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Abstract

:

In this paper, the design and validation of a heat storage device based on phase change materials are presented, with the focus on improving the thermal control of micro-satellites. The main objective of the development is to provide a system that is able to keep electronics within safe temperature ranges during the operation of manoeuvres, while reducing mass and volume in comparison to other thermal control techniques. Due to the low thermal conductivity of phase change materials, the conductivity of the device as a whole is one of the major challenges of the development. This issue has been solved by means of the use of a lattice of aluminium fins. The thermal behaviour of the proposed solution is assessed with numerical simulation tools, and the results prove that the developed phase change material-based thermal control technique is able to provide the suitable integrated thermal management of micro-satellites. Fabrication challenges found in the project are also explained. Numerical results are validated through a testing stage. The predicted temperature profiles are in good agreement with experimental data and inside the range foreseen for the heat storage device.
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1. Introduction


Space is a very harsh and difficult environment for spacecraft and their payloads. From a thermal point of view, spacecraft and payloads must undergo extreme temperatures, heat fluxes and variations in these flows depending on the orbit type [1,2].



Thermal control refers to the set of techniques employed to maintain the temperatures of the spacecraft and its components inside the range of allowed temperatures [3,4]. This must be achieved in all possible scenarios (hot cases, cold cases, steady state or transient cases, etc.) because, otherwise, individual components can fail due to the very high or very low temperatures reached. A failure in one component, e.g., the electronics, can jeopardize a mission or even make it a failure [5].



Phase change materials (PCM) have been used for thermal control techniques since the early years of the 1960s. Several Apollo missions carried components that used PCMs to stabilize their temperatures [6]. Other components were also used that relied on PCM behaviors [7]. The general appreciation in the space industry for PCMs continued also during the 21st century, as was shown by the call from the European Space Agency (ESA) to the European space industries to design, calculate and fabricate a phase change material heat storage device (PCM-HSD) [8].



The physics and behavior of PCM materials have been widely studied in the literature [9,10,11,12,13,14,15,16,17,18,19,20]. One interesting study showed the possibility of using PCMs to stabilize the temperature of some components, for instance, the electronics [1]. When the different electronic circuits are switched on, heat is produced, and temperatures start to rise. The heat produced must be conducted to the radiator and, from there, must be evacuated into outer space. If the power to be disposed of is big, the surface of the radiator must also be big and, consequently, its weight will be high. However, if the power produced by the electronics is somehow ‘stored’ in the PCM, and the temperature is maintained at a constant level, it will be possible to dispose of the heat when the circuits are switched off. This means that the area of the radiator will not be that large, the weight will be lower and the design will be better. In fact, what the PCM achieves is an increase in the thermal inertia of the spacecraft or payload and, in this way, it will have a more stable temperature and a reduced weight of the payload or spacecraft.




2. Phase Change Material Heat Storage Device (PCM-HSD)


2.1. Description


This study aimed to assess the possibility of using PCMs in space to stabilize the temperatures of components and to reduce the size of the radiator in order to reduce weight. The system considered, shown in Figure 1, was based on a PCM contained in a house, which was attached to the electronics whose temperature is to be controlled and the radiator. Every surface but the radiator was assumed to be covered by multi-layer insulation (MLI) blankets to avoid heat leaks. Moreover, the radiator was assumed to operate just when the heat needed to be released into the space. The device was considered, therefore, to be insulated from the environment to make the study conditions more unfavorable.



The key idea behind this PCM thermal control concept is to convert the thermal energy into a phase change reaction, storing heat when it is produced and releasing this energy when the electronics is switched off. Since the phase change process occurs at almost constant temperature, such thermal control means that the system temperature does not change significantly during the melting/solidification, so that if the melting point is appropriate, the electronics can be efficiently protected.



In general terms, micro-satellites (between 10 and 100 kg in weight) operate on low Earth circular orbits (LEO, 450–1200 km) with a wide range of NASA β angles, and on high elliptical orbits, and are exposed to the Sun, albedo and infrared Earth radiation. Typical maximal incident fluxes for 550 km orbit for flat surfaces with normal to nadir trajectories are QIR (infrared) ~200 W/m2 and QAL (albedo) max ~450 W/m2 (averaged over orbit <150 W/m2). The eclipse time can vary between 0.5 h (circular) and up to several hours for elliptic orbits. According to Baturkin [21], typical requirements of average heat generation inside the satellite are in the range of 15–40 W. This power is produced mainly by housekeeping equipment (on board computer, transmitter, the attitude and control system, batteries). Peak heat generation coincides with payload operation and can reach up to 200 W.



In our case, the specifications that were to be followed are those stated by the ESA [8]. There were requirements for functional and performance (FPR), interface (IR), environmental (ER), operational (OR), design (DR) and verification and testing (VTR) operations. However, the main requirements are those related with thermal capacity and mechanical behavior, listed below:




	
The device must be capable of absorbing 30 W for 45 min;



	
Operational temperature range must be (−20/+40 °C);



	
The device’s mass shall be less than 0.50 kg;



	
The device’s first resonance frequency must be higher than 140 Hz;



	
The device shall sustain a mechanical environment characterized by dynamic loads.









2.2. Governing Equations and Numerical Methods


It is very common for thermal control in spacecraft to describe the heat transfer process through the thermal lumped method (TLP). Details about the method can be found elsewhere [22,23,24].



The set of nonlinear equations that describe the temperatures of a transient thermal mathematical model is (for a node  i )


    ∑   j = 1   j = n   G L  (  i , j  )   (   T i  −  T j   )  +   ∑   j = 1   j = n   σ G R  (  i , j  )   (   T i 4  −  T j 4   )  +  M i   C i    d  T i    d t   =  q i   



(1)




where  n  is the number of nodes of the thermal mathematical model (TMM),   G L  (  i , j  )    is the conductive conductance (W/m) between nodes  i  and  j ,  σ  is the Stefan–Boltzmann constant (5.67 × 10 − 8 W/(m2·K4)),   G R  (  i , j  )    is the radiative conductance (m2) between nodes  i  and  j ,    T i    and    T j    are the temperatures (K) of nodes  i  and  j ,    M i   C i    is the product of the  i  node mass (kg) times the heat capacity (J/(kg·K) and    q i    is the power (W) that enters into node  i . The subscripts  i  and  j  go from 1 to  n . It is usual to ascribe thermal inertia to the product    M i   C i    as it describes the “opposition” to changing the temperature of  i  node when subjected to a power input.



The time derivative of the temperature of node  i  can be approximated by


    d  T i    d t   =    T i     t + Δ t   −  T i    t    Δ t    



(2)







For a node  i  and for a general time step   t + Δ t  , it is possible to write


    ∑   j = 1   j = n   G L  (  i , j  )   (   T i     t + Δ t   −  T j     t + Δ t    )  +   ∑   j = 1   j = n   σ G R  (  i , j  )   (   T i      4    t + Δ t   −  T j      4    t + Δ t    )   +  M i   C i     (   T i     t + Δ t   −  T i    t   )    Δ t   −  q i  = 0  



(3)







In order to simplify the notation, the following will be used


   T i     t + Δ t   =  T i    ;    T i    t  =  T i    t   



(4)







Additionally, the following set of equations is obtained


    ∑   j = 1   j = n   G L  (  i , j  )   (   T i  −  T j   )  +   ∑   j = 1   j = n   σ G R  (  i , j  )   (   T i    4  −  T j    4   )  +  M i   C i     (   T i  −  T i    t   )    Δ t   −  q i  = 0  



(5)







Each equation represents the thermal instant equilibrium of a node. An in-house-developed computer program called TK was used to solve the set of  n  non-linear equations. These equations are solved for each time step where temperatures of the different nodes are calculated. The heat power (W) that goes from one node to another is also calculated, as well as the heat power (W) that goes into each node, which is employed in increasing its temperature. The TK computer program was modified to be able to deal with phase change materials. In the following, we will assume that the initial state of each node is solid and that the phase change will be melting.



For those nodes made of PCMs, additional information must be supplied to the computer program. The PCM has a latent heat  L , measured in J/kg. The mass of each node (kg), as well as the specific heat (J/(kg·K)) of the material are also known. By multiplying the mass of the node by the latent heat  L , the program can obtain the total energy needed by the node when passing from a solid to liquid phase.



The program uses a predictor–corrector method to take into account the latent heat of nodes made of PCM. For each time step, a set of temperatures is calculated (predicted) with the previously explained equations. Then, the program checks each node made of PCM. If the temperature predicted for this node is higher than the starting temperature of the change of state from solid to liquid, then the energy used (J) is calculated, the temperature of the node is corrected and the accumulated energy used in that node is calculated, as is the liquid fraction of PCM in that node. These calculations are performed taking into account the product of the mass times the specific heat of the node. If the calculated liquid fraction is lower than 1, the program continues with the next node. When the total energy accumulated in one node is higher than the total energy that the node needs to change state, the state of the node is considered liquid and, in the following time steps, it will not have influence over the predicted temperatures.



It is clear that time steps short enough must be considered when phase change takes place, otherwise significant errors can appear. It is not unusual to need to make several trials before fixing an appropriate time step length. Finally, the procedure for considering the change from liquid to solid is similar, but with decreasing temperatures.





3. Design of the Phase Change Material Heat Storage Device (PCM-HSD)


3.1. Conceptual Design


The design efforts are aimed at creating an appropriate heat management technique to keep the electronics within the safe temperature range and a suitable housing design able to withstand the structural loads specified. Together with the specifications mentioned in the previous section, the main issues considered for the conceptual design were the PCM selection and the PCM thermal conductivity enhancement. It has not been previously mentioned but, in general, thermal conductivity of PCMs is quite low, and it is necessary to improve it to obtain an appropriate thermal behavior for the device.



3.1.1. PCM Selection


Regarding the PCM selection, a first calculation has been performed to find the minimum value of the latent heat needed for the PCM. Following the specifications, Equation (6) states:


   λ  m i n   =    E  m i n      m  m a x     =   30    W  · 45    min  ·   60    s    1    min      0.5    kg    =   81000    J    0.5    kg    =   162    kJ    kg   .  



(6)







In fact, the minimum value for the latent heat of the PCM must be bigger, because the PCM will be positioned inside a container that will add mass to the device but almost no latent heat (not taking into account the specific heat).



A box-shaped aluminum container with a, b, c dimensions and t thickness has been considered. Aluminum has very good thermal conductivity and a relatively low density, so as a first approximation, it has been selected as the container material. Values for dimensions a and b have also been selected as 80 mm and 20 mm, respectively. The reason is that these dimensions are adequate for one of the mechanical interfaces considered. A thickness of t equal to 2 mm has also been selected because of the fabrication constraints, so the only unknown dimension left is the height c. It is possible to demonstrate that the c maximum value (in meters) that can be accepted for the box if the maximum weight of the PCM-HSD has to be 0.5 kg must be


  c =   0.5 − 2 t ·  ρ  container     ⌈ a b + 2 t  (  a + b  )  + 4  t 2  ⌉   a b ·  ρ  PCM   + 2 t ·  ρ  container    (  a + b + 2 t  )    ,  



(7)




where    ρ  container     and    ρ  PCM     are the densities of the container and the PCM.



Once the general dimensions of the PCM-HSD are known, it is possible to calculate the energy that the PCM-HSD can handle due to the latent heat for a particular PCM. If this energy is higher than 81 kJ (162 kJ/kg 0.5 kg), it is possible to conclude that the selected PCM is appropriate for the application.



Several organic and inorganic PCMs have been studied, and the first selection criterion has been that the energy calculated with Equation (2) is bigger than 81 kJ. In addition, the good chemical compatibility between the PCM and the structural material has been considered.


   E  PCM   =  m  PCM    λ  PCM   = a · b · c ·  ρ  PCM   ·  λ  PCM    



(8)








3.1.2. Enhancement of the Thermal Conductivity


As it has already been mentioned, the thermal conductivity of the PCMs is, in general, low. This can pose a problem for the PCM-HSD because higher than desired temperatures could be reached while the phase change occurs, endangering the functioning of the electronics. In this context, an introductory calculation has been performed, comparing the behavior of the PCM alone with its behavior if aluminum fins are present, if aluminum foam is used or if even both of them, fins and foam, are used simultaneously (Figure 2). The calculation is based on the mixture rule and gave an initial idea of what to expect from each solution.



To calculate the equivalent thermal conductivity, we have taken into account the conductivity of the PCM, the conductivity of the fins and also the transversal area of the fins. In the foam case, the apparent conductivity has been considered, which is a function of the material conductivity and the pore density:


   k  e f   =    k  PCM   ·  A  PCM   +  k  fin   ·  A  fin   +  k  real _ foam   ·  A  real _ foam      A  PCM   +  A  fin   +  A  real _ foam     ,  



(9)




performing some algebra in Equation (3), it is possible to write:


   k  e f   =  [   k  apparent _ foam   +  k  PCM   ·  (  1 −    ρ  apparent _ foam      ρ  real _ foam      )   ]  ·  (  1 − x  )  +  k  fin   · x ,  



(10)




where:



   k  e f    : PCM-HSD equivalent thermal conductivity (W/(m·K));



   k  PCM    : The phase change material’s thermal conductivity (W/(m·K));



   k  fin    : The fins’ thermal conductivity (W/(m·K));



   k  real _ foam    : The real foam’s thermal conductivity (W/(m·K));



   k  apparent _ foam    : The apparent foam’s thermal conductivity (W/(m·K));



   A  PCM    : The transversal area of the PCM (m2);



   A  fin    : The transversal area of the fins (m2);



   A  real _ foam    : The transversal area of the foam (m2);



   ρ  apparent _ foam    : The apparent density of the foam (kg/m3);



   ρ  real _ foam    : The real density of the foam (kg/m3).



For this preliminary analysis, a paraffin called RT5HC was selected as the PCM (properties in Table 1), with a metallic foam Duocel® (Table 2) and aluminum alloy 6101 for the fins (Table 3).



It is worth to noting that the PCM (RT5HC) selected for this first approximation does not fulfil the condition imposed regarding the minimum energy (i.e., be higher than 81 kJ). However, the purpose of this initial investigation is to estimate the variation of the equivalent conductivity in relation to the percentage of filler volume content. This variation, as well as the equivalent latent heat, can be seen in Figure 3. The dot lines express the values when foam is present, as well as the fins. The continuous lines show values with only fins.



Figure 3 shows that the equivalent conductivity of the device improves a lot when foam and fins are present but, at the same time, the equivalent latent heat of the device decreases significantly. The final design should be a trade-off between these two aspects of the heat transfer mechanism.




3.1.3. Initial Conceptual Design


Reference [1] provides a good method for the geometrical initial design of the PCM-HSD. Assuming a geometry similar to the one shown in Figure 4, a spreadsheet has been prepared to evaluate different initial designs in a quick and efficient way.



The basic equations taken into account are the energy conservation, Fourier’s law, the mixture rule and mass conservation. The inputs for the spreadsheet are the PCM properties, general dimensions of the housing, number and thickness of the fins and their properties and the properties of the foam. The obtained results are the total mass of the device (maximum 0.5 kg), the thermal energy that can be dealt with (minimum 81 kJ) and the equivalent thermal conductivity.



It can be seen that the device’s weight is 0.5 kg and that the total energy is 87.9 kJ: both constraints are then fulfilled.





3.2. Preliminary Design of Two Possible Phase Change Material Heat Storage Devices


The process of elaborating a new design is, without a doubt, an iterative process that only converges when the final design is built. In our case, two preliminary designs, based on two phase change materials (RT5HC and KF·4H2O), have been developed. The geometries are quite different, and both designs needed to be calculated thermally and mechanically. For the sake of completeness, the material properties of both materials are collected in Table 4.



Both materials comply with the ESA specifications previously mentioned. Perhaps the most relevant point of interest of the KF·4H2O salt is that it undergoes almost no change in volume when melting.



3.2.1. RT5HC Material


The proposed design for this material can be seen in Figure 5. The previously mentioned spreadsheet was used, with some minor adaptations.



The trapezoidal geometry tries to maximize the surface contact between the hot electronic device and the PCM material. The design has two inner fins to improve the thermal conductivity of the device. The container material is the 6101 aluminum material.




3.2.2. KF·4H2O Material


A fairly different preliminary design was depicted for the hydrated salt material, see Figure 6. The design was conceived to take advantage of the almost-constant density of the PCM material for solid and liquid phases. The number of inner fins is bigger in this case, again to improve the thermal conductivity. The material container is again 6101 aluminum material, and the estimated weight is 0.5 kg.





3.3. Detailed Design: Thermal and Mechanical Modelling of the Phase Change Material Heat Storage Devices


The preliminary designs proposed in the previous section of the paper must undergo a detailed thermal and mechanical analysis before being fabricated. This is performed in order to check whether the designs fulfill the requirements expressed in Section 2.



3.3.1. Thermal Behavior Modelling


The commercial thermal software NX-TMG from Siemens has been used for the transient calculation of the system temperatures. The employed mesh can be seen in Figure 7.



The NX TMG software automatically converts the finite element mesh shown in Figure 7 into a network of thermal conductance values employed in the thermal lumped parameter (TLP) method, which is very well known in the space industry [24]. Thermal resistances have been added manually to the models to take into account the contact between the interface and the PCM container. The employed value is 0.070 × 10−4 m2K/W, taken from [25]. The mesh represents a quarter of the real geometry due to the symmetry presence. Both thermal interfaces (small and big) have been modelled for completeness of the calculations. The objective is to maintain the temperature between −20 °C and +40 °C.



The thermal load case applied in each of the four geometries is a heat flow of 30 W produced by the electronics, applied for 45 min. The initial temperature considered is −20 °C and a time step of 0.1 s was used, which makes a total of 27,000 steps. The results for the most critical point of the PCM-HSD (a point in the interface, near the electronics) are shown in Figure 8.



As can be seen, even for the most critical point of the design, the maximum allowed temperature of 40 °C is not reached. It can be also concluded from Figure 8 that the small interface generates higher temperatures than the large one, as it would be expected.




3.3.2. Mechanical Behavior Modelling


Both static and dynamic loads are foreseen for the different mission phases where the PCM-HSD can be used. As a consequence, different load cases are analyzed.



Volume Change during the Phase Change


It is well known that volume change appears when the phase change occurs in the PCM materials. Different materials have different volume changes and, for the two preselected materials, the changes were estimated through Equation (11):


  Δ V =  V  l i q u i d   −  V  s o l i d   =    V  l i q u i d      V  s o l i d      V  s o l i d   −  V  s o l i d   =      m  l i q u i d      ρ  l i q u i d          m  s o l i d      ρ  s o l i d        V  s o l i d   −  V  s o l i d   =    ρ  s o l i d      ρ  l i q u i d      V  s o l i d   −  V  s o l i d   ,  



(11)






  RT 5 HC   →   880   763    V  s o l i d   −  V  s o l i d   = 15.3 % ,  



(12)






  KF · 4  H 2  O   →   1455   1447    V  s o l i d   −  V  s o l i d   = 0.55 % ,  



(13)







To simulate this increase in volume, hydrostatic pressure has been calculated and applied to the two containers previously described. For the RT5HC material, an equivalent load of 60 bars has been applied, and for the KF·4H2O, the applied hydrostatic pressure is 1.25 bars. As could be expected, the maximum stresses calculated with the finite element method are high at more than 1000 MPa (one thousand), and the maximum displacements around 8.8 mm in the case of the RT5HC. These levels of stresses and displacements are not possible, so the RT5HC material and its correspondent design were discarded.



The results are more encouraging for the KF·4H2O, as the maximum stresses present in the container are around 177 MPa, which is correct from a structural point of view. Figure 9 shows the equivalent von Mises stresses and the maximum displacements of this case. The employed mesh is similar to that of Figure 7.




Dynamic Response of the PCM Heat Storage Device


Three different requirements are present in the specification of the mechanical dynamic behavior of the PCM-HSD. NX CAE software was used for the following calculations:




	
First natural frequency must be higher than 140 Hz. This requirement was analyzed through an FEM calculation. The first frequency calculated is above 1200 Hz, so the requirement is fulfilled. It is interesting to note that as the PCM is considered in its liquid phase for this calculation, a non-geometrical mass homogenously applied on the inner walls of the container has been used.



	
Random forced dynamic response. The requirements are collected in Table 5. Results show an RMS acceleration of 215 g, which produces a maximum of 18 MPa, well inside the allowed range.



	
Sinus excitation. As stated in Table 5, the system must undergo a sinus excitation for frequencies between 5 and 1000 Hz of a 25 g level, with a sweep rate of 2 octaves/minute. As the first natural frequency is far enough from the excitation frequencies, the obtained von Mises stresses are quite low.












4. Fabrication of the Phase Change Material Heat Storage Devices


The fabrication of the PCM-HSD posed several challenges, and some final changes were made to the detailed design. It is important to remember that the design and fabrication of the PCM-HSD was a research project and allowed some flexibility, along as this was inside the requirements of the specification.



4.1. PCM Material


It was not possible to find a reliable supplier for the KF·4H2O hydrated salt. After much effort and lack of success, the working team decided to change the selected salt for another one called Glauber’s salt, Na2SO4·10H2O, whose commercial name is PlusICE S32. The material thermal properties are presented in Table 6.



The objective was to have a PCM as close as possible to the original selection. In general terms, the differences between both materials were not that big, but there is one key difference, which is the melting temperature. Whereas the initial melting temperature of the KF·4H2O hydrated salt was 18.5 °C (see Table 4), the melting point of the Na2SO4·10H2O was 32 °C. A numerical transient simulation of the temperature reached can be seen in Figure 10. The final achieved temperature is around 37 °C, clearly higher than the one previously calculated, but within the acceptable range of values. However, the margins are now quite tight (the maximum allowed temperature is 40 °C).




4.2. Container Material


The change in the PCM material made it necessary to change also the container material, as it was compulsory to ensure the compatibility between the new PCM and the container [26]. The main point was that the new container should be Cu-free, so a 6063-T5 alloy was selected. The high thermal conductivity of the container was thus maintained, and strength properties are similar.




4.3. Container Fabrication Process


The fabrication process was also complex, as the geometry of the container is not simple. One of the main difficulties was the thickness of the walls (0.4 mm). Two fabrication processes were tested: electroerosion and machining. Both, after several trials, gave satisfactory results, so machining was selected due to budget considerations. Figure 11 shows the container base.



Finally, we decided to fabricate the container lid in methacrylate. The rationale behind this decision is the special interest of the working team in the change of phase of the PCM material. With this transparent material, it was going to be possible to see the process itself and see whether the assumptions adopted during the design process were correct. The thermal conductivity of the methacrylate is lower than the aluminum alloy, but it was considered to be good enough. The other drawback of the approach is that the dynamic tests will not be conducted, as the mechanical properties of the material are not equivalent to those of the 6063-T5 alloy. However, it was considered that the numerical tests conducted and explained in Section 5 of this paper were good enough for the purposes of the project. Figure 12 shows the final lid in methacrylate.





5. Testing and Experimental Validation


A testing stage was conducted in order to assess the thermal performance of the PCM-HSD system under realistic conditions and to validate the thermal models used. For the tests, the base and the lid were joined by means of two screws and sealed with o-rings. Additionally, Terostat MS-9399 elastic sealing was applied along the frame of the housing in order to avoid material leaks. The phase change material was injected in liquid phase, ensuring a suitable void volume after material solidification to allow the volume increase accommodation when melting the PCM without stressing the device.



The testing stage was conducted with controlled vacuum conditions and power dissipation in a vacuum chamber. A vacuum of 5 × 10−6 bars was established. The initial temperature of the test was the ambient temperature. The electronics were simulated through a heater designed to fit the surface area and heat dissipation. To ensure a proper heat transfer from the heater to the device, a silicone heat transfer compound was applied in the interface and some pressure was exerted. The device was insulated with Alpharock E-225 40 mm from Rockwool to avoid heat leaks to the environment, and this was introduced in a box. Pictures of the testing device and equipment are presented in Figure 13.



Four PT100 resistance temperature detectors (RTD) were placed for the temperature measurements, as shown in Figure 14.



Location 1 is on the center of the heater, location 2 is on one side of the heater, location 3 is in the heater–device interface and location 4 is inside the device, in contact with the PCM.



Good repeatability was found between experiments when the cycle of 45 min was followed under identical conditions. The temperature in the center of the heater (PT100-1) was found to be much higher than the measurements on the lateral side (PT100-2) (Figure 15). Those differences are caused by the fact that the incoming heat flux is not as uniform as expected. This non-uniformity makes the temperature in the center impractical to measure, while lateral measurements (PT100-2) were identified to be realistic for the electronics temperature evolution analysis.



The temperature evolution of PT100-2 and PT100-1 is presented in Figure 16, along with the results from the simulation. An excellent agreement was observed between the computer modelling and tests. Both the simulation and experimental results presented an initial quick temperature increase and a subsequent slope change caused by the melting process. Minor temperature deviations were observed between the numerical results and measurements during the whole heating process. Differences at the beginning were concluded to be related to the thermal inertia of the insulation materials used. Temperature deviations detected at the end were identified to be caused by the fact that the inserted PCM amount in the testing stage was slightly lower than the simulated one. On the basis of this correlation, the numerical models were validated, confirming that way the simulation results.




6. Conclusions


In this work, a heat storage device based on PCMs was designed, manufactured and tested according to realistic specifications for micro-satellites. The developed device was formed of an aluminum housing filled by PlusICE S32 salt hydrate from EPS Ltd. Heat transfer limitations related to the low thermal conductivity of the phase change material were dealt with via the insertion of aluminum fins. A suitable design was reached considering weight restrictions, heat transfer and capacitance and mechanical requirements. Numerical analyses were carried out considering realistic load conditions and showed that the reached maximum temperature was within a safe range. The developed thermal control system was tested in specific laboratories, controlling vacuum conditions, power dissipation and boundary conditions. Experimental results showed an excellent agreement with simulations. The minor deviations detected were considered to be mainly related to the insulation materials, the PCM amount included in the device and the PCM thermal conductivity change from the solid to liquid phase. The performed activities proved that the device was able to absorb the heat flux incoming from the electronics of micro-satellites without exceeding in the electronics the upper limit.
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Figure 1. Phase change material heat storage device (PCM-HSD) considered. 
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Figure 2. From left to right, PCM, PCM with fins, PCM with foam, PCM with fins and foam. 
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Figure 3. Variation of equivalent conductivity and equivalent latent heat as a function of the % of filler volume content. 
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Figure 4. Initial basic design of the PCM-HSD. 
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Figure 5. Preliminary design for the RT5HC material. 
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Figure 6. Preliminary design for the KF·4H2O material. 
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Figure 7. Detailed mesh employed in the thermal calculation. 
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Figure 8. Highest temperature of the PCM-HSD in a transient calculation. 
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Figure 9. Von Mises stresses (Pa) and displacements (m) of the KF·4H2O container. 
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Figure 10. Transient temperature evolution of KF·4H2O and S32 PCM materials. 
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Figure 11. Container 6063-T5 base. 
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Figure 12. Container methacrylate lid. 
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Figure 13. Pictures of the testing device and equipment. 
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Figure 14. Location of the resistance temperature detectors. 






Figure 14. Location of the resistance temperature detectors.



[image: Aerospace 09 00126 g014]







[image: Aerospace 09 00126 g015 550] 





Figure 15. Temperatures at points 1 and 2 during tests. 
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Figure 16. Temperature evolution of the PCM-HSD. 
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Table 1. PCM RT5HC material properties (supplier: Rubitherm).
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	PCM
	Type
	Tfusion (°C)
	  λ   (kJ/kg)
	  ρ   (kg/m3)
	   K    (W/(m·K))
	Cp (J/(kg·K))
	EPCM (J)





	RT5HC
	Organic
	6
	214
	880/763
	0.2
	1800/2400
	60,553
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Table 2. Duocel® foam material properties.
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	Material
	     ρ  a p p a r e n t     ( kg /  m 3  )    
	     ρ  r e a l     ( kg /  m 3  )    
	Cp (J/(kg·K))
	K (W/(m·K))





	Aluminum 6101 Duocel® foam
	207
	2700
	895
	218
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Table 3. Aluminum material properties.






Table 3. Aluminum material properties.





	Material
	ρ (kg/m3)
	Cp (J/(kg·K))
	K (W/(m·K))





	Aluminum
	2700
	895
	218
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Table 4. Material properties for the preselected phase change materials.
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	Property
	RT5HC
	KF·4H2O





	Melting point (°C)
	6
	18.5



	Latent heat (kJ/kg)
	245
	231



	Solid phase density (kg/m3)
	880
	1455



	Liquid phase density (kg/m3)
	763
	1447



	Specific heat solid phase (J/kg/°C)
	1800
	1840



	Specific heat liquid phase (J/kg/°C)
	2400
	1850



	Thermal conductivity (W/m/°C)
	0.2
	0.2
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Table 5. Sinus and random force dynamic requirements.
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	Excitation
	Frequency (Hz)
	Level





	Sinusoidal
	5–1000
	25 g



	Random
	20–100
	+3 dB/oct



	Random
	100–300
	0.3 g2/Hz



	Random
	300–2000
	−5 dB/oct
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Table 6. Thermal properties of PlusICE S32.






Table 6. Thermal properties of PlusICE S32.





	Property
	PlusICE S32





	Melting point (°C)
	32



	Latent heat (kJ/kg)
	200



	Density (kg/m3)
	1460



	Specific heat (J/kg/°C)
	1910



	Thermal conductivity (W/m/°C)
	0.51
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