Analysis of the temperature of a 1U CubeSat due to radiation in space
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Abstract
In the recent years, the development of CubeSats has increased in a notorious way,
involving a lot fields and starting a tendency to explore the universe throughout small
unities.
Is the objective of this paper to present the results of the thermal analysis made to a
1U CubeSat on CAD/CAE software in order to obtain the thermal response of the
structure due to radiation in space and make topological optimizations from the
results of the mentioned study. The software used was SolidWorks 2016 due to its
capacity to analyze diverse conditions in different studies; from static and dynamic
structure analysis to thermal and radiation analysis. Results show that the solutions
proposed by means of the thermal analysis do not affect other segments of the
structure.

1. INTRODUCTION

A spacecraft is generally grouped according their mass, nanosatellites are
standard platforms with a mass under 10 Kg but above 1 Kg. According to NASA
CubeSats are nanosatellites based on the form factor of a 100 x 100 x 100 mm cube.
CubeSats can be composed by one cube (a “1U” CubeSat) or several cubes
combined. In the recent years, the evident increase on the technology devoted to
launching techniques and the decrease in the price of launchings has made
universities and research centers from the entire world to take participation in the
launch of CubeSat’s for several purposes, from education to just aim scientific
participation. (Swartwout, 2014)
On that notion, the Universidad Popular Autónoma del Estado de Puebla (from
now on referred as UPAEP) has developed with the participation of students,
professors and researchers, a nano satellite devoted to the study of the active
volcano Popocatepetl, located on the state of Puebla, Mexico. The satellite will travel
along a path on the low- Earth-Orbit and will be in constant monitoring of the
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activities of the volcano. More on this subject is treated on the second topic of this
paper.
A CubeSat has become a great way to do aerospace research because of its
simplicity and its long time use capability. However, this advantages implies a lot of
variables to take under account to obtain the most benefit from them, being one of
those the temperature they must maintain. If it is considered that CubeSats contains
a lot of integrated circuits which most profitable work is developed under certain
temperature ranges and that radiation (The must source form heating in space) is a
constant factor that impacts directly on CubeSats, then is comprehensible that a
control on the temperature of all the systems is required. Of course for the control of
this variable its needed not only considerations on the structure itself or on the
components inside the nanosatellite but also on the trajectories that it will take. It is
the purpose of this paper to give a solution to the temperature problem from a
thermoelastic analysis despite of the path the satellite takes.
On the third topic contextual frame for heat transfer on spacecraft’s is discussed
and the values employed for this research are explained.
Fortunately, todays tools make possible to explore and predict the behavior of the
satellite under space conditions and merge this results with lab tests in order to
obtain the most profitable topological construction for the CubeSat. On the other
hand, the topological construction of the satellite is not the only way to control the
temperature of the structure and its components as stated above. The main subject
of the fourth chapter is the result of the analysis made to the CubeSat in order to
create a complete panorama on the thermal behavior of it.
On the last topic of this paper further work is explained and conclusions on the
behavior of the satellite are explained.

2. PURPOSE AND DESIGN OF THE CUBESAT
Even though there are several models already design as a base for a CubeSat,
UPAEP’s small satellite has a very specific purpose: to take images from the active
volcano Popocatepetl and collect data in order to prevent disasters. Therefore, the
design of the satellite must meet certain criteria, both for space and purpose. This
also has effect on the designed path plan for the satellite. In Fig.1 the model of the
satellite is shown.
2.1 Structure.
The CubeSat is constructed by a composition of 3 different modules, has a weight
of 224.75 grams, and a total containing volume of 614.25 cm3 for all the systems,
including the thermal control, the communication system among others. According to
(Chiranjeeve, Kalaichelvan and Rajadurai, 2014) aluminum 6061 T-6 alloy is a
perfect material to employ in CubeSats considering weight, strength, coefficient of
thermal expansion, manufacturability, cost criteria and availability, furthermore, this is
a material listed by the NASA as a material permitted for CubeSats.

Figure 1. Design of UPAEP’s CubeSat.
The design of the 1U CubeSat provides a great flexibility in the use of space and
load distribution. It is important because for future development there is the dynamic
use of space.

3. INPUT AND OUTPUT RADIATION ON A CUBESAT
Thermoelastic deformation is known as the interaction between thermal and
mechanical fields in elastic bodies. During the stay in a low-Earth-orbit of the
CubeSat, the range of temperatures will variate wildly, causing the materials on the
small satellite (both inside and structure component’s materials) to change its
composition and affect the behavior of the system that compound. If the main topic of
analysis is the structure of the CubeSat as stated in the introduction it is very
important to consider expansion and contractions of the structure itself due to the
variation of the temperature.
Several metal composites suffer a severe deformation when exposed to
temperature changes, and since the CubeSat is not a solid continuous element but
an structure composed by several parts (from CubeSat modules to fasteners), all the
different materials and parts will expand or contract on their own way. Taking into
consideration that the expansion of numerous parts will be constrained, this will result
in thermal stress. It is crucial to consider that not only thermal variation affect the
components of the CubeSat, different materials under uniform temperature
experience thermal stress as a result of physical boundaries.

The temperature on the CubeSat will be determinate by the balance between the
winning of heat and losing of it, on that sense, it is not only important to prevent the
structure to be overheated or cooled but also to be able to scatter the radiation as fast
as possible without compromise the structure of the composition. Even though there are
many ways in which heat can be transferred, the only way of heat interaction among
the nanosatellite and the space environment is the radiation.
Radiation can have plenty of sources deep into space, but since this CubeSat in
particular will have a path around the low Earth orbit, the sources of radiation will be:
 Direct solar radiation.
 Albedo radiation (Solar radiation reflected by other bodies).
 Direct space bodies radiation.
 From the CubeSat to the
space. As depicted in the Fig. 2

Figure 2. Sources of radiation affecting the spacecraft. Peter Fortescue, John Stark
and Graham Swinerd (Editors). 2011. Spacecraft systems engineering. Wiley
Editions.
The temperature of the CubeSat will be in balance as the sum of the first 3
sources is equivalent to the fourth source if that’s not possible, the radiation will
appear in form of heat in the structure and the components of the satellite.
In order to obtain the direct solar radiation the Eq. (1) is used:

𝐽𝑆 =

𝑃

(1)
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Where P is the power output of the sun when the object that receive the
radiation (In this case the satellite) is situated 1 AU away from the sun. The power
output then is equivalent to 3.856x1026 Watts. With this result, the solar radiation
reach a total of 1371±5 W/m2.

As for the albedo radiation, it is important to consider that the CubeSat will be
only travelling around the earth in its low-orbit; therefore, the albedo radiation for the
small satellite will be provided only by the Moon and the Earth’s surface/atmosphere in a
given moment where the satellite receive the radiation from the 3 bodies (Earth, Moon
and Sun).The albedo radiation is given by the Eq. (2) and depends on the properties
of the atmosphere and/or the surface of the planet or body where the radiation is
reflected, a visibility factor and the planetary albedo, that is, the percentage of the
solar radiation reflected on the space body, for the Earth, it can reach a maximum
value of 80% and a minimum value of 5% depending on the characteristic of the part
of the atmosphere where the radiation is reflected. Opportunely, there is the chance to
consider the Earth albedo in the range of 31-39% since the changes occur rapidly in
reference to the satellite inertia. The other aspect that affect the albedo radiation is the
visibility factor, this factor depends on the spacecraft altitude and the angle β between
the local vertical and the Sun’s rays as seen in Fig.3.

Figure 3. Visibility Factor depending on the angle β and the altitude of the spacecraft.
Peter Fortescue, John Stark and Graham Swinerd (Editors). 2011.
Spacecraft systems engineering. Wiley Editions.
Fortunately, and according to the data on the Fig. 2, it’s easy to disregard the
radiation reflected on the moon since the correspondent visibility factor would be
approximately 10-3 and the lunar albedo would round the 5%, so the radiation emitted
according to Eq. (2) would be 0,00005 times solar radiation.

𝐽𝑎 = 𝐽𝑠𝐹𝑎

(2)

For the Earth albedo radiation, tree scenarios were considered, the one that take
place when the spacecraft is located directly between the Earth and the Sun, and the
angle β is 0°, the one where the satellite is “behind” the Earth and the angle β is
180°, and the one where the angle β is 90°. If this is considered with an altitude of
5x102 km (Low Earth orbit), then the visibility factor will result in 1, 10 -1 and 10-4
respectively. The Earth albedo percentage will be 35%. With that data the Earth
albedo radiation reach a value of 479.85 ± 1.75 W/m2, 47.98 W/m2 and 0.047985
W/m2 respectively.

In order to proceed with the simulation, the only value of radiation needed now is the
radiation provided by the Earth itself. Since the temperature of the Earth is relatively
low, the Earth detach heat at infrared wavelength with a peak of 10 µm. If the Earth is
consider as a black body and radiates at a constant factor of 237 W/m2 then the
radiation that impacts on the satellite depends only on the altitude of the spacecraft
when orbiting the Earth, obtaining then the Eq. (3):

𝐽𝑃 = 237 (

𝑅𝑟𝑎𝑑
𝑅𝑜𝑟𝑏𝑖𝑡

)

2

(3)

Where Rrad is the radius of the Earth and Rorbit is the radius of the orbit the
spacecraft has. Obtaining then an Earth radiation of 203.76 W/m 2.
And finally, for the radiation that the CubeSat let out, it is essential to consider the
structure as a black body given that for the simplicity of the study, the CubeSat is
considered as constructed under ideal conditions and therefore, is radiating in
wavelengths equals to the ones that the Earth radiates. An emissivity of 1 is
contemplated and a view factor of 0.5 in order to create the ideal black body radiation
for the CubeSat.
4. THERMOELASTIC DEFORMATION RESULTS
One of the earliest decision as the project began in the university, was the
selection of the software to use. The software selected was SolidWorks 2016 due to
its capacity to aboard several stages of the design, from the CAD design of the
CubeSat itself to the analysis of the diverse types of studies intended to implement,
from static to dynamic structure analysis, including the thermal and radiation analysis
by the method of the finite elements. One important characteristic of the software is
its capability to gamble with the pre-process of the FEM study.

Figure 4. Temperature of the CubeSat when located
between the Earth and the Sun.

Even though there has been several studies performed on the structure of the
CubeSat such as linear static structure, dynamic, flow, fatigue and dropping studies, the
one relevant for this paper is the thermal study and the static structure study with
external thermal loads. For the first thermal study, the most dangerous scenario was
considerate, the one in where the CubeSat is located between the Sun and the Earth,
creating a 0° angle for the albedo radiation. The next thermal loads have been applied:





Solar radiation flux: 1371 W/m2
Earth albedo radiation flux: 480 W/m2
Earth radiation flux: 204 W/m2
Radiation from the CubeSat to the space: Variable.

The first important result is the temperature the CubeSat will reach when located
between the Earth and the Sun. As it is seen in Fig. 4, the maximum temperature the
CubeSat will reach round the 120 C°, and the minimum round the 110 C°. For the
study configuration, the transient state response was employed, as the position of the
CubeSat will not be hold at any time and the transient state response will be the one
that provide us the information needed.
There is, although, a second position that is crucial to consider to have a proper
panorama of the trajectory. In this second position, the CubeSat will be located
“behind” the Earth and away from the radiation emitted by the Sun, with an albedo
incident angle β of 180°.

Figure 5. Temperature of the CubeSat when β is 180°.

The changes on the thermal loads are stated below.




Earth albedo radiation flux: 0.048 W/m2
Earth radiation flux: 204 W/m2
Radiation from the CubeSat to the space: Variable

In Fig. 5 the resulted temperatures can be observed. It is important to notice that
the maximum and minimum temperatures don’t have a big change between each
other, but in comparison with the result of the first study, there is a present change of
80 C°. This change is relatively fast if there is the consideration that the CubeSat will
be surrounding the Earth approximately every 90 minutes, it means, from one point to
the other there are 20-25 minutes, in which the satellite will be changing constantly
its temperature.
As for the other important results, the static structure analysis with external
thermal loads must be made. As in the last part, there will be taking in account 2
scenarios, the one with the maximum solar radiation, and the one with the minimum
solar radiation. The results of these studies are stated below, in Figures 6 and 7.
In Fig. 6 and 7 it is important to realize that even though temperature only
changes from 30 to 110 degrees; the stress caused by thermal changes makes a huge
difference when translated to thermal stress. The difference from 968 MPa to 107 MPa
is important in the way that contraction and expansion of material merged with stress
from thermal loads can represent fatigue to the structure, and the fact that 6061 T6
aluminum alloy has an elastic module of 307 MPa brings a problem that must be
solved by thermal control of the structure, since in every other way, the material is
useful for the purposes of the small satellite.

Figure 6. Result of the static structure study when β is 0°.

Figure 7. Result of the static structure study when β is 180°.
5. CONCLUSIONS AND FUTURE WORK
One of the first steps for further development, is to support the studies already
made. Current work is being done with COMSOL so that the results obtained with
SolidWorks 2016 could be sustained. After that, laboratory tests must be made in
order to back up the results from the software and merge the lab tests results with
the CAE results.
Finally, from this research one conclusion emerge rapidly. Thermal analysis is
one of the most important analysis that can be made to a spacecraft. The 6061 T6
aluminum alloy has been chosen due to its mechanic characteristics, and after
several static and dynamic studies without the consideration of thermal loads it
seems to be a perfect choice. After the thermal study it can be seen that it has a
slight deficiency; fortunately, it can be regulated with the help of active thermal control
electronics and other adjuncts, from thermal clothes to opaque surfaces that can
deviate the effect of absorb radiation.
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