive connections and decreased distance
between faces. The intéace thermal gradients will be larger for ttimnium relative to the A7075 due to the
decreased thermal conductivity of ttimnium. The three subplots on the bottom rowFa§ure 11show the RTE
temperature for an object with fixed material specifications and debris geometry for all three tumble rates.-The inter
face thermal gradient fazach tumble rate is less than 1K. These findings aresalsported byFigure 12which

shows the temperaturegth respectto time for three of the six facesf the cuboid debris objecThe disparity
between face temperaturegi®atest for the 17 cm hollowanium simulation in the top left subplot. Ase debris

object becomes srtler andmore solid(the rightmost subplots the disparity between face temperatures decreases
This transition to a morsolid object is accompaed by a decreasing thermal envelopeaddition, ashe materialOs
thermal conductivityncreass (the bottom subplojsthe disparity between face temperatures decreases as well.
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Figure 12 Temperaturgrofile by face forvaryingmaterial,size, andmassdebrisobjects
4.0 CONCLUSIONS AND FUTURE WORK

Debris objects were modeled with differing materials utilizing both real and hypothetical valubsifonaterial

and thermal properties for this investigation. Tadiance profilavas calculated for each face of the cuboid debris
object which was simulated in a polar le®arth orbit. Theradiance profilecalculated takes tn account the
radiation emittedrbm both the Sun and the Earth on the debris objéwtradianceprofiles are then subjected to

finite element analysis utilizing the specified debris geometry, resulting in temperature profiles for each face of the
object.These temperature profiles wenealyzed and the following conclusemade.

The radiative thermal equilibrium (RTE) temperature of an olgeems to be a function of material properties
solar absorptivity and emissivitgnd is independent of siZ&0 cm case versu$7 cmcasg, or mass(hollow versus
solid object¥. Larger, more massive objects will readble same RTE as less massive objects with similar properties
Howeverthe larger, more massive objeutsl take longer to reactheir RTE. More massive objects will experience
a decreased thermal envelope becahsg will heat up andool downmore slowlythan similar, less massive,
objects. Facesf a simulated cuboid debris objegppear tapproach the RTE temperature of the objemughout



simulations. TheMission, Antimission, Nrth, etc., faces all share simit@mperaturerofiles throughoutmaterial
simulationsThis may allow for certaimbjectsto be treated as a simple isothermal node having a certain orientation
and locgion. RTE temperature appears to be independent of tumble rate for our chosen rates of 1, 0.1, and 0.01 rpm.

Further work will be done incorporatiing additional debris geometries such as flat pléte®ss@and other nen
cuboid objects into thistudy. Studies will be done analyzing debris objects in a varying number-&daiv orbits.
Future analysis will be concerned with how fiiredings, conlcusions, assuptions made regarding the thermal
behavior of space debris may change due to theraforgoned vagtions of debris specifications.
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