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ABSTRACT 
 
 

The aim of this capstone is to create a model for the nanosatellite under development by 

Pr Rachidi’s team, and accurately simulate the heat flow in it in order to predict its 

response to orbital conditions. To do so, the first step consists in creating a CAD 

(Computer Aided Design) model of the nanosattellite using Solidworks. The nanosatellite 

Bill of Material is used to generate a realistic model of  the nanosatellite with its parts, 

including the frame and the different onboard electronic cards.  Next, the heat flows in 

flight conditions are modeled and integrated taking into account the sun, the reflection 

from earth (Albedo), and the heat generated by the  Electric PowerSystem (EPS) and the 

circuitry in active elements. Satellite’s orbital parameters including revolution,sun eclipse 

periods are calculated and injected into the models. The model is discretized and realistic 

boundary conditions are specified on different parts of the geometry including sun’s heat 

and heat due to electronic cards. 

Following that, we use finite element analysis in order to conduct a heat analysis of the 

satellite in various orbital conditions. The simulations are finally conducted  using Ansys 

software and the results indicate that the satellite is not prone to overheating, which means 

that the current design with the specific materials and electronic arrangement is safe for 

the orbital parameters (altitude, elevation etc.) that have been predefined. Future directions 

for work include  doing a multi-physics simulation including the mechanical/fatigue 

aspect and electromagnetic interferences that could play an important role.
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1 INTRODUCTION 
 
 

Nanosatellites especially CubeSats are an emerging trend for university research and various 

other small missions in which a fully functional satellite is greatly reduced in dimensions. The 

idea of a small satellite, with all its subsystems implemented, first resulted as a pedagogical 

tool in universities. The concept however proved to be promising for many commercial and 

non-commercial applications like astrophysics, heliophysics and intelligence services. 

Examples of missions conducted through nanosatellites include the BRITE constellation 

mission. A constellation refers to a fleet of nanosatellites that in the latter mission perform 

photometric measurements of stars [1]. The mission design requires careful testing and 

engineering calculations so that anomalies or unexpected failures are avoided. An example of 

a disastrous failure is the space shuttle Challenger. The latter broke apart a short time after 

launch because an O-Ring has failed in cold conditions. Many lives could have been saved if 

every component were simulated and tested in different conditions [2]. 

As computing technology evolved very quickly over time, fast and performing computers 

became an everyday life commodity. It is nowadays possible to solve big computational 

models on laptops in a reasonable time. This exponential growth has allowed scientists and 

engineers to venture more into using numerical techniques in order to solve engineering 

problems. Computational methods are used across scientific disciplines because more often 

than not engineers are faced with sets of partial differential equations that are formulations of 

physical laws, which have no analytical solutions. The Finite Element Method (FEM) is one 

of the numerical techniques that work by approximating the continuous domain by a 

discretized set of elements. Multiple physical phenomena could be simulated using FEM 

among which heat transfer, which is of interest to us in this work. Heat transfer equations are 

solved for each element in order to get the final post-processed result of temperature 

distributions and heat flux. It is important to conduct a heat analysis of the satellite because 
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due to exposure to solar radiation, power of electronic components and Earth radiation there is 

a danger of overheating which could prevent the payload from operating. 

 

2 BACKGROUND 

2.1    Nanosatellites 

2.1.1 Definition 

 
A nanosatellite is an artifical satellite that is designed to have a wet mass ranging between 1 

and 10 kilograms [3]. The term wet mass refers to how much more massive the satellite is 

with fuel as opposed to without it [4]. Nanosatellites are much cheaper and easier to 

implement due to their standardized design. 

 
            Figure 1 : Different CubeSat Frame Sizes 

 

In Figure 1, you could find the CubeSat designs. CubeSats are special classes of nanosatellites 

that were developed by Puig-Suari and Twiggs in 1999 as standard designs [5]. A satellite of 

size 1U refers to a cube of the size 10cm*10cm*10cm. Note that the green cards refer to 

electronic boards containing all the relevant systems such as positioning, motherboard, 

communication unit, scientific payload etc. Poghosyan et al. argue that the trend in future 

developments of CubeSats will be focusing on 6U and larger structures because of their 

capacity to carry scientific instruments [6]. 
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2.1.2 CubeSat Components 
 

A CubeSat integrates all the subsystems necessary for a successful space mission in a 

miniature setting. With the frame as a skeleton, different electronic cards are stacked and each 

one has a specific function to serve the overall purpose of carrying the payload. Figure 2 

below is an exploded system view of a representative CubeSat:  

 

 
Figure 2 : CubeSat Components 

 

The different components pointed out in Figure 2 are: 

 Payload: The payload consists of the instruments necessary for performing the main 

mission of the satellite. It could contain sensors or cameras etc. 

 ADCS: It stands for “The Attitude Determination and Control System”. This module is 

responsible for orienting the CubeSat in 3D. 

 OBC: The On-Board Computer is the digital logic unit of the satellite. It is connected to 

all inputs/outputs of the satellite and it coordinates between them.  
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 TTC&M: It stands for the communication system and it is used to give feedback and 

receive commands from ground control as well as coordinate with other CubeSats if 

necessary. 

 EPS: The Electric Power System is responsible for storing electrical energy for use by the 

CubeSat. It simply consists of a set of batteries. 

 Solar Panels: The solar panels use photovoltaic cells to convert solar energy to electrical 

energy. The latter are connected to the battery in order to charge them. 

 Antenna: The antenna conveys information to the control base through electromagnetic 

radiation. 

2.1.3 NanoSatellite Statistics 
 

 Many companies, about 200, like AAC Microtec, Gumspace or Pumpkin provide ready to 

mount kits. Most nanosatellites launched so far are 3U (52.8%) followed by 1U (15.8%) [7]. 

The detailed outline of the nanosatellite’s components could be found in section 4 of this 

report. The physicist and nanosatellite specialist Kulu has also compiled a database that we 

will use for some statistical figures [7]. The nation with the highest number of nanosatellites 

launched is the US (67.5%) followed by Europe with a percentage of 15.7%. 
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                    Figure 3 : Status of launched nanosatellites 

 

Figure 3 is a histogram displaying the status by 19 January 2017 of 576 nanosatellites. Not 

operational nanosatellites refer to satellites that have finished their mission and do not 

communicate any relevant data anymore. Also Note that ISS refers to the international space 

station. 

2.1.4 NanoSatellite Missions  
 

Nanosatellites are very useful in many types of missions. For instance, in the Nasa CPOD 

(CubeSat Proximity Operations Demonstration) mission two 3U CubeSats will be docked 

together as a test for precision flight [8].  This project is finnanced by Nasa’s small spacecraft 

technology program. The latter mission has as an objective to  test the reliability of current 

technology for exploring asteroids. Using CubeSats was a natural choice because of its 

significantly reduced cost and quick deployability. Other applications include using 

nanosatellites for checking other spacecraft like bigger satellites or space stations. 
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              Figure 4 : CPOD Docking Operation Artist Depiction 

 

Another Nasa mission that will make use of a CubeSat is Near Earth Asteroid Scout 

(NEAScout) [9]. This mission, which launch is planned by 2018, makes use of a 6U CubeSat 

in order to map the surface of an asteroid. Figure 5 displays a concept image of NEAScout 

mission. This satellite, which may weigh about 14 kg and equipped with a multiple spectra 

camera, will increase our knowledge about asteroids and help us plan future potential human 

missions with less risk. 

 

            Figure 5 : Concept Image of NEAScout Mission 

 

2.1.5  Launch and Deployment of Nanosatellites  
 

Most nanosatellites are either sent as cargo to the ISS or sent as secondary payload with a 

bigger mission. Figure 6 is a picture of the deployment of three CubeSats from the ISS. The 

standardization of CubeSat designs makes it possible to keep the same deployment techniques 
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regardless of the manufacturer [6]. When the satellite is sent as secondary payload, it could 

either be piggybacking which refers to placing nanosatellites in extra space of larger launches; 

or sharing the main volume from the design stage.  The secondary payload approach has many 

drawbacks such as absence of choice concerning the flight schedule or even paths taken which 

could place strong limitations on the nanosatellite mission [10].  

 

There are however new vehicles being developped to transport nanosatellites only. The 

succesful implementation of this new technology could make launching nanosatellites much 

cheaper. The current cost is about USD 100,000$ for launch. An example is Virgin Galactic 

LauncherOne. 

 

               Figure 6 : Deployment of 3 CubeSats from the ISS 

 

2.2 Modeling and Simulation of heat transfer within a Cubesat using the Finite Element 

Method 

 

2.2.1 Basics of Heat Transfer 

 

In general, there are three main heat transfer paths, namely: Convection, Conduction and 

Radiation.  
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2.2.1.1 Convection 

Convection requires fluid or gas current to form. This isn't the case here because it is very 

close to vacuum out there (i.e no gazes). Typically, convection would occur in the case of 

currents formed by gases warming up and rising due to increased temperature and then sink 

down again. 

2.2.1.2 Conduction 

Conduction refers to the transfer of energy through interactions of molecules that include 

vibrations, translations and rotation. The measure that is used to quantify conduction is 

thermal conductivity. “The  higher  the density of  the material,  the more conductive  it is” 

[11].  Fourier’s law (eq 1) is used to compute thermal conductivity : 

 

Where: 
𝑞𝑥 =  −𝑘 ×

𝑑𝑇

𝑑𝑥
 (1) 

:  
qx : Heat Flux in x direction 

 

k : Thermal Conductivity 
𝑑𝑇

𝑑𝑥
∶ 

Temperature gradient along x 

A more accurate conduction equation for thermal conductivity over time in 3D space is given 

by :  

                                            
𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
) = 𝜌𝑐

𝜕𝑇

𝜕𝑡
                           (2) 

where 𝑘𝑥, 𝑘𝑦, 𝑘𝑧 are the conductivities in the x,y and z directions respectively, 𝜌 is the density 

c is the specific heat for the material and T the Temperature. 

2.2.1.3 Radiation 
 

Radiation refers to the transfer of thermal energy through electromagnetic radiation. It could 

occur in vacuum. The equation that I used to compute amount of heat radiated is the Stefan-

Boltzmann law (eq 3) : 

: 
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Objects that ideally follow this law are called black bodies. For the same geometric shape, 

darker colors will absorb more heat and the amount of energy radiated is related to 

temperature and surface area only. As an example, Star’s colors are due to their temperature 

and the wavelength emitted is derived from Stefan-Boltzmann law combined with others. 

Solving for temperature, we obtain : 

                                                                 𝑇 =  √
𝑆𝑟𝑎𝑑

𝜎 ∗ 𝜀

4

                                                                         (4) 

Such that 𝑆𝑟𝑎𝑑 =  
𝑃𝑟𝑎𝑑

𝐴
 

2.2.2 Finite Element Analysis 
 

The finite element method (FEM) is a mathematical technique used to approximate the 

solutions of systems of partial differential equations (PDE). Most engineering calculations are 

done on realistic complex geometries and involved boundary conditions, this often leads to 

PDE's that don't have an analytical solution. Numerical techniques are therefore the approach 

to solve the problems and FEM is one of the most widely used both in industry and research. 

FEM has a strong theoretical background and has a clear practical methodology to use that 

yields, if correctly used, very accurate results. FEM uses principles from variational calculus 

and techniques from linear algebra to solve large systems of equations. The studied system is 

decomposed into discrete "elements" and equivalent algebraic equations are solved for every 

element.  The process of discretizing the geometry is referred to as meshing and the resulting 

               𝑃𝑟𝑎𝑑 =  𝜀 ∗ 𝜎 ∗ 𝑇4 ∗ 𝐴                                                  (3) 

              𝜀 ∶ 𝑒𝑚𝑠𝑠𝑖𝑣𝑖𝑡𝑦 (𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0 𝑎𝑛𝑑 1) 

              𝜎 ∶ 𝑆𝑡𝑒𝑓𝑎𝑛 − 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 5.67 ∗ 10−8[
𝑊

𝑚2∗𝐾4
] 

              𝑇 ∶ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [𝐾] 

              𝐴 ∶ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 [𝑚2] 
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set of elements a mesh. The higher the number of elements the closer the approximation is to 

the continuum case which results in more reliable values. However, increasing the number of 

elements is limited by computational power and time required to run the calculation. As a 

consequence, whenever performing a FEM analysis one should use common engineering 

practices and a reasonable level of accuracy to address the problem at hand. 

2.2.2.1 Example of Analysis 
 

 

Figure 7 : FEM Step 

Figure 7 illustrates the basic steps in the application of FEM in a fan. The leftmost part of the 

figure shows the 3D CAD geometry of the fan which is necessary for the next steps. The 

middle part of the figure shows an example of a possible mesh of the fan. Note how the mesh 

is refined close to boundaries and regions of quick geometrical change. Generating a mesh is 

one of the most critical steps in FEM for obtaining reasonable results. Many types of ,2D and 

3D, elements can be used.  Figure 8 illustrates some mesh elements. The type of elements 

chosen depend on the type of geometry and the nature of the analysis. Each element has an 

ideal shape and due to complex geometries the element has to be deformed so that it fits. This 

is referred to as mesh skewness and the bigger it is the less accurate approximations are. 

Increasing the number of elements solve the issue of overly skewed elements. 
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Figure 8 : 2D and 3D Mesh Elements 

 

Still referring to Figure 7, the rightmost part illustrates color coded results of the simulation 

results. In this case, the speed of flow relative to the speed of sound are plotted. All kinds of 

results could be extracted in the post processing phase such as surface pressure, velocity 

streamlines etc. A detailed analysis of the physical phenomenon studied could be performed. 

In this case, characteristics of the flow around the fan could be analyzed by placing probes at 

any point or surface in the 3D geometry. 

2.2.2.2 Software Used   

There are many commercial softwares and codes that provide nice user interfaces and 

optimized algorithms in order to conduct FEM calculations in all their stages; examples 

include Comsol, Ansys, Solidworks etc. In our work we are using the multi-physics and multi-

body simulation package Ansys.  

3 LITERATURE REVIEW 
 

 Nut et al. performed a mechanical and heat transfer simulation to explore the response 

of the CubeSat during launch and orbit conditions [13]. Different factors were extracted from 

the results post-processing such as the safety factor, internal available space etc. One of the 
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interesting ideas that we got inspired from in our project is the effect of the battery discharge 

rate. That is, different operation modes use different power consumptions which correspond to 

different battery discharge rates. They deduced that the longer it takes for the battery to 

discharge, the lower the temperatures [12]. In Dinh's master thesis, he performed numerical 

calculations of the thermal response in steady state .Both internal and external analysis were 

performed. The internal analysis was performed through using the software Ansys IcePack 

which allows fordrawing 2D circuits and simulate the heat propagation. The obtained results 

indicated that all the electronic components were operating within safe temperature limits. In 

what concerns the external analysis, the CubeSat was approximated as a solid cube on which 

various heat fluxes were applied such as the solar radiation and albedo [13]. Athrirah et Al. 

have performed both and "stress and thermal analysis of CubeSat structure". Athirah et al. 

focus on the battery discharge rates for the thermal analysis. Different time periods were 

simulated and the results critically depended on the time interval the battery takes to discharge 

when not under direct sunlight [12]. The results indicated that a battery discharge time of 

more than one hour could cause failure of the components due to very cold temperatures. 

Therefore the use of a heater inside the CubeSat was recommended.  Chan et al. have also 

used the software Ansys in order to perform a "transient heat transfer analysis on a a satellite 

in an orbit" [14]. Different orbit conditions were simulated including sun oriented and earth 

Figure 9 : Simplified Satellite Structure Analyzed in the Literature 
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oriented different vector alignment arrangements. Nevertheless, the CAD geometry is also 

oversimplified as a mere cube.  Figure 9 represents the satellite structure analyzed in the 

mentioned papers and reports. A parametric analysis was performed comparing different shell 

thicknesses, emissivities and materials of the frame. The obtained results were close to what is 

found in literature which justifies our use of Ansys in this project. 

Contrary to [13]and [14] which used oversimplified structures, we  will conduct  external 

simulations that are much more detailed and accurate. The complexity we'll deal with is the 

use of the realistic geometry obtained from the BOM. Issues we'll have to tackle include 

properly modeling contact regions and designing a mesh that captures all the important 

features which were not present in the cited previous works. 

4 METHODOLOGY 
 

The work process will consist of several steps each with its challenges. Figure 10 below 

depicts the process flow : 

 

Figure 10 : Diagram of FEM Methodology  

4.1 CAD modelling of CubeSat and Materials 
 

4.1.1 Geometry Specifications and Properties 

 

We have created a 3D CAD geometry of a 1U satellite skeletonized frame from Gumspace 

using the software Solidworks. 20 bodies were implemented in the model including the frame 

and supports,cards and their electronics.  

CAD 
Modelling and 

Materials

Models and 
Boundary 
Conditions

Model 
Discretization

Simulation 
Parameters
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Figure 11 : CubeSat CAD Model, outside view 

 
 

Figure 11 shows the 3D model of the CubeSat used. The six sides of the frame are covered by 

solar panels represented in blue. We have opted for simple rectangular prisms for the solar 

panels in order to simplify the geometry and make the simulation possible within our limited 

computing resources and time. The frame is a single component and it has the standard 1U 

dimensions which are : 10cm*10cm*10cm. The computed volume of the satellite's 

components using Ansys is 2.45 ∗ 10−4𝑚3 and the mass is 0.587 Kg. Figure 12 displays the 

satellite without the solar panels.  

 

Figure 12 : CubeSat without the Solar Panels 
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Figure 13 : Model of Electronic Cards 

Furthermore, you can find the CAD design of the electronic cards inside the CubeSat in 

Figure 13. The top card contains the onboard computer and potentially a payload, whereas the 

second card holds the communications unit and the last one contains the battery. There were 

13 contact regions. 6 of them bond the panels to the frame, 3 the electronic cards to the frame 

and the rest for the individual components to the electronic cards. The design was performed 

with care in order to properly mate the different parts of the assembly and avoid any overlap 

or gap. 

4.1.2 Material Specification and Properties 
 

An important specification for the successful conduction of the heat simulation is the 

CubeSat’s materials. The following data is provided by the manufacturer of the kit [15] :  

Table 1 : Materials used in CubeSat 

Component Material Composition 

1U Frame (Primary structure) and base 

plates 

5052-H32 sheet aluminum 

Printed circuit boards (PCBs) and electronic 

components including the solar panels 

FR4 

The relevant material properties that we set in our simulator are presented in Table 2  

(Taken from [16]): 
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Table 2 : Physical Properties of CubeSat Materials 

Material Density (Kg/L) Specific Heat 

Capacity(J/g-°C) 

Thermal 

Conductivity(W/m-

K) 

Emissivity 

5052-H32 

Aluminum 

2.68 0.88 138 0.4 

FR4 1.9 0.29 0.6 0.9 

 

4.2 Models and Boundary Conditions 

4.2.1 Orbital mechanics 

 

One should note that the satellite we're building doesn't contain an active altitude control 

system. Only a passive altitude control system is used, and it consists of neither moving parts 

nor components that consume any significant amount of energy. The CubeSat will be aligned 

with Earth's magnetic field. That implies that the satellite will be randomly rotating in space. 

We assume that the speed of rotation is on average constant therefore the fluxes on each side 

average to a constant value too. Therefore it is a reasonable approximation to apply fluxes on 

fixed faces for a first calculation. According to the Australian center for space engineering 

research, a height of 450Km for the CubeSat is not enough for a 2 year mission because of 

gradual height loss. However, a height of 850km is too much because the satellite will stay for 

more than 25 years which is against space debris regulations. For our purposes, we will pick a 

height of 600 km to do the simulations. Therefore : 

ℎ = 600 𝑘𝑚 

Considering the radius of the earth to be : 

𝑅𝑒𝑎𝑟𝑡ℎ = 6378 𝑘𝑚 

So it follows that the orbit’s semi major axis is : 

𝑎 = ℎ +  𝑅𝑒𝑎𝑟𝑡ℎ = 6978 𝑘𝑚 
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The standard gravitational parameter is defined as the product of a body’s mass M and it’s 

gravitational constant G:  

𝜇 = 𝐺𝑀 

For earth, the computed value is : 

𝜇𝑒𝑎𝑟𝑡ℎ = 3.986 ∗  105
𝑘𝑚3

𝑠2
 

Following methodology layed out in Dinh’s master thesis [13], the period of revolution is : 

𝑃 = 2𝜋√
𝑎3

𝜇𝑒𝑎𝑟𝑡ℎ
= 2𝜋√

69783

3.986 ∗ 105
= 5801 𝑠𝑒𝑐 

The velocity is : 

𝑣 =  √
𝜇𝑒𝑎𝑟𝑡ℎ

𝑎
=  √

3.986 ∗ 105

6978
= 7.56 

𝑘𝑚

𝑠
 

So the number of revolutions per day is : 

𝑛 =  
86400

𝑃
= 14.9 

𝑟𝑒𝑣

𝑑𝑎𝑦
 

In order to estimate the time in sunlight (TS) and maximum time of eclipse (TE), we first need 

to estimate the angular radius at mission altitude:  

𝜌 =  sin−1 (
𝑅𝑒𝑎𝑟𝑡ℎ

𝑅𝑒𝑎𝑟𝑡ℎ + ℎ
) =  sin−1 (

6378

6378 + 600
) = 66° 

𝑇𝐸 =  
2𝜌

360°
∗ 𝑃 =

2 ∗ 66

360
∗ 5801 = 2127 𝑠𝑒𝑐 

𝑇𝑆 = 𝑃 − 𝑇𝐸 = 5801 − 2127 = 3674 𝑠𝑒𝑐 

Figure 14 illustrates the actual transient heat fluxes. The time of sunlight will affect the 

settings of the transient simulation boundary conditions.  
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Figure 14 : Solar Flux Radiation Conditions 
 

4.2.2 External and Internal Heat Loads 
 

It is very important to set realistic boundary conditions so that the model is realistic. Figure 15 

below highlights the main sources of heat a low earth orbit satellite is subjected to [17]. 

Namely : 

  Direct Solar Input : 1358 ± 5 
𝑊

𝑚2 

  Albedo: 406 
𝑊

𝑚2 

  Earth Infrared Energy : 237 
𝑊

𝑚2
 

 
 

 

Figure 15 : Low Earth Orbit Heat Fluxes 
 

Time (s) 

Heat Flux 
(W/m^2) 
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Note that albedo refers to the reflectivity of the surface of the earth, it depends on the color of 

the geographical location the satellite is on and we have taken an average.  On the other hand, 

the Earth emits infrared energy because it is hot. It could be attributed to black body radiation 

corresponding to a temperature of 255K.  

 

 

Figure 16 : Heat Flux Sources for a CubeSat in Orbit 
Other boundary conditions include the outside temperature and pressure which are : 

 Temperature = 2.7 K 

 Pressure = vacuum 

Figure 16 is another version of the figure before but specifically for a CubeSat. We will use 

the latter figure in order to define the loading scenarios we'll simulate which are 2 cases : 

4.2.2.1 Medium Case Scenario  
 

When the satellite is exposed to the sun, 3 of the sides are under direct solar illumination. So 

we divide the flux over three and attribute it to three outside faces of the frame. The same 

procedure is performed for other heat fluxes. Please refer to Table 3 for the computed values. 
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Table 3 : Heat Fluxes on Outside Faces of the Satellite 

Heat Flux Source Magnitude (W/m^2) Number of Faces 

Applied on 

Resulting 

Magnitude 

(W/m^2) 

Direct Solar Radiation 1358 3 452 

Albedo 406 2 203 

Earth Infrared  237 2 118 

 

Concerning the heat generated by the electronic components, we have consulted the technical 

datasheets of the Onboard computer, Communications system and Power system. We have 

considered the maximum power case in order to be safe against overheating of the satellite. 

Ansys doesn't take directly the power output but rather the internal heat generation of the 

bodies. Table 4 summarizes the calculations performed to obtain the values used in our work. 

Since there is no air, there is only radiation besides conduction. Therefore we set all the faces 

of the satellite to be radiating to an ambient temperature of 2.2K. 

Table 4 :  Internal Heat Generation Calculations for the Medium Case Scenario 

Electronic Card Max Power (W) Volume (m^3) Internal Heat 

Generation 

(W/m^3) 

On Board Computer 15 2.64 ∗ 10−5 567375 

Communications 

Unit 

1 2.61 ∗ 10−5 38185 

Power System 15 1.94∗ 10−5 773594 

 

4.2.2.2 Extreme Case Scenario 
 



27 
 

The extreme case scenario corresponds to the situation when one of the sides is receiving the 

full direct solar radiation and another side of the frame facing the Earth gets the full heat flux 

of the albedo and Earth infrared Energy. We consider this case in order to make sure that the 

CubeSat design is safe from a thermal point of view. Therefore we apply a heat flux of 1358 

W/m^2 on one of the sides and 406+237 W/m^2 on an adjacent side. Concerning the 

electronics, the case which could generate the  highest temperature is when the heat 

generation is concentrated in one electronic component. 

Table 5 :   Internal Heat Generation Calculations for the Extreme Scenario 

Electronic Card Max Power (W) Volume (m^3) Internal Heat 

Generation 

(W/m^3) 

On Board Computer 15 6.23 ∗ 10−6 2405773 

Communications 

Unit 

1 1.47 ∗ 10−5 67613 

Power System 15 8 ∗ 10−6 1875000 

 

4.3 Model Discretization  

4.3.1 General Mesh Features 

 

One of the most crucial steps in FEM methodology is the generation of a good mesh. As 

mentionned before, if the mesh is flawed it's a direct misrepresentation of the problem 

therefore the results wouldn't be reliable. We make use of automatic meshing algorithms 

provided by Ansys Mechanical. However, we carefully set the parameters so as to produce a 

mesh that properly models the heat transfer analysis in the CubeSat. In fact, we set the physics 

preference of the mesh to mechanical and the element shapes to tetrahedrons in complex areas 

to fit the geometry. Whereas the rectangular prisms which represent solar panels, electronic 
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cards and other components were discretized using quadrilateral elements. We have also set 

the relevance and smoothing to high and transition to slow which corresponds to a fine mesh 

throughout the body. Finally we specified for the program that the mesh should be refined 

adjacent to geometrical areas with high curvature. It is common practice to refine the mesh 

close to geometrical complexities because physical phenomena tend to occur in those regions 

and we need to fully capture their effect.  

4.3.2 Statistics and Quality of Mesh Used 
 

The number of elements is 164443 and the number of nodes 308851. Figure 17,18 and 19 

show the mesh used.  

 

Figure 17: Mesh of Frame and Solar Panels 
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Figure 18 : Top View of Electronic On Board Computer Mesh 

 

Figure 19 : Mesh of the CubeSat's Electronic Cards 
 
 
 
 

We have used the orthogonal quality metric in order to assess the quality of the mesh. The 

closer this metric is to one, the better the mesh. As can be noticed from Figure 20, The 

majority of elements are close to 1.  
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4.4 Simulation Parameters 
 

We have picked the transient thermal analysis system in Ansys workbench. All the substeps 

were performed including specifying the geometry, setting  up the model with creating the 

mesh and the steps left are the results and post-processing. 

Table 6 : Simulation Time Comparison between normal mesh and refined one 

Number of 

elements 

Time Elapsed for Mesh Generation 

(sec) 

Time elapsed for simulation 

(min) 

160000 95 85 

2000000 21600 1140 

 

Due to the large amount of time taken to get the results and the potential of errors that could 

take a long time to be discovered,we opted for the model with the smaller number of 

elements. In the mesh of the electronic cards,160000 elements corresponds to about an 

element per mm on edges which is a reasonable discretization. 

 

From the results obtained in section 4.2.1, the satellite is under direct sunshine during 63% of 

its period. We scale down the period to 10 seconds due to limited memory and computational 

Figure 20 : Orthogonal Quality Metric 
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power. Considering this new period, the satellite is under direct sunshine for 6 seconds and 

eclipsed for 4. Figure 21 shows the implementation of the results of our calculations in the 

parameters of the transient simulation. 

 

 

Figure 21 : Time Variation of Direct Solar Radiation and Albedo 
 

The version of Ansys we have used is Academic 14.5. The license is for research and can 

support huge models. We ran the simulation using a computer that has the following 

characteristics :  

 500 GB of hard disk 

 

 4 GB of RAM  

 

 i3 intel processor  

 

 Windows 7 Operating system 

 

In order to maximize the efficiency of the calculation, we set the simulation to run on 2 

parallel processors. Additionally, we allowed Ansys to use the graphic card in order to handle 

part of the calculation. The computer was running full-time on Ansys therefore we ended all 

the other processes that consume RAM. While the simulation is running, 95% of RAM was in 

Heat Flux 
(W/m^2) 

Time (s) 
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usage and close to 70% of the CPU. We noticed that a big amount of RAM was used when 

setting the mathematical model by the software whereas more CPU power is used when 

solving the systems of equations. 

5 RESULTS AND DISCUSSION 
 

One of the main advantages of FEM analysis is the ability to visualize the results in clear 

ways on the 3D model itself. We use a color-coding scheme to plot the temperature and 

directional heat flux on multiple bodies. The results are following displayed in different 

angles and perspectives so that aspects of the results could be emphasized. We also place 

probes on different bodies to trace temperature and/or heat flux change over time. In order to 

avoid overheating, the components shouldn't be out of the range specified in Table 7 (from 

[15] : 

Table 7 : Range of Temperature of Components 

Component 

Operational Temperature (compared to ambient 

temperature) 

Min Max 

Motherboard -40 85 

Battery -10 50 

Solar Panels -40 80 

Com Unit -40 85 

 

5.1 Extreme Case Scenario 

5.1.1 Temperature Distribution 
 

Let's start by discussing the results of the simulation ran on the assumptions of the extreme 

case scenario mentioned above. Refer to Figure 22 for the outside temperature distribution of 

the satellite. The maximum temperature corresponds to a 12 degrees increase over the 
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surrounding temperature. We can notice in the figure that the sides illuminated by the sun and 

infrared/albedo are much hotter and the temperature gradually decreases when going towards 

the other side; It's what we would expect from simple heat dissipation through the structure. 

The resulting temperatures in this extreme case scenario are still quite small and not 

interfering with the proper functioning of the electronics. Such a small temperature change 

could be attributed to the fact that the satellite wasn't exposed for a long enough time and also 

the fact that the surrounding temperature is extremely low (-271 °C) which favors big 

amounts of thermal energy to be radiated. Therefore, the simulation results don't indicate any 

overheating in the structure and/or cards which means the design is safe to operate in orbit. 

 

 

          Figure 22 : Outside Temperature Distribution of Extreme Case 

 



34 
 

 

 
 
 
On the other hand, Figure 23 displays the temperature distribution in the internal components 

(electronic cards) of the satellite. It can be noticed that the processor and the battery are the 

hottest components. The communications unit in the middle only produces 1W therefore 

leading to its negligible temperature. Although both the processor and the battery are modeled 

to produce 15W, the processor has a smaller volume which lead it to have a higher  

 

temperature. If we zoom in on the battery as done in Figure 24, we can see how the contact  

with the colder electronic card causes a gradual drop in temperature along the z-axis. We have 

used a different color coding scheme to be able to visualize this effect. 

 

The following Figure 25 is a chart of the maximum and minimum temperature throughout 

time. The maximum temperature steadily rises because heat is generated constantly by all the 

electronic components regardless of whether the satellite is in eclipse or not. The minimum 

temperature though stays constant and close to ambient temperature. In order to compare the 

rate of heating of different components of our model, we provide in Figure 26 a plot that 

Figure 23 : Temperature Distribution Inside the CubeSat 

Figure 24 :Temperature Distribution Around Battery in Extreme Case 



35 
 

shows the change in temperature of the battery, processor and CubeSat frame. We can see that 

the processor heats up the fastest followed by the battery then the frame but the frame starts 

slightly cooling down after 6 seconds since no solar radiation nor albedo are present. We 

expect that the trend would be followed by going back to the ambient temperature if the 

simulation period is extended but the computing resources are limited. 

 
Figure 25 : Satellite minimum and maximum temperature over time 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

5.1.2 Heat Flux Results 
 

Figure 26 : Temperature Distribution of Different Electronic Components 
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The directional heat flux results are logical in terms of the basic physics of heat transfer. Take 

for instance Figure 27, where the directional heat flux along the z-axis is plotted. The negative 

values in blue indicate that the direction of the flux is in the negative z-direction. We can 

clearly see heat propagating from the bottom face which is exposed to earth radiation and the 

top. A gradual decrease in temperature indicates that both conduction and radiation occur 

simultaneously. 

 

 
Figure 27 : Directional Heat Flux on the Frame in the z-direction 

  

The next result, presented in Figure 28, investigates the heat flux on the x-axis within the 

electronics cards. The face corresponding to the positive x-axis is the one that contains solar 

radiation. The red/yellowish colors indicate a high value for the heat flux on the positive x-

axis and it is decreasing while going in the negative x-direction. 
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Figure 28 : Directional Heat Flux along the x-axis in the Electronics Cards 
 
To see the model simulated in more general terms, Figure 29 is a graph of the maximum and 

minimum heat flux throughout the satellite. The trend is for the absolute heat flux to increase 

and the minimum and maximum curves are symmetrical with respect to the x-axis. This 

symmetry is due to the fact that heat propagates from one side of the card to the other and the 

closer to the hot surface we are, the more positive the heat flux whereas the closer to the cold 

side, the more negative the heat flux. 

 
 

Figure 29 : Heat Flux minimum and maximum over time 
 

5.2 Medium case scenario 
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For the medium case scenario where heat fluxes and internal heat generations are smaller, we 

didn't need to reproduce the above results because the same trends happened there too. Figure 

30 is an illustration of the satellite's temperature under the new boundary conditions. In this 

scenario, the satellite only heated up 3 degrees compared to ambient temperature at the 10th 

second. This was the expected result since smaller and more distributed heat sources typically 

yield lower temperatures. Naturally, the middle case scenario is also safe and doesn't imply 

any risk of overheating. 

 

 
Figure 30 : Temperature distribution in CubeSat for Moderate case Scenario 

 
In terms of the effects of contacts, both target and contact bodies normally have an effect on 

each other; and that's what is observed in Figure 31 and 32. Starting with Figure 31, it 

contains the temperature results plotted on the power card. The component in the middle of 

the card is the battery and it is the hottest part (indicated in red). In fact, this card is in contact 

in its four corners with the frame and the effect on the temperature distribution is evident. It is 

clear that the frame is cooling down the card through their contact. This result is a reassurance 

that contacts were properly modeled and indeed play a role in the simulation's results. Figure 

32 demonstrates the same principle while showing both the contact and target regions. 
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Figure 31 : Temperature Distribution on battery card and the effect of contact regions 

 

 
 

Figure 32 : Interaction between electronic card and frame and effect on temperature distribution 
 

6 STEEPLE ANALYSIS 

 
The main objective of this project is to do an accurate simulation and modeling of the 

CubeSat in space conditions. However, the impact of this work is on many levels and can be 

summarized by the acronym STEEPLE (societal-technological-environmental-ethical-

political-legal and economical). A well-rounded approach to engineering design should 

include a detailed analysis of all these aspects so that a successful implementation can take 

place. For example, a project that contains technological breakthroughs but stir political 
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controversy might not be very popular among investors. Starting by the social impact, the 

development of a heat model for the CubeSat could prove that anyone can create a mini-

satellite that is actually resistant to space conditions. Overall, this would burst more interest in 

STEM (Science, technology, engineering and mathematics fields). The Cubesat is already 

available to the layperson and a heat simulation would make the learning even greater and 

introduce people to computational sciences and their great potential. On a technological level, 

my project would contribute to the emerging field of computational science and apply finite 

element method along with other discretization techniques for the heat transfer calculation. It 

would also represent a feat in terms of doing big relevant calculations on a single laptop. In 

what concerns the environmental impact, a heat analysis of the nanosatellite in operation 

would have as an objective to avoid catastrophic failure. 

 

Figure 33 : Space Debris Density around Earth 

 

As you can see in Figure 33, there is already a lot of satellite debris revolving around the earth 

and adding more would only worsen the situation. An example of the threats of space junk is 

the high speed collisions with other space craft that might be very damaging or fatal  [18] On 

the ethical level, the availability of nanosatellites for non-professionals to develop might 

create some issues that have to be addressed. As an instance, people could put cameras as 
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payloads and unrightfully spy on others. Other worries are the potential criminal/terrorist use 

of the satellites, planning a damaging collision with commercial aircraft for example. As a 

consequence, strict regulations need to be in place in order to avoid that. On a political level, 

individuals or state entities should be careful about not crossing air domains of others because 

it might create conflicts and tensions. In what relates to legal consequences, the governement 

needs to have control on who,when and how these satellites are launched so that there is no 

chaos. Finally, on the economical aspect; CubeSats could be used as tools to inspect the health 

of bigger spacecraft to avoid unexpected events or malfunctions  [19]. There are also many 

startup ideas that revolve around CubeSats. For example, Audacy is a Silicon Valley company 

that aims to develop a communication network for the “private spaceflight” revolution [20]. A 

continuation of this work would consist of doing a more comprehensive analysis of the 

CubeSat’s operation not only on the thermal level but also mechanical fatigue,electromagnetic 

interference etc. Different scenarios could also be investigated such as the resistance of a 

nanosatellite if launched into Mars. The latter case would correspond to more extreme 

conditions such as strong solar winds. 

7 CONCLUSION 
 
 
As a conclusion, our work consists of performing a transient thermal analysis using the finite 

element method of a 3D CubeSat in orbit conditions. We first tackled background information 

related to Nanosats in general and CubeSats in particular. Afterwards, basics of heat transfer 

were layed out especially the three modes which are conduction, convection and radiation. 

Subsequently, the fundamental concepts and steps of the finite element method are presented. 

These are crucial to understand in order to grasp the methodology used in our work, we 

therefore provided clarifying examples. The next section discussed a literature review of 

similar projects. The conclusion was that our work has added value because all those projects 
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did external heat simulations with CubeSats approximated as simple cubes whereas our work 

tackles a more detailed geometry. Moving on to a very important part, we discussed the 

methodology first starting by talking about details of the CAD model used, then boundary 

conditions like the ambient temperature, material properties and eventually the two simulation 

scenarios : extreme case and medium case scenario. We also provide details about the mesh 

characteristics and quality. The report next provides details about the machine used to run 

simulations and eventually covers the results obtained including temperature distributions and 

heat fluxes in multiple bodies for both scenarios. The ultimate conclusion was that the satellite 

is not overheating due to the small changes in temperature. The latter are due to the small 

interval of time simulated and the very cold ambient temperature in space. 
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APPENDIX A 
 
 
 

MACHINE READABLE CAPSTONE SPECIFICATION 
 

 

LAHRICHI Anas GE  

HEAT TRANSFER MODELING AND SIMULATION OF CUBESAT TAJEDDINE R  

Spring 2017 
 
 
 

The object of this capstone is to model heat transfer in a miniature CubeSat satellite. The goal 

is to assess whether there is any overheating due to the sun or electronics that could prevent 

the scientific load from properly working. 

 

The analysis phase will consist of several parts. The first one consists of creating a detailed 

CAD geometry of the satellite including its skeleton and electronic cards. Another important 

specification is the physical and thermal properties of the materials used in the satellite that 

will be inputted to the model. Following that, the boundary conditions will be specified 

including the periodic heat condition of the sun and heat generated by power instrumentation 

on-board. Afterwards, a numerical simulations approach will be used in order to discretize the 

model and solve it using the finite element method. 

 

Upon completion of the calculations, the results will be extracted, post-processed and 

interpreted. An important milestone is to check and test the validity of the results through 

using more refined models and comparing with the literature. 

 

All the model parameters and approximations will be performed according to best engineering 

practices and will be justified using peer-reviewed academic references. Finally, the 

interpretation of the results will be performed and an assessment of whether the satellite will 

overheat or not will be generated. The conduction of this analysis will provide a check for the 

integrity of the CubeSat under space conditons and therefore avoid unplanned failure which 

could impact the career of many engineers and cause the lost of money. 

 

We will use SolidWorks for CAD modelling and ANSYS for heat transfer simulations. 

The licences of the latter programs are kindly provided by AUI 
 
 
 
 
 
 
 
 
 
 
 
 


