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ABSTRACT 

In this thesis heat transfer theory is used to develop the theoretical model to predict the 

temperature of the equipments used in Esrange balloon flights. The worst cases for the 

equipment are identified by selecting the worst environmental conditions along with the 

maximum and minimum power modes of equipment. The thermal control techniques are 

investigated to keep the temperatures of the equipment within the operating range. Transient 

analyses are also performed for the total flight time on the equipment to incorporate the effect 

of variation of external environment with altitude. Based on the analyses, a thermal control 

technique is suggested for the worst cases. The theoretical model is verified through a test 

setup as well as comparing the analyses results with data from actual flights.  
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1 INTRODUCTION 

 

Theoretical model is the representation of a system that can be explained by facts that have 

been verified. A theory is applied to model of a system to predict its behavior and to better 

understand it conceptually. Theoretical model is used to verify the design of the system and it 

can be efficiently used to modify the system to get the desired results. It saves the time and 

cost of building an actual system and then verifying its design through testing. If a system is 

built without a prior model and a flaw in its design comes up in the testing phase, then the 

entire task of re-designing and re-building uses lots of resources. A model is especially helpful 

when the cost of manufacturing a system is very high and time is critical part of its product 

assurance plan. The key to building an accurate theoretical model is that all the key processes 

affecting the system are carefully studied and intelligent assumptions are made. In this thesis, 

heat transfer theory has been used to produce the theoretical model that accurately predicts 

the temperature of the equipments by taking into account different environments and 

conditions. 

1.1 Thesis motivation 

Esrange Space Center is a launch facility for high altitude balloons. The equipment that is used 

in these flights can be inside or outside the gondola. It has to withstand extreme external 

conditions of temperature and pressure that are varying with time in a single flight. The 

equipment can be anything from heat generating electronics to batteries that do not generate 

that much heat and maybe needs to be insulated and even heated. Different control methods 

can be employed to ensure safe working of the equipment during the entire flight. These 

methods can be passive or active. Passive methods are preferred so that the power 

requirement is not stringent. Also the control methods employed shall be simple as well as 

efficient. Therefore, work needs to be done to produce a valid theoretical model of the varying 

environment and the equipment so that it can predict the equipment´s temperature. The 
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theoretical model fulfilling all these requirements can be used as a universal base for predicting 

the equipment´s response to its environment. 

1.2 Thesis objectives 

The main objective of the thesis is to develop the theoretical models of the equipments based 

on the heat transfer theory in such a way that they can be used to accurately predict 

temperatures. The scope of the work includes: 

• Study the heat transfer theory to understand the processes involved in it. 

• Evaluation and selection of software to design and analyze the theoretical models. 

• Model verification through a simple test setup and with the data obtained from actual 

past flights. 

• Evaluation and selection of thermal control methods best suited in different 

environmental conditions.  

• Perform both stationary (steady state) and transient analyses on the models. 
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2 HEAT TRANSFER THEORY 

 

Heat is a form of energy that can be transferred from one point to other in different ways due 

to temperature difference. The science that deals with determining the time taken to transfer 

the energy is "heat transfer" [1]. Thermodynamics deals with the amount of heat transfer that 

takes place when a system undergoes a process to change from one equilibrium state to 

another [1]. We are generally interested in how much time is needed to undergo this change. 

There are three mechanisms by which heat can be transferred namely conduction, convection 

and radiation.  The basic requirement for heat transfer to occur by any of these modes is the 

temperature difference. Heat is transferred from a medium at higher temperature to a medium 

at lower temperature. This flow of energy stops when the two mediums are at the same 

temperature. 

2.1 Conduction 

Conduction is the transfer of energy from the more energetic particles of a substance to the 

adjacent less energetic ones as a result of interactions between the particles [1]. Conduction can 

take place in solids, liquids and gases. In solids conduction takes place due to free electrons and 

vibrations of the molecules. When the molecules vibrate they transfer their energy to the 

neighboring molecule and this process continues. In liquids and gases, this phenomenon occurs 

due to collision and diffusion of the molecules that are in random motion [1]. The rate at which 

conduction will occur depends on the material of the medium, its geometry and thickness and 

the temperature difference across the medium. Keeping all this in mind, the heat conduction 

equation can be written as; 

�̇� = −𝑘𝐴 ∆𝑇
∆𝑥

 [1] (1) 

 

In equation (1) '�̇�' is heat conduction rate in W, 'k' is the thermal conductivity of the material in 

W/(m.K), 'A' is cross section area in m2, 'x' is the thickness in m and 'T' is the temperature in K. 
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The negative sign indicates that heat is conducted in the direction of decreasing temperature. 

In limiting case when Δx → 0, equation (1) reduces to the following differential equation that is 

called Fourier's law of heat conduction. 

�̇� = −𝑘𝐴 d𝑇
d𝑥

 [1] (2) 

 

2.2 Convection 

This mode of heat transfer is between a solid surface and a moving fluid. Faster the movement 

of fluid, greater the rate of convective heat transfer. Convection can be forced or free. Forced 

convection occurs when the fluid is forced to flow over the surface by means of a pump, fan or 

wind. Whereas free convection, also called natural convection, occurs if fluid motion is caused 

by buoyancy forces that are induced by density differences due to the variation of temperature 

in the fluid [1]. In such cases, warmer light air near to the surface rises and cooler heavy air falls 

to replace it. Convective heat transfer rate is expressed by Newton's law of cooling as follows. 

�̇�𝑐𝑜𝑛𝑣 = ℎ𝐴𝑠(𝑇𝑠 − 𝑇∞) [1] (3) 

 

In equation (3) '�̇�𝑐𝑜𝑛𝑣' is heat transfer rate due to convection in W, 'h' is heat transfer 

coefficient in W/(m2.K), 'As' is surface area in m2, 'Ts' is surface temperature and 'T∞' is 

temperature of fluid very far from the surface. Both temperatures unit is K. 

2.3 Thermal radiation 

Thermal radiation is electromagnetic radiation generated by the thermal motion of charged 

particles in matter. This mechanism of heat transfer does not require a medium for its 

transport. Radiation heat emitted is expressed by Stefan-Boltzmann law for an absolute surface 

temperature ‘Ts’ in K. The net rate of heat transfer between a body and its surroundings is 

given by equation (4) in which 'ε' is emissivity and' As' is the surface area. 

�̇�𝑟𝑎𝑑 = 𝜀𝐴𝑠𝜎(𝑇𝑠4 − 𝑇𝑠𝑢𝑟𝑟4 ) [1] (4) 
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In equation (4) 'σ' is Stefan-Boltzmann constant whose value is 5.67x10-8 W/(m2.K4). '�̇�𝑟𝑎𝑑' is 

radiation rate in W and 'Tsurr' is the surrounding temperature in K. 

Emissivity of a blackbody is equal to 1. Emissivity is a radiation property that measures that how 

closely a body approximates a blackbody. Its value is in the range 0 ≤ ε ≤ 1. Another property 

related to radiation is the absorptivity α that is fraction of the incident energy absorbed by the 

surface. Its values lies within the range 0 ≤ α ≤ 1 and its value is also 1 for a blackbody. Thus a 

blackbody is perfect emitter as well as perfect absorber [1]. 

All the three modes of heat transfer can occur simultaneously as well as there can be cases 

where only two modes are taking place. For non-pressurized spacecraft, conduction and 

thermal radiation are the only means of heat transfer. Convection is not possible as it requires a 

medium to occur and space is a vacuum. 

2.4 Heat balance equation 

The conservation of energy principle states that energy can neither be created nor destroyed; it 

can only change forms [1]. Therefore the net energy change for a system would be equal to the 

difference of the total energy that is entering the system and the total energy leaving the 

system during a process. In the case of heat transfer problems the forms of energy that can be 

transferred due to temperature difference are of interest. In such cases, heat generation is used 

to represent conversion of nuclear, chemical and electrical energies into thermal energy [1]. 

Keeping all these in mind, the heat balance equation can be written. 

𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + 𝐸𝑔𝑒𝑛 = ∆𝐸𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑠𝑦𝑠𝑡𝑒𝑚 
[1] (5) 

 

Where ' Qin − Qout' is the net heat transfer, 'Egen' is the heat generation and ' ∆𝐸𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑠𝑦𝑠𝑡𝑒𝑚' 

is the change in thermal energy of the system. In rate form, equation (5) can be written as 

follows. 

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑔𝑒𝑛 = �∆𝐸
∆𝑡
�
𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑠𝑦𝑠𝑡𝑒𝑚

[1] (6) 
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3 THEORETICAL MODEL 

 

The equipment flown in Esrange balloon flights has been modeled by considering the heat 

transfer theory discussed in section 2. Following are the three equipments which have been 

considered. 

1. PDU 

This is the power distribution unit. 

2. E-Link 

The E-Link is a data link system that comprises further of three more sub units that are 

the RF Unit, Interface Unit and Main Unit. It is a high speed data link for high altitude 

balloons. 

3. EBASS 

It is a telemetry and telecommand system for the support of balloon flights. It is used to 

perform GPS position determination and it has the ability to cut-down either by 

command or by timers. It also performs functions like top valve and ballast machine 

operations for balloon piloting [2]. 

The requirement for all the above mentioned units to operate normally is to maintain their 

temperature within -30°C ≤ T≤ +60°C where 'T' is the temperature. A margin of ±10°C has been 

introduced in this requirement to include the uncertainties and assumptions made in the 

theoretical model. Therefore the criterion used for the model is -20°C ≤  T ≤ +50°C. 

3.1 Identification of worst cases 

Two worst cases are analyzed in this research which are worst hot and worst cold case 

respectively. The reason to select the worst cases is that if the equipment is able to survive 

these conditions then it will operate in other less harsh conditions as well.   

PDU, E-Link and EBASS will be working at different power levels during the flight. Based on their 

power consumption the heat dissipated by them will vary. The worst hot case for the 
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equipment will be when it is operating at its maximum power and the cold case will be when it 

is dissipating minimum amount of heat. PDU and E-Link are placed inside a gondola while EBASS 

remains outside during the entire flight duration.  

In order to build a model, information about the external environment is required. Depending 

on the orientation of the gondola the equipment will be exposed to direct sun radiation and 

shadows on the same flight. The idea is to analyze different environments that the equipment 

will be experiencing and then select the worst environments from them. The energy affecting 

the equipment from outside is studied. It is concluded that three types of external fluxes are 

experienced that are solar flux, Earth IR (infrared radiation) and albedo and their worst case 

values for both the cases have been identified [3]. Also the equipment will be influenced by the 

conditions of pressure and temperature external to it. The balloon flights reach up to an 

altitude of about 35 km. During its ascent the external pressure and temperature conditions will 

change significantly and the worst values for both are required. The values for pressure and 

temperature are provided by Esrange. Table 1  summarizes the worst case values for external 

environment of the theoretical model. 

Table 1 Worst case external environment 
Parameters Hot Case Cold Case 

Solar flux (W/m2) [4] 1367  0  

Earth IR (W/m2) [5] 225  100  

Albedo [6] 0.4  0  

Temperature (°C)  -10  -90  

Pressure (hPa)  3  400  

 

The worst hot case is developed by combining the worst hot environment with the maximum 

heat dissipation of equipment. Similarly the worst cold case will occur when the equipment is 

generating minimum heat under extreme external cold conditions. 
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3.2 Heat balance equation 

Equation (5) gives the heat balance to satisfy the energy conservation principle. This equation is 

studied and used for the equipment thermal control. For the theoretical model, in this case 

three external fluxes are the source of total energy coming in the system. The total energy 

leaving the system will be due to radiation and convection. Further studies are needed to be 

carried out in order to find the dominant mode of heat transfer either from radiation, 

convection or their combined effect on temperatures. This study is done later. The heat 

generation is from the power that is dissipated as heat from the equipment. The total change in 

internal energy of the system depends on the mass 'm', specific heat capacity 'cp' and change in 

temperature with time. In case of rate equation the total change in thermal energy would also 

be dependent on change in temperature with respect to time. Equation (5) can be written for 

the model as follows; 

(𝐻𝑒𝑎𝑡  𝑖𝑛 𝑏𝑦 𝑆𝑜𝑙𝑎𝑟 𝐹𝑙𝑢𝑥 + 𝐸𝑎𝑟𝑡ℎ 𝐼𝑅 + 𝐴𝑙𝑏𝑒𝑑𝑜) − (𝐻𝑒𝑎𝑡 𝑜𝑢𝑡 𝑏𝑦 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛/
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛) +  𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟 𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 = 𝑚𝑐𝑝∆�̇�  (7) 

 

For stationary analyses, the term on the right hand side of equation (7) becomes zero. For 

transient analyses, this term shall be considered. 

3.3 Software selection 

Heat transfer softwares have been evaluated to select the best suited for our case. Two 

softwares are narrowed down after literature study which were Flo THERM and COMSOL 

Multiphysics. Both of them are very powerful softwares but the selection has to be made based 

on which best suits the system that needs to be built. Flo THERM enables to model the 

components at IC level and is mostly used where very detailed analyses are required but in this 

thesis modeling of ICs, resistors etc are not required. But its meshing is quite cumbersome and 

requires more pre-processing time. COMSOL Multiphysics on the other hand gives a much 

handy meshing tool. Also it is very easy to simulate the external environment in COMSOL and it 

has very good modeling tool. Due to its more user friendly environment COMSOL Multiphysics 

is selected. 
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3.4 Design of the theoretical model 

The heat transfer module of COMSOL Multiphysics has been used to build the model. The 

geometry has been built in COMSOL and material properties applied to it. The housing of the 

equipment is made of Aluminum. Fluid (Air) is defined within the equipment to simulate the 

internal convection and for convection to ambient air ´external convection´ option is used. 

Surface to surface radiation has been used so that radiation occurring within the equipment as 

well as external to it can be simulated. Also convection has been applied both internal and 

external to the equipment. Both external convection and radiation play an important role in 

energy transfer. However, internal to the equipment the effect of these heat transfer modes 

will depend on the interaction of the different units placed inside the equipment. The next step 

is to determine which mode of heat transfer is dominant internal to the equipment and if one 

of them can be neglected to simplify the model while still accurately building the theoretical 

model. The PDU has been analyzed for this purpose.  

The properties of the materials used from COMSOL material library are summarized in Table 2 . 

The printed circuit boards are made of FR4 which is a composite material composed of fiber 

glass with epoxy resin. The emissivity value used is 0.09 [7] and absorptivity of 0.4 [8] is used for 

Aluminum as majority of components are of this material. This is without applying any thermal 

control techniques like finishes, insulation or paint etc. 

Table 2 Properties of materials 
Material Thermal conductivity 

W/(m.K) 

Specific heat capacity 

J/(kg.K) 

Density 

kg/m3 

Aluminum 201 900 2700 

Steel 44.5 475 7850 

FR4 0.3 1369 1900 

Plastic 0.18 1470 1190 

Silicon 130 700 2329 

Styrofoam 0.034 1500 20 

Polyester 0.15 1200 1300 
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3.5 Power distribution unit-PDU 

The PDU has dimensions of (350 x 420 x 53) mm. Its heat dissipation during hot and cold case is 

given in Table 3. 

Table 3 Heat dissipation distribution of PDU 
Component Hot case (W) Cold case (W) 

COMP 1 15  0.35  

COMP 2 15  0.35 

Micro controller 0.1 x 10-3  0.1 x 10-3  

Total power about 30  about 0.7  

 

The 3D geometry of PDU built in COMSOL is shown in Figure 1. 

 
Figure 1 3D model of PDU 

 

Four test cases have been developed, each considering different combination of the heat 

transfer modes. Conduction will be present in all the cases as well as external radiation and 

convection. Radiation and convection have been simulated internal to the equipment to see 

their effect on PDU temperature. The first case considers no internal convection or radiation. 

The second case considers internal radiation but no convection.  The third case takes in to 

account internal convection but not internal radiation. The fourth case considers both radiation 

and convection inside the equipment. The cold case for PDU has been sub divided into two 
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more cases, one where PDU is working (full drive) and one when it's not working. This is 

because PDU would be non-operational in cold case for a short duration. Full drive refers to 

case when components are running at maximum power and dissipating maximum heat of 30W. 

All these cases have been analyzed in COMSOL and the results are shown in Table 4. 

Table 4 Results of analyses of PDU for the four cases 
Case Hot case (°C) Cold case (°C) - full drive Cold case (°C) 

Case 1 +174 to +177  -63.4 to -68.4   -87.3 to -87.6  

Case 2 +150 to +160  -68.7 to -63.7   -87.4 to -87.7 

Case 3 +181 to +185  -62.3 to -58.5  -87 to -86.8  

Case 4 +161 to +167  -62.7 to -58.8  -87.1 to -86.8 

 

As there is negligible heat dissipation during cold case when PDU is not working so this case is 

not analyzed. 

First the results obtained for hot case are studied and it can be seen from Table 4 that case 2 

where radiation has been considered reduced the overall temperature by about 17°C compared 

to case 1. Comparison of case 1 and case 3 shows that internal convection increased the 

temperature by about 8°C. When both internal convection and radiation are considered the 

temperature difference between case 1 and case 4 is about 10°C. So for hot case, radiation 

plays more important role than convection but convection should also be considered as its role 

is small but not negligible. Convection is relatively less because external pressure in this case is 

very less. 

The cold case when PDU is working is analyzed next. Difference in temperature between case 1 

and case 2 is about 5°C while that between case 1 and case 3 is about 10°C. For case 4 this 

difference is about 10°C. In cold case the overall temperature difference is similar to the one in 

hot case. But, here convection plays a much significant role as the external pressure is high in 

cold case. But here also radiation plays a role.  

On the basis of above analyses, it is concluded that convection plays an important role in heat 

transfer within the equipment in cold case while radiation is more significant in hot case. But 



Heat Transfer in Airborne Equipment - Theoretical Model 

12 
 

both radiation and convection still have an effect on temperature. Figure 2 and Figure 3 show 

the results obtained for both cases of case 4. 

The results of Table 4 show that some sort of thermal control technique is required for PDU. 

 

 
Figure 2 PDU temperature distribution for hot case - no thermal control 

 

 
Figure 3 PDU temperature distribution for cold case (full drive) - no thermal control 
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3.5.1 Model verification through test setup 

A test is carried out with an operational PDU to verify its theoretical model that has been built 

in COMSOL. The operational PDU is placed inside a freezer whose temperature is maintained at 

-39°C. The same test conditions are simulated within COMSOL using the PDU model already 

built. Also both convection and radiation are considered for analysis. The test and software 

results are shown in Table 5. 

Table 5 Comparison of test and analysis results for PDU at -39°C 
Case Temperature (°C) 

PDU model verification -25 (test)  -27.4 (analysis) 

 

Comparison of the analysis and test values shows that the model is in good agreement with the 

actual conditions and can be used to predict PDU temperatures. It is concluded that both 

internal radiation and convection will be used in future analyses. 

3.6 E-Link 

E-Link has dimensions of (400 x 380 x 120) mm. The 3D geometry shown in Figure 4 is built in 

COMSOL and material properties applied to it.  

 
Figure 4 3D model of E-Link 
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Table 6 shows its heat dissipation during both the worst cases. 

Table 6 Heat dissipation distribution of E-Link 
Parameters  Hot case (W) Cold case (W) 

RF Unit 10 5 

HPA 40 5 

IFU 10 10 

Main Unit 40 30 

Total Power 100  50  

 

After modeling external environment comprising of solar flux, Earth IR and albedo, applying 

heat transfer modes and heat dissipations, analyses are carried out for both hot and cold case. 

The temperatures obtained are shown in Table 7. 

Table 7 Results of analyses for E-Link 
Case Hot case (°C) Cold case (°C) 

E-Link - no thermal control +193 to +258 -57.6 to +21.1 

 

The results of analyses are shown in Figure 5 and Figure 6 which clearly show that E-Link needs 

thermal control to operate within the required range. 

 
Figure 5 E-Link temperature distribution for hot case - no thermal control 
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Figure 6 E-Link temperature distribution for cold case - no thermal control 

 

 

3.7 EBASS 

EBASS has dimensions of (300 x 300 x 210) mm. This system is flown in Esrange flights with 

50mm thick insulation of Styrofoam as it is exposed to external environment. Therefore the 

analyses are performed with this insulation. The Styrofoam insulation has white coat which has 

emissivity of 0.9 [7] and absorptivity of 0.19 [9]. In later sections, more thermal control 

techniques are presented to search for other solutions. Table 8 gives the heat distribution for 

EBASS in hot and cold case. 

Table 8 Heat dissipation distribution of EBASS 
Parameters Hot case (W) Cold case (W) 

Transmitter, Tx 3.75  3.75  

Receiver, Rx 0.3  0.3  

PCU  2  0.45  

IFU  10.25  10.25  

DC/DC converter  4.7  4  

Total Power 21  18.75  
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Its 3D geometry is been built in COMSOL and the external environment is simulated for the two 

worst cases. The model is shown in Figure 7. 

 

 
Figure 7 3D model of EBASS 

 

The stationary analyses have been performed and results are shown in Table 9. 

 

Table 9 Results of analyses for EBASS 
Case Hot case (°C) Cold case (°C) 

EBASS – 50mm insulation -9.23 to +93.2 -89.3 to -5.61 

 

The results show that required temperature range is not achieved. A thermal control method is 

needed For EBASS to operate normally.  
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The results of analyses are shown in Figure 8 and Figure 9. 

 

 
Figure 8 EBASS temperature distribution for hot case - no thermal control 

 

 

 
Figure 9 EBASS temperature distribution for cold case - no thermal control 
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4 THERMAL CONTROL SOLUTIONS 

 

The equipment that is used in high altitude balloons experiences extreme environment. The 

results obtained from the theoretical model in section 3 clearly indicate that a thermal control 

is required. The thermal control technique shall be such that it can be applied easily and does 

not require a major change in the design of the equipment.  

For the hot case, a lot of heat is generated from the equipment. The heat transfer modes, 

convection and radiation, are not enough to dissipate this heat to the external environment 

and hence its temperature reaches beyond the allowed limit. In case of the worst cold 

environment, less heat is generated as well as external flux is less. The internal heat generated 

is not enough to maintain temperature of the equipment as large amount of heat is dissipated 

to the ambient air. 

For hot case, the thermal control technique shall be such that it should be able to cool down 

the system. This cooling can be achieved by choosing a material that has high emissivity value 

to emit out excessive heat and also low absorptivity to prevent external flux from entering the 

equipment. For cold case, the equipment should be able to retain its heat to maintain its 

temperature. So an insulation of some kind would be sufficient to retain heat as it has low 

thermal conductivity and high specific heat. Different options are available that meet the 

requirements. 

For hot case, paints with high emissivity and low absorptivity, optical solar reflectors (OSR) or 

louvers can be used. However, OSR is difficult to install and handle and louver is an active 

thermal control which requires power. Hence, white paint is selected as a passive control 

method to cool the equipment as it has high emissivity value of 0.9 [7] and has very low 

absorptivity of 0.19 [9]. 
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For cold case, material with insulating properties or heaters can be used. The first being passive 

one is selected. The material selected for insulating the equipment during the cold conditions is 

Styrofoam whose properties are given in Table 2 of section 3. 

The theoretical model is changed to incorporate these passive thermal control techniques. 

White paint properties are applied external to the equipment for hot case and for cold case 

Styrofoam insulation is used. The thickness of Styrofoam will influence the temperature of the 

units as a greater thickness will mean more insulation but at the same it would not be efficient 

in hot case. Based on this, the models are analyzed with two thickness values which are 10mm 

and 50mm. Stationary analyses are performed for the above mentioned control techniques for 

individual PDU, E-Link and EBASS respectively. Although both PDU and E-Link are placed inside 

the gondola but they are first analyzed individually. The temperatures obtained from individual 

models would give an overview whether the reasonable temperature ranges can be obtained 

from the thermal control methods. If the control method is insufficient then it would be easier 

to change the individual theoretical model to apply other control methods as it is much simpler 

compared to entire gondola model which would require more pre-processing and processing 

time.  

4.1 PDU thermal control 

In Table 10, the overall temperature range and temperature of the PCB inside the PDU is given. 

The overall temperature range also includes temperature on the external side of the case. 

Table 10 Results of analyses of PDU passive control for worst cases 

Cases White paint (°C) Styrofoam 10mm (°C) Styrofoam 50mm (°C) 

Hot case  
Overall  +37.1 to +40.8  +15.8 to +57.3  -4.61 to +100  

PCB  +39.27  +55.71  +98.85  

Cold case  
Overall  -87.1 to -86.8  -87.4 to -69.6  -89.7 to -64.8  

PCB  -86.9  -78.95  -78.67  

Cold case - full drive 
Overall  -62.7 to -58.8  -81 to -41.7  -88.9 to +13.6  

PCB  -60.4  -43.35  +12.01  
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The results of analyses indicate that in hot case white paint is sufficient to maintain 

temperature below +50°C. However, with insulation of 10 mm the temperature is above the 

limit and insulation of 50mm raises the temperature well above the upper limit of +50°C. So 

insulation is not a valid choice for hot case. White paint is selected to maintain the temperature 

in hot case for PDU.  

For cold case, using 50mm insulation serves the purpose in full drive case. For the case when 

PDU is not working, the temperature is still well below the lower limit for 50mm Styrofoam. But 

the PDU will be non-operational for a short duration. Therefore, it is decided to see its behavior 

in cold case during the transient analyses. 

4.2 E-Link thermal control 

Three separate models are built to apply the thermal control technique of white paint and 

insulation of 10mm and 50mm thickness. The results of stationary analyses are summarized in 

Table 11. Plastic is one of the components on the PCB of Main unit. 

Table 11 Results of analyses of E-Link passive control for worst cases 
Cases White paint (°C) Styrofoam 10mm (°C) Styrofoam 50mm (°C) 

Hot case  

Overall  +48.8 to +101  +5.2 to +127  -7.36 to +176  

Plastic  +88.91  93.71  +141.66  

HPA  +60.93  +97.19  +170.43  

Cold case  

Overall  -64.6 to +1.07  -87.3 to +16.3  -88.7 to +58.8  

Plastic  -1.73  -12.39  +29.8  

HPA  -60.31  -37.85  +21  

 

For hot case, temperature of individual E-Link is outside the limit. Although upper limit is 

exceeded but temperatures obtained are not way out of the limit. Based on this, it is decided to 

further inspect the behavior of E-Link with white paint during the gondola stationary analyses. 

For cold case, the temperature is well maintained for Styrofoam insulation of 50 mm. The other 

heating solutions are not sufficient to maintain the temperature within operating range. 
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4.3 EBASS thermal control 

EBASS is modeled with white paint and insulation of 10mm only as it already has been analyzed 

for 50mm insulation. This 50mm Styrofoam is sufficient for cold case but for hot case it exceeds 

the upper temperature limit. The results of analyses are shown in Table 12. 

Table 12 Results of analyses of EBASS passive control for worst cases 
Cases White paint (°C) Styrofoam 10mm (°C) Styrofoam 50mm (°C) 

Hot case Overall  +20.4 to +33  -1.66 to +50.4 -9.23 to +93.2 
Tx  +29.78  +49.62 +92.15 

Cold case Overall  -76.1 to -65.5  -88.3 to -39.7 -89.3 to -5.61 
Tx  -68.06  -39.89 -6.35 

 

For hot case, both white paint and Styrofoam of 10mm keep EBASS below upper limit of +50°C. 

However, white paint gives better control. In cold case, results of Table 12 show that insulation 

of 10mm and white paint is not sufficient. With Styrofoam of 50mm thickness the temperature 

is higher than lower limit of -20°C. 

Analyses of individual PDU and E-Link show that the control methods selected do not give the 

temperatures that are out of the required limits by a large amount. Therefore, the control 

methods were further analyzed with the gondola. 

4.4 Esrange gondola (Egon) 

The gondola shields the equipments from the external environment and this affect would be 

important to study the temperature of the equipments when the thermal control is applied to 

them.  

The dimensions of gondola are (1000 x 1000 x 800) mm and it is modeled with PDU, E-Link and 

battery placed inside it. The battery has low heat dissipation and it is placed inside insulation. It 

is modeled to incorporate the radiation coupling between different units. The PDU and battery 

is placed at the base of gondola while E-Link is placed at the top surface with the help of two 
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Aluminum rods. The Egon consists of Aluminum base and Aluminum frame structure. It covers 

all 6 sides by a white polyester cloth.  

The 3D model of gondola with only the units and Aluminum structure is shown in Figure 10. The 

model with polyester cover is shown in Figure 11. 

 
Figure 10 3D model of Egon without polyester cover 

 

 
Figure 11 3D model of Egon with polyester cover 

 

The analyses are carried out for white paint, Styrofoam of 10mm thickness and for Styrofoam of 

50mm thickness. 

E-Link 

Battery 

PDU 
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4.5 Egon thermal control with white paint 

The results for white paint are shown in Table 13. 

Table 13 Results of analyses of gondola passive control with white paint for worst cases 
Cases Hot case (°C) Cold case - full drive (°C) Cold case (°C) 

Overall  +1.61 to +59.2  -88 to -55.2  -88 to -58.2  

E-Link  +51.20  -62.18  -62.86  

PDU  +44.53  -56.74  -70.62  

 

For hot case, it is observed that the temperature of E-Link is +51°C which is below temperature 

of +88°C that was obtained when E-Link was modeled without gondola. This means that 

covering of the gondola plays a significant role in temperature maintenance for hot case. The 

same is true for PDU as now it has a temperature of about +44°C which is below upper limit of 

+50°C. When comparing the results of PDU with the ones in Table 10 for hot case when white 

paint is used, it can be observed that its temperature has increased. One would expect that this 

temperature should have been decreased as the in the case of E-Link. Although gondola 

provides shielding from external environment, but there is also radiation and convection taking 

place inside the gondola. Since E-Link has a high heat dissipation of 100 W in hot case, it affects 

the temperature of PDU mainly through radiation causing its temperature to increase. 

For cold case, the E-Link is still outside the required range. For PDU, results have improved but 

they are still outside the required range. The reason for better results is that its temperature is 

affected due to coupling with E-Link through the heat transfer mechanism occurring inside the 

gondola. This would be further studied in transient analyses. The results obtained for white 

paint are shown in Figure 12 and Figure 13. 
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Figure 12 Egon temperature distribution for white paint - hot case 

 

 
Figure 13 Egon temperature distribution for white paint - cold case 
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4.6 Egon thermal control with 10mm Styrofoam 

The Egon is modeled with insulation of 10mm around E-Link and PDU. The results of analyses 

are summarized in Table 14. 

Table 14 Results of analyses of gondola passive control with 10mm Styrofoam for worst cases 
Cases Hot case (°C) Cold case - full drive (°C) Cold case (°C) 

Overall  +5.36 to +148   -86.9 to +4.254.25  -87.4 to +2.58  +2.58  

E-Link  132.64  -1.82  -3.52  

PDU  68.43  -20.59  -71.22  

 

The temperature values obtained for hot case clearly indicate that this method is not sufficient 

as the temperature is well outside the limit despite the shielding from gondola cover.  

For cold case, the values of Table 14 show that for E-Link the results are well within the 

required range. The PDU is slightly below the desired limit when it is operational but it will 

outside the lower limit when it is idle. The results for 10mm insulation of Styrofoam for hot and 

cold case are shown in Figure 14 and Figure 15 . 

 
Figure 14 Egon temperature distribution for 10mm Styrofoam - hot case 
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Figure 15 Egon temperature distribution for 10mm Styrofoam - cold case 

 

4.7 Egon thermal control with 50mm Styrofoam 

The gondola is modeled with PDU and E-Link that have insulation of 50mm thickness. The 

results obtained from COMSOL are shown in Table 15. 

Table 15 Results of analyses of gondola passive control with 50mm Styrofoam for worst cases 
Cases Hot case (°C) Cold case - full drive (°C) Cold case (°C) 

Overall  +5.63 to +341 41  +5.63 to +341o+98.9  -87.1 to +96.6  +9 

E-Link  +240.32  48.97  +46.70  

PDU  +98.17  +4.22  -70.52  

 

Analyses of results of Table 15 clearly show that for hot case the temperatures are well out of 

the range. The reason for this is that Styrofoam has very low thermal conductivity and high heat 

capacity value.  Due to these properties the equipment is unable to dissipate the heat 

generated within it out to the outside environment. Styrofoam acts as a heat barrier when PDU 

and E-Link are covered with it. 

For cold case, the same high capacity and low conductivity comes in handy as the Styrofoam 

prevents the heat to dissipate out. Thus much better results are obtained for a working PDU 
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with insulation of 50mm compared to thickness of 10mm. However, it should be noted that 

50mm insulation is still insufficient in cold case when PDU is not operating.  The case when PDU 

is not operational during cold case will be looked in detail during the transient analyses. This 

insulation maintains E-Link within operating range but the values are at the edge of upper limit 

of +50°C. The results of analyses from COMSOL are shown in Figure 16 and Figure 17. 

 
Figure 16 Egon temperature distribution for 50mm Styrofoam - hot case 

 

 
Figure 17 Egon temperature distribution for 50mm Styrofoam - cold case 
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5 TRANSIENT ANALYSES 

 

Thermodynamics deals with the amount of heat transferred while heat transfer is about the 

time required to transfer this amount of heat.  Transient analyses are done when the effect of 

time needs to be considered. In section 3 and 4, stationary analyses performed gave results 

when equilibrium has been maintained between the heat coming in and heat going out. In this 

section, additional factor of time is studied by incorporating the time variation of a parameter 

in the system. For transient analyses, the right hand side of the heat balance equation (7) given 

in section 3 is a non-zero term as there will be variation in external environment in this case. 

The balloon flights launched from Esrange can reach an altitude of about 35 km. They 

experience variation in temperature and pressure with altitude during the flight duration.  

These variations should be considered as they have a major effect on the temperatures of the 

equipments. 

The variation in temperature and pressure with altitude for the equipment is obtained from the 

sounding data available from Esrange. Based on the available data, worst hot cases are 

formulated. The worst hot case occurred in August and conditions in March have been selected 

for worst cold case. The modified external environment for worst cases is summarized in Table 

16. 

Table 16 Transient worst case external environment 
Parameters Hot Case Cold Case 

Solar flux (W/m2)[4] 1367  1367  

Earth IR (W/m2)[5] 225  175  

Albedo[6] 0.4  0.5  

Temperature (°C) Temperature and pressure variation profile added from the sounding 

data Pressure (hPa) 
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The balloon after reaching its maximum altitude remains there at the same altitude with little 

variation by attaining equilibrium between the mass of system and buoyancy of gas. This is 

called the float phase. After this it maintains its altitude. The sounding data is available till the 

float phase. Since the balloon remains at the same altitude after this, the temperature and 

pressure values obtained at float phase remain constant for the remaining duration of flight. 

The transient analyses are carried out for flight duration of 7 hours.  

The temperature and pressure profile for hot case are given in Figure 18 and Figure 19. 

 

 

Figure 18 Transient temperature profile for hot case 
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Figure 19 Transient pressure profile for hot case 

 

For cold case, variation in temperature and pressure profile with time is shown in Figure 20 and 

Figure 21. 

 
Figure 20 Transient temperature profile for cold case 
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Figure 21 Transient pressure profile for cold case 

 

The stationary analyses performed for E-Link and PDU suggest that a thermal control is 

required. The transient analyses on gondola and EBASS is performed by considering thermal 

control techniques of white paint and Styrofoam insulation for hot and cold case respectively. 

The gondola is analyzed to see the combined effect of PDU, E-Link and battery on each other. 

By simulating the varying environment external to the gondola, the thermal control solutions 

can be analyzed more accurately and in more detail.  

The theoretical model is built by considering temperature and pressure variation with time. The 

analyses were required to be performed for flight duration of 7 hours. The change in position of 

the Sun during the 7 hours is also considered. Analyses are performed for the worst hot and 

cold cases. 

5.1 Gondola- thermal control with white paint 

White paint is applied external to the PDU and E-Link in the theoretical model. The results 

obtained for hot and cold case are summarized in Table 17. 

.  
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Table 17 Results of transient analyses of gondola for white paint 
Equipment Hot Case (°C) Cold Case (°C) 

Elink  +15 to +31 
-16 to +3  

* -14 to +3  

PDU  -2to +19  
-37 to -5  

* -24 to -1  
*Full drive 

The results show that E-Link is within the range in both the worst cases. For PDU, its 

temperature is within the range for both hot and cold case when it is operating. However, the 

temperature of PDU is out of the range for cold case when it is not operating. The trend of 

variation for these equipment would give a more detailed insight in deciding the type of 

thermal control needed for them. 

The plots of temperature variation of equipment with time are shown in Figure 22, Figure 23 

and Figure 24. The unit of time is seconds. 

 

 
Figure 22 Egon 7 hour temperature variation for hot case- white paint 
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Figure 23 Egon 7 hour temperature variation for cold case- white paint 

 

 

 
Figure 24 Egon 7 hour temperature variation for cold case (full drive) - white paint 
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The float phase is reached after about 2 hours that is 7200 seconds. When white paint is used 

as thermal control technique there is an increase in temperature and then it starts to decrease. 

This trend can be seen in all plots after the float phase is reached. 

For hot case, the decrease in temperature is slow compared to the cold case. Keeping this in 

mind the temperature reached at the end of 7 hours in Figure 22 for E-Link is about +28°C and 

for PDU it is +4°C. This shows that white paint is sufficient for flight of 7 hours as there is much 

margin available in temperatures of these equipments. 

For cold case when PDU is not operating, E-Link reaches -16°C while PDU crosses the lower limit 

of -20°C. For this cold case white paint is enough for flight of 7 hours to keep E-Link within the 

required range. Since there is rapid decrease in temperature for cold case as seen in Figure 24 

E-Link shall be carefully analyzed for flights of longer duration. The plots of PDU for cold case 

when it is working and when it is not operating show that it will remain in between the 

temperature range of -24°C ≤ T ≤ -37°C at the end of flight that is outside the lower 

temperature limit. 

When PDU is not operational it is dissipating negligible amount of heat that can keep it warm 

during the cold case. The only thing contributing to its increase in temperature is the external 

environment and its interaction with the surrounding equipment through heat transfer. The 

temperature of PDU can be increased by using insulation because even if it's turned OFF at end 

of flight it will have sufficient amount of energy stored to cope up with decreasing temperature 

in order to remain within operating range. Therefore, Styrofoam insulation is investigated next 

to see its effect on temperatures of equipment. 
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5.2 Gondola- thermal control with 10mm Styrofoam 

The theoretical model of gondola is built with 10mm insulation surrounding E-Link and PDU 

units placed inside it. The results of analyses are summarized in Table 18. 

Table 18 Results of transient analyses of gondola for 10mm Styrofoam 

Equipment Hot Case (°C) Cold Case (°C) 

Elink  +15 to +112  -5 to +45  

PDU  +13 to +20  
-34 to -6  

* -6 to +3  
*Full drive 

The results of Table 18 show that for E-Link the hot case crosses the upper limit of +50°C. The 

cold case of E-Link remains within the limit and this insulation can be used for flights of much 

longer duration. The plots for 10mm insulation are shown in Figure 25 and Figure 26.  

 
Figure 25 E-Link 7 hour temperature variation for hot (top) and cold (bottom) case - 10mm Styrofoam 
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Figure 26 PDU 7 hour temperature variation for hot (top), cold (middle) and cold - full drive (bottom) case - 

10mm Styrofoam 
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For PDU, temperature still remains within the range for hot case. For cold case when PDU is 

working, it can be observed that lower temperature has improved to +1°C compared to -24°C 

for white paint. The temperature at the end of 7 hours in cold case when PDU is not working is -

34°C. This gives the temperature difference of 35°C between operating and non-operating PDU 

at end of 7 hours. Studying Figure 26 for cold case when PDU is not operating, it can be 

observed that there is decrease in temperature of about 2°C during the last hour of flight. If the 

PDU is turned OFF during the last hour of flight, the drop in temperature from this point will be 

more than 2°C. This means that operating PDU temperature of about +1.5°C would drop to 

below -0.5°C at the end of 7 hours when it is turned OFF in the last hour. This shows that less 

margin is available before PDU reaches lower limit of -20°C. Since the exact operating profile of 

PDU is not available, it is optimum to increase this margin. Therefore, PDU was further analyzed 

with 50mm insulation. 

5.3 Gondola - thermal control with 50mm Styrofoam 

The E-Link and PDU are modeled with 50mm insulation of Styrofoam surrounding them inside 

the gondola. The results of analyses are summarized in Table 19. 

Table 19 Results of transient analyses of gondola for 50mm Styrofoam 

Units Hot Case (°C) Cold Case (°C) 

Elink  +20 to +340  -3 to +153  

PDU  +15 to +39  
-38 to -4  

*-6 to +15  
*Full drive 

For both the worst cases, E-Link is well out of the upper temperature limit so 50mm insulation 

is not an option for E-Link in any scenario.  

The hot case value of PDU for 50mm insulation shows that it is still within the required range. 

For cold case, results have further improved from 10mm insulation. The temperature at the end 

of 7 hour flight is +15°C for cold case when PDU is working. At the end of flight for cold case 

when PDU is not working the temperature goes down to -38°C. This gives a temperature 
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difference of about 53°C between the two cold cases. This shows that for long duration flight 

this insulation is a much better choice as the margin available in this case is more.  

The variation of temperature for E-Link and PDU for the worst cases with 50mm insulation of 

Styrofoam is shown in plots of Figure 27and Figure 28. 

An interesting trend is noted when plots of Figure 26 and Figure 28 are compared for 10mm 

and 50mm insulation for the case when PDU is not operating in cold case. For 10mm insulation, 

minimum temperature value is -34°C while for 50mm insulation this value is -38°C. When 

insulation of greater thickness is used the temperature drops which should not be the case. The 

reason for this is that E-Link has heat dissipation of 50W in cold case due to which it radiates 

heat. The PDU will be more influenced by this radiation when insulation thickness is less that 

raises its temperature.  

 

Figure 27 E-Link 7 hour temperature variation for hot (top) and cold (bottom) case - 50mm Styrofoam 
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Figure 28 PDU 7 hour temperature variation for hot (top), cold (middle) and cold - full drive (bottom) case - 
50mm Styrofoam 
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5.4 EBASS - thermal control with white paint 

EBASS theoretical model is developed with white paint applied to its external surfaces. The 

transient analyses are performed for 7 hours for the hot as well the cold case. The results 

obtained from COMSOL are shown in Table 20. 

Table 20 Results of transient analyses of EBASS for white paint 
Units Hot Case (°C) Cold Case (°C) 

Tx +2 to +16.5 -22 to -4 

PCU +5 to +17 -19 to -4 

DC/DC +5.5 to +17.5 -18 to -3 

Electronics +2.5 to +15.5 -21 to -5 

 

The results show that white paint is sufficient to maintain temperature of EBASS during the hot 

case. However, this is not true for the cold case. The lower limit of -20°C is reached when white 

paint is used as a thermal control technique and is thus not recommended for cold 

environment usage. The variation of temperature with time for the hot case and cold case is 

shown in Figure 29 and Figure 30. 

 

 
Figure 29 EBASS 7 hour temperature variation for hot case - white paint 
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Figure 30 EBASS 7 hour temperature variation for cold case - white paint 

 

5.5 EBASS - thermal control with 10mm Styrofoam 

Styrofoam of 10mm thickness is used as an insulation to perform the transient analyses for the 

worst case environment that the EBASS has to withstand. Table 21 summarizes the results for 

the worst cases for 7 hours of flight. 

Table 21 Results of transient analyses of EBASS for 10mm Styrofoam 

Units Hot Case (°C) Cold Case (°C) 

Tx +15 to +20 -6 to -1 

PCU +15 to +21.5 -6 to -0.5 

DC/DC +15 to +22 -6 to 0 

Electronics +13.5 to +18.5 -6 to -3 

 

The results obtained for EBASS show that the temperature of the units is maintained within the 

required range of -20°C ≤ T ≤ +50°C.  The plots for hot and cold case are as shown in Figure 31. 
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The temperature profile for hot case is such that it decreases and then continues to increase till 

end of flight time. For cold case, an interesting change in temperature profile is observed 

towards the end of 7 hours. Although insulation is used but there is still fall in temperature. 

Styrofoam has high specific heat capacity and the larger its mass the higher amount of heat 

would be stored by it. So a temperature decrease is due to the reason that the insulation is not 

thick enough to maintain the temperature. In insulation of greater thickness this phenomenon 

will occur after a longer time. Therefore, in case of cold case EBASS should be carefully analyzed 

for long duration flights. 

 
 

 

 
Figure 31 EBASS 7 hour temperature variation for hot (top) and cold (bottom) case - 10mm Styrofoam 
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5.6 EBASS - thermal control with 50mm Styrofoam 

EBASS theoretical model is made with insulation of 50mm. Transient analyses is performed in 

COMSOL and the results obtained are shown in Table 22. 

Table 22 Results of transient analyses of EBASS for 50mm Styrofoam 

Units Hot Case (°C) Cold Case (°C) 

Tx +15 to +40  -6 to +16  

PCU +15 to +41 -6 to +17 

DC/DC +15 to +42 -6 to +18 

Electronics +15 to +38 -6 to +15 

 

The temperature results for worst hot and cold case show that the units of EBASS are well 

within the required range. The results of cold case have improved due to increase in thickness 

of Styrofoam insulation. The plots of variation of temperature with time are shown in Figure 32 

and Figure 33. No decrease in temperature profile is observed for cold case at the end of flight 

time. This means that this type of insulation can be useful when EBASS is employed in flight 

times of longer duration. 

 
 

 
Figure 32 EBASS 7 hour temperature variation for hot case - 50mm Styrofoam 
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Figure 33 EBASS 7 hour temperature variation for cold case- 50mm Styrofoam 

 

5.7 Comparison of thermal control techniques 

After performing the transient analyses of E-Link, PDU and EBASS for different thermal control 

techniques, the three thermal control methods have been compared to select the best option 

for a particular case. All these techniques have been analyzed for worst case scenarios. A 

comparison of them is given for hot case in Table 23 that gives overview of the control method 

appropriate for a specified unit. 

Table 23 Comparison of thermal control methods for hot case 
Cases White paint Styrofoam - 10mm Styrofoam - 50mm 

E-Link Pass Fail Fail 

PDU Pass Pass Pass 

EBASS Pass Pass Pass 

 

For cold case, a comparison of white paint, 10mm Styrofoam and 50mm Styrofoam is given in 

Table 24. The thermal control technique for the cold case of PDU is selected on the basis of 

maximum temperature difference obtained from a method when the PDU is working and not 

working. 
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Table 24 Comparison of thermal control methods for cold case 
Cases White paint Styrofoam - 10mm Styrofoam - 50mm 

E-Link Pass Pass Fail 

PDU Fail Pass Pass 

EBASS Fail Pass Pass 

 

Results highlighted in red in Table 23 and Table 24 are recommended solutions. Results show 

that white paint is the selected choice for E-Link during the hot case. For cold case of E-Link 

white paint and 10mm insulation can be used but 10mm insulation is recommended as it will be 

sufficient for longer flight hours. For PDU all control methods can be used during hot case due 

to its low heat dissipation but white paint is recommended based on its low weight and easier 

application.  In cold case, insulation of 50mm is selected as it gives a good temperature margin. 

In case of EBASS, although all three types of insulation fulfill the purpose of maintaining the 

temperature in hot case but white paint is selected on the basis of lower weight and ease of 

application. Also white paint can be used for longer flight hours as with 50mm insulation the 

upper limit can be exceeded. In cold case, white paint is not sufficient as the temperatures are 

below the lower limit. 10mm insulation is sufficient for 7 hours of flight but for longer duration 

it would be necessary to increase the Styrofoam thickness. Therefore, 50mm Styrofoam is 

recommended to maintain the EBASS temperature in cold conditions. 
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6 MODEL VERIFICATION 

 

The objective of this research is to build a valid theoretical model that can be used to predict 

the temperatures of equipment accurately. The model can be verified by comparing the results 

obtained from COMSOL with the data that is available from old flights. The data that are used 

to verify the theoretical model are that of EBASS from the flights that took place in 2010 and 

2013. The 2010 data is used for model verification in cold case and for hot case verification 

2013 data of EBASS is used. The theoretical model has been modified to include the external 

conditions of temperature and pressure for these flights. Analyses for the worst hot and cold 

case have been performed in COMSOL. Table 25 and Table 26 summarize the results of EBASS 

from theoretical model and the data obtained from previous flights. 

Table 25 Comparison of theoretical model and actual flight data temperatures for hot case 

EBASS 
Hot case (°C) 

Flight data Model 

Tx +26.94 to +34.83 +21 to +40 

Electronics +26.72 to +34.72 +20 to +38 

 

Table 26 Comparison of theoretical model and actual flight data temperatures for cold case 

EBASS 
Cold case (°C) 

Flight data Model 

Tx -3.81 to +15.84 0 to +13 

Electronics -4.00 to +14.65 -1 to +11.5 

 

The results of Table 25 and Table 26 show that the flight data and model data agree well for the 

two worst cases. The maximum difference of 7°C and minimum difference of 3°C is observed in 

temperatures. The reason for the difference is the theoretical model is not exact replica of the 

physical system. Also environmental flux data used for albedo and IR are approximate values 

for the time when flight occurred as well as the data used for ambient environment. The model 
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is built by considering a margin of ±10°C. Since the difference in temperature is less than this 

margin value, the theoretical model can be used to accurately predict the temperatures of 

equipment for the worst hot and cold environments.  
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7 CONCLUSION AND FUTURE WORK 

 

7.1 Conclusion 

A theoretical model is developed for the equipment used in Esrange balloon flights by applying 

the theory of heat transfer. The model is used to accurately predict the temperatures of the 

equipment under different conditions and environments. Based on this model, thermal control 

methods have been designed for the equipment in order to maintain their temperature within 

the operating range of -30°C ≤ T ≤ +60°C. Analyses show that for E-Link, PDU and EBASS white 

paint is best suited during the worst hot case due to its high emissivity, low absorptivity and 

ease of use. For the cold case 10 mm insulation is used to maintain temperature of E-Link. For 

PDU and EBASS Styrofoam insulation of 50mm is selected to ensure their working during worst 

cold environments and long flight durations. The temperature of PDU obtained from the test 

setup agrees well with the analyses data. Also the model is verified by comparing EBASS 

analyses with the data obtained from actual past flights. Comparison of results with flight data 

shows that the temperatures are in good agreement. This shows that the theoretical model can 

be efficiently used for determining the response of the equipment under varying environments.  

 

7.2 Future work 

7.2.1 Configuration change 

Another method that can be helpful without using any thermal control method is to change the 

configuration of the equipment and utilize external flux for the heating or cooling purpose. The 

theoretical model can be built by changing the configuration of equipment inside the gondola. 

The position of E-Link and PDU can be changed by placing PDU at the top of gondola and E-Link 

at the base. This is done because E-Link has higher heat dissipation and its position at the top 

gives it more access to the external radiation from the Sun. So placing it at the bottom will be 

helpful during the hot case. As PDU has lower heat generation, more solar flux would be 
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incident on it when it is at the Egon top. The analyses can be performed in COMSOL with white 

paint as well as insulation as the thermal control method.  

At present, E-Link is connected to the gondola by two Aluminum frames at the top. Its thermal 

link can be increased by introducing thermal paste that improves thermal contact between the 

two. The same can be done for PDU. 

7.2.2 PDU operating profile 

For the cold case, a study can be done on the operating and non-operating times for PDU. This 

would prove helpful in accurately determining the temperature range when it is subjected to 

the cold environment. 
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