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Use of heat capacitors based on Phase-Change Materials (PCM) for the effective thermal 
management of peak power dissipation in space systems is not a novelty. Yet, its application 
in real missions has been small, especially in Europe, due to mass penalty issues and 
relatively poor technological heritage. Three capacitor units using this technology are being 
manufactured and tested to be flown onboard the Entry descent & landing Demonstrator 
Module (EDM) of the ExoMars 2016 ESA mission, under the responsibility of Thales Alenia 
Space Italia (TAS-I) as prime contractor.  Their use onboard ExoMars EDM is motivated by 
the peculiar and stringent thermal control requirements, implying thermal management of 
short-duration power dissipation in a highly insulated environment.  

ExoMars thermal capacitors are PCM-based heat exchangers using phase change waxes 
that transition from solid to liquid at the desired control temperature and absorb 
considerable heat energy in the process.  In order to effectively transmit the heat into the 
PCM wax, which has very low conductivity of its own, the wax is contained within rugged, 
impact resistant, thermally conductive aluminum housings filled with an open-celled 
aluminum foam that acts both as a structural core material and provides a very large 
surface area for the wax to make contact with. 

These capacitors are manufactured by the US company ERG Aerospace which has also 
developed a proprietary technology for the aluminium foam.  

The development and testing of the EDM thermal capacitors is described in this paper. 
Their integration and operations in the frame of the overall EDM thermal design is 
illustrated as well.    
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Nomenclature 
 

BS   = Back Shell 
CB =  Central Bay 
CTPU = Central Terminal Process Unit 
EDL = Entry, Descent and Landing 
EDM = Entry, Descent and Landing 
Demonstrator Module 
FS   = Front Shield 
HX  = Heat Exchanger 
MIMU = Miniature Inertial Measurement Unit 
MLI = Multi-Layer Insulation 

PAS = Parachute Assembly 
PCM = Phase-Change Materials 
QM = Qualification Model 
RDA = Radar Assembly 
RMF = Reticulated Metal Foams 
SP = Surface Platform 
TAS-I = Thales Alenia Space Italia 
TGO = Trace Gas Orbiter 
TPS = Thermal Protection System 
TRN =  Transponders 

I.  Introduction 
 

HE ExoMars programme has been established 
within a cooperation between the European 

Space Agency (ESA) and the Russian Space Agency 
to investigate the Martian environment and to 
demonstrate new  technologies.  

Two missions are foreseen within the ExoMars 
programme: one consisting of an Orbiter plus an 
Entry, Descent and Landing Demonstrator Module 
(EDM), to be launched in 2016, and the other, with a 
launch date of 2018, featuring a rover carrying a drill 
and a suite of instruments dedicated to exobiology 
and geochemistry research.  

With the 2016 mission, the Trace Gas Orbiter (TGO) 
will carry scientific instruments to detect and study 
atmospheric trace gases, such as methane. The main 
objective of the EDM is to demonstrate the capability 
of achieving entry, descent and landing of a payload 
on the surface of  Mars. The EDM will contain 
sensors to evaluate the lander’s performance as it 
descends, and also a small payload  to study the 
environment at the landing site. 

This paper deals with the thermal control of the 
EDM. The peculiar and demanding thermal 
constraints and requirements of the capsule guided 
the development of a non-standard thermal design, as 
explained in the next section. Use of thermal 
capacitors to manage peak power dissipation is one 
of the key-points of such a design. 

 
Figure 1.  Pictorial view of ExoMars 2016 Mission 
- Trace Gas Orbiter and Entry, Descent and 
Landing Demonstrator Module. © ESA 2014 
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II.  ExoMars EDM configuration and thermal design 
 
 
The EDM is a capsule with three main components: 
 

Back Shell (BS) 
It consists of a conical structure, covered externally with Thermal 
Protection System (TPS) and holds the Parachute system (PAS), 
the Sun sensor, the HEPA filter and the mechanisms for the 
separation with the FS and the Lander. 
 
 
 
Surface Platform (SP)It consists of a honeycomb disc structure 
housing the separation mechanisms from the FS, the propulsion 
subsystem, the Radar assembly (RDA), the Miniature Inertial 
Measurement Unit (MIMU) and two batteries, all used specifically 
for landing. The main computer (CTPU), the transponders and 
switches, one battery and a scientific payload are mounted inside a 
Central Bay (CB), specially insulated for the Mars environment 
 
Front Shield (FS) 
It consists of a conical structure covered externally with Thermal 
Protection System (TPS) and holds the separation mechanisms 
with the BS. 
 
 

Figure 2.  Exploded view of ExoMars 2016 EDM.  
 
The main drivers for the EDM thermal design are: 
1. Minimize the heater power required during cruise, which is driven by the worst case cold scenario when the 

EDM is in hibernation and in the shadow of the TGO, which provides the power and heater control.  Minimum 
non-operational temperatures of the propellant drive the design. 

2. Minimize the heater power required after separation from the TGO when the EDM is under battery power.  The 
cold scenario is a 72 hour cold coast phase near Mars followed by six minutes of EDL and 2 sols on Mars.  
Non-operational limits apply while in hibernation during cold coast, but operational limits must be met when 
the EDM wakes in the last hours prior to EDL. 

3. Maintain the TPS above -100˚C in all phases (to avoid degradation) and below -40˚C and -20˚C at start of entry 
for FS and BS respectively (to minimize mass), accounting for different attitudes of the EDM versus sun during 
the mission (3-axis stabilized and in the shadow of the TGO during cruise, spinning and partally exposed to sun 
on the BS during coast). 

4. Accommodate the internal dissipations in the short phases (typically one hour for checks during cruise, 2 hours 
before separation with the TGO and 6 hours in preparation of EDL) when all equipment is required to operate. 
The total maximum dissipation of the electronics is 100 W and the total energy dissipated in the longest phase is 
300 Wh. 

 
The first three drivers imposed a highly insulated design, that consequently required some form of heat removal and 
disposal. Several solutions were examined, in view of the low power and energy to be transported, the availability of 
heat sinks and their temperature, and the impact on overall mass and energy. Power and energy were found too low 
to require a fluid loop or Variable Conductance Heat Pipes, but compatible with internal heat sinks inside the SP. 
Two solutions were compared: mount the dissipating equipment with the SP structure and cover the SP structure 
with thermal spreaders of aluminium, or mount the equipment on an additional thermal mass which is thermally 
decoupled from the SP structure. The second solution was preferred because it provides a significant advantage on 
Mars: the equipment remains thermally decoupled from the very cold SP structure, and the assembly of each piece 
of equipment and its heat accumulator can store energy which is then used instead of heater electrical energy. Two 
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types of heat accumulators were compared:  simple aluminium blocks and thermal capacitors using phase change 
material. Using simulations, masses of the blocks were found to be about twice that of the capacitors, which was not 
tolerable for the EDM mass budget, so the thermal capacitors were selected. 
 
The thermal design of the EDM consists of the following: 

 
1. The passive thermal design of the BS consists of an external layer of Kapton with a combination of aluminum 

and silicon oxide deposition adhered to the TPS.  The low infrared emittance (0.3) conserves energy during cold 
cruise while the even lower solar absorptance (0.14) ensures upper temperature limits are not exceeded during 
solar illumination. An MLI covers all internal surfaces of the conical structure, to create a benign environment 
for the SP and to minimize the heat leaks of the EDM. Heaters are used by the sun sensor, the mechanisms of 
separation from the FS and SP, and the parachute container. 
 

2. The FS is basically a structure without any electronics or actuators for the separation mechanisms (the active part 
of the mechanisms are on the BS). It is never illuminated by the sun, so it requires a different solution versus the 
BS: an MLI is used on both the external and internal surfaces. This combination minimizes the EDM heat leaks 
and guarantees the TPS temperature requirements. 

 
3. The SP is completely wrapped in MLI. Local additional MLI is used on the propulsion components and on the 

electronics. The CB, in addition to the MLI, has a layer of polyimide foam to improve the insulation on Mars. 
Heaters are used on structure, electronics and propulsion components. 

 
4. A thermal boost is performed before separation from the TGO in order to raise the temperature of the EDM and 

decrease heater use during the coast phase. The TGO electronics control the EDM heaters in a way that 
maximizes the use of the TGO power while remaining within its maximum 240 W limit. 

 
5. Thermal capacitors are mounted under three units:   CTPU, TRANSCEIVER and CTPU. The first two are inside 

the well insulated CB. Without an effective external heat sink, the heat they produce is actually an important 
contribution to the CB heating on Mars. The MIMU is mounted directly on the SP main structure, which is a 
poor heat sink, and the unit dissipation is large compared to its thermal capacitance, so its maximum operative 
temperature limit is only 50˚C. Thermal requirements for capacitors were identified through simulations: 

 
Capacitor Energy to be 

stored (kJ) 
Fusion temp. 

(°C) 
Operative 

design 
requirements 

(°C) 

Dissipation 
(W) 

MIMU 97 37 / 39 40 35 

CTPU 216 41 / 43 45 45 

TRANSCEIVER 149 41 / 43 45 31 

 
According to simulations, the temperatures of the CTPU, MIMU and TRANSCEIVER are limited by the 

capacitors. A typical example is the MIMU which has two periods of dissipation during the preparation to separation 
of the EDM from the TGO. Predicted temperature and power profiles in one such period are shown in the following 
figure: 
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Figure 3.  Typical temperature and power profiles for MIMU capacitor during the EDM mission 
 
 
 
 
 

 
 

Figure 4.  Location of thermal capacitors on the EDM Surface Platform 
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III.  Design of Thermal capacitors with phase-change materials and open-celled aluminum foam 
 

General 
Phase-change thermal capacitors using porous materials and an appropriate phase-change material have long 

been used for thermal management.  From the water soaked pith helmets of the British army in India to prevent 
hyperthermia, to foam metal and solid cryogen gasses to cool the focal plane arrays of infra-red reconnaissance and 
scientific satellites, this combination of technologies has often provided effective, reliable, and elegant design 
solutions to transient thermal challenges. 

 
A very common thermal problem in aerospace platforms is the need to absorb a short duration but high flux 

thermal pulse with a minimal volume and mass penalty to the platform.  Since a continuous-use heat exchanger 
capable of handling such high thermal fluxes would be unused for the majority of the platform mission, and would 
present an unacceptable addition to the weight budget, phase-change thermal capacitors are frequently used to 
manage such tasks.  While water is often used in such cases, and provides a very effective media in the solid/liquid 
or liquid  / vapor modes for very heavy thermal fluxes such as laser weapons, it has limitations. It has two practical 
phase change temperatures, and since it is a surprisingly unique material and has few similar compounds to provide 
phase change temperature options, many applications rely on phase change waxes to provide a solid / liquid thermal 
absorber.  These materials offer a wide array of transition temperatures that closely correlate with the numerical 
length of their carbon chains, thus offering a readily available “thermal tuning” feature. The energy absorbed during 
the solid / liquid phase change is typically 200000 J/kg.   

 
However, despite these very attractive thermal advantages, they have a significant drawback in having very low 

thermal conductivity.   Accordingly, although these hydrocarbon materials can absorb and store a very significant 
amount of heat, it is a difficult and very time-consuming task to do so if relying on the material’s natural 
conductivity. In fact the natural heat transfer is often so low that some form of standard heat exchanger would be 
competitive if there were any practical thermal sink within close range. 

 
One common solution to this limitation is to modify the material by adding thermally conductive particles or 

fiber strands to create a thermal composite.  This option offers moderate improvements, but often requires 
significant particle loads to achieve notable improvements, and sequential thermal cycles can cause segregation of 
the composite, thus diminishing performance over time. 

 
Another approach that is at least theoretically effective is to load the wax into very thin panels such that there is a 

very large heat transfer surface, and a very short distance for the heat to travel through the wax. While this approach 
is effective and can be used in some applications, it presents a packaging problem due to the large bulk that results, 
which is certainly not conducive to optimal aircraft or satellite design. 

 
One of the more practical solutions is to design the phase change material (PCM) thermal capacitor shape to suit 

the packaging requirements of the system assembly, while ensuring adequate volume of a PCM material selected to 
have the correct transition temperature and total energy absorption capacity, and then provide a heat exchanger 
media within the container that will ensure adequate conductivity into the relatively non-conductive PCM.  Some 
applications rely on fins or similar extended surface area designs for this purpose, but since the effective 
conductivity of such a structure varies with the material and the specific surface area of the extended heat exchanger 
structure, this often requires rather high density of very thin fins, which can often be very tedious to manufacture on 
a small production basis such as satellites.  The average distance between the embedded PCM material and the 
surrounding conductive metal is another key factor determining the effective thermal conductivity of the prominant 
heat transfer path. A more practical solution is to revert to the composite fiber concept, which offers very high 
specific surface area to couple to the PCM, but to ensure that the fibers are all thermally connected to both enhance 
the bulk conductivity of the structure, and to create a permanently rigid structure that prevents the separation / 
settling process that slowly degrades the simple particulate approach.   

 
While there are a number of techniques for creating such a heat exchanger structure, such as wire screens or 

expanded metal to name just a few, open celled metal foams offer a very practical solution as they provide all of the 
required characteristics and are already in a three-dimensional format that can easily be machined to fit and be 
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brazed into a thermally conductive metal container.  Such a design provides shape packaging flexibility to adapt to 
the electronics device to be cooled, while simultaneously creating a very strong and lightweight foam core structure 
with a thermal performance that remains constistant regardless of the number of thermal cycles. While such open-
celled foams can be manufactured in a variety of materials, one of the better options is aluminum metal foam. This 
material has a high thermal conductivity for its weight, is readily available in a variety of alloys, has fully developed 
and reliable manufacturing and joining technologies, and has a complete set of standards to support its design, 
reliable manufacture, and integration into aerospace systems. 

 
Due to the specific requirements of the EXOMARS Descent Module, the thermal capacitors have been designed 

using 6061-T6 container housings and 6101 alloy foam. The PCM for the CTPU and UHF units are Docosane wax 
with a phase change temperature of ~42˚C while the MIMU used Eicosane with a transition temperature of ~38˚C.   
Each of these designs meet the specified performance requirements to control the interface temperatures of their 
electronic packages and some of them have a significant margin of reserve capacity to address thermal overloads 
before the electronic reach critical temperatures. 

 
  

Open-celled metallic foam 
In the as-fabricated state, the isotropic Reticulated Metal Foams (RMF) consists of randomly oriented polygon 

shaped cells that can be approximated as dodecahedron ( 

Figure 5) 

 

   
 
Figure 5.   Structure of metal foam and dodecahedron having 12 pentagon shaped facets (from Ref.1) 
 
 
The key physical features of RMF related to their thermal performance are: the ligament dimensions, surface 

area, and thermal conductivity. One of the unique advantages of RMFs is that their physical properties can be scaled 
to provide the best solution for a given application. The most effective and practical means of tailoring their 
characteristics is to apply compression in any combination of 3 orthogonal dimensions. Since the compression can 
be done at any time after the fabrication of the foam, it provides unique advantages in cost and scheduling of 
fabricating special and customized applications. The effect of compression on the physical properties is therefore a 
valuable design variable that minimizes the time and cost of identifying the optimum foam configuration for any 
given application. One of the most important features of RMFs is their extremely high and scaleable surface area 
density. The surface area density is directly related to the extended surface area for improved heat transfer. The key 
features of such structure property relations are reviewed in Ref 1, where a set of design equations are provided 
where possible. 
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The effective thermal conductivity is a key physical property that is closely related to the thermal performance of 
RMF-based heat exchangers/capacitors. RMF used for high performance advanced Heat Exchanger (HX) 
applications are made out of the highest thermal conductivity materials such as Ag, Cu and Al. However, the long 
and complex shape of the thermal path traveling through the porous media significantly lowers the effective thermal 
conductivity of the RMF. However, the low density and the open structure of an RMS offers a unique capability to 
scale and tailor its thermal conductivity for any given high performance application. This feature allows us to 
optimize both the cost and the thermal performance of a heat exchanger for a given application. The high ductility of 
pure metals allows an RMF to undergo significant inelastic deformation w/o failure of the ligaments. It is also 
possible to apply intermediate annealing steps to further increase the density of the foam structure up to 50%,  
increasing the specific surface area to over 300 in2/in3. Since the thermal conductivity is a vector quantity for 
deformable RMFs, its value will be a function of not just the amount of compression (as it is for the effective surface 
area), but also of the direction of compression. 

  
 

Design 
Based on previous experience with aerospace PCM heat exchangers and with the ExoMars demonstrator, a 

2.5mm thick solid 6061-T6 aluminum wall was chosen for all exterior surfaces and the interior of the resulting 
housing was filled with ERG’s Duocel Aluminum Foam, 40 pores per inch pore size, 6-8% relative density, 6101-
T6 alloy, that is directionally compressed to 30%(CTPU and Tranceiever) and to 20% (MIMU) effective densities  
in order to raise its mechanical strength and thermal conductivity to meet the thermal and mechanical performance 
requirements. The orthotropic compression also reduces the maximum distance between the PCM molecules and the 
highly conductive Al foam matrix to about 1 mm. The resulting foam core is brazed into the aluminum housing to 
create a lightweight but very rugged composite structure similar to a honeycomb composite panel.  The void space 
within the foam is filled with liquid phase change wax. Then the housing is mechanically sealed, and the PCM wax 
is allowed to cool and solidify. 

 

          
 
Figure 6.   MIMU and CTPU pre-brazed housing and foam (note location for through-holes to be 

machined and PCM filling port; excess material to be removed after final heat treatment to get the 2.5mm 
thickness). 

The CTPU and UHF Transceiver capacitors have the PCM wax Docosane (22 element linear hydrocarbon chain) 
that has a phase change temperature of about 43-44°C. It should be noted that the phase change temperature of 
phase change waxes is normally stated as a range due to the nature of the crystal structure and melting behaviors of 
these materials.  Docosane, for example, actually transitions in a two-step thermal profile indicating that there may 
be both a crystal/crystal and solidus/liquidus phase change occurring during this process (Ref 2). 

The selected PCM wax for the MIMU capacitor is Eicosane (20 element linear hydrocarbon chain).  It has a latent 
heat of fusion very similar to Docosane but has a melt temperature of 36-37 °C, which provides the best match with 
its specified 38 +/-1 °C phase change temperature requirement. 
 
The thermal interface between each unit and its capacitor is optimized by means of surface lapping and an interface 
filler (solid graphite pad). The capacitor is then thermally coupled (MIMU, CTPU) or decoupled (TRANSCEIVER) 
from the EDM panels according to the thermal-control needs. 
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The external shape and mechanical interfaces of the three capacitors have been defined based on system-level 
configuration and mechanical analyses. All three units are mounted to the EDM panels via the related thermal 
capacitor, as shown in Figure 7.  

   

Figure 7.   CTPU, UHF and MIMU units mounted on their capacitors 
 

IV.  Thermal capacitors development and analysis 
 
ERG has a long history of designing, manufacturing and testing high performance phase change heat exchangers 

using the proprietary Duocel foam as the extended surface area heat transfer media and a variety of PCM materials 
including cryogenic gasses, water, and phase change waxes.  While the proprietary foam material thermal / 
mechanical simulation models are quite sophisticated and quite accurate (typically within 4-5% of final tested 
performance), the packaging of the foam and PCM waxes in a suitable container is a comparatively routine design 
and manufacturing task.    

 
Demonstrators 

The development of thermal capacitors for the EDM started in 2011, with the design, manufacture and thermal 
testing of two demonstrator units representative of the thermal design and performance of the flight units (See 
drawing in Figure 8). 
 

-The demonstrators were submitted to extensive thermal 
balance/cycling tests in representative conditions (temperature 
levels, power injection, vacuum environment) and various 
spatial orientations. An empty and a filled capacitor were 
tested, with a heater plate mounted on the capacitor upper face 
to simulate the equipment, and with the capacitor lower face 
used to radiate to the chamber cryogenic shrouds. The 
measured temperature profiles confirmed that: 

- The behavior of the capacitor is repeatable without any  
hysteresis. 

- Gravity has no appreciable influence on the performance 
of the device, as shown by the comparison between different 
test orientations. 

- The phase change takes place in two steps, at two slightly 
different temperatures. This behavior comes from an 
exothermic second order phase transformation that also slightly 
increases the thermal conductivity and volume. This behavior 
was expected (see Ref.2) and has no impacts on the needed 
performance.  Figure 8.   ExoMars thermal capacitor 

demonstrator 
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- The temperature range in which the change of phase takes place is in line with the temperature control needs of 
the EDM and with an acceptable uncertainty on capacitor setpoint.   

 
The temperature profile measured during one of the thermal cycles is reported in the following figure.  

 

 
Figure 9.   Typical temperature profiles during Demonstrator thermal cycling 

 
 
 
Sizing analyses 

The three capacitors for the EDM Flight Model were designed based on the succesfull demonstrator campaign 
and on the consolidated EDM requirements. Thermal and mechanical analysis supported the design phase. 

 
Transient thermal analyses for the CTPU, TRN and MIMU capacitors were performed using COSMOS/M FEA 

code Advanced Heat Transfer Module.  The FEA software accepts RMF thermal structural properties because of 
enhancements implemented into its source code based on ERG’s proprietary theoretical and experimental results.  
Having been validated through design and testing of numerous ERG heat exchanger projects, both by ERG and their 
customers like Northrop Grumman and Boeing, the ERG modeling software has been found to be accurate to within 
2-3˚C, which is consistent with accuracy levels typical to most mission simulation model inputs and design 
verification testing accuracy. The heterogeneous PCM (either Docosane or Eicosane) impregnated Al foam was 
treated as a homogeneous continuum with blended equivalent thermo physical properties that accurately represent 
the composite of both materials.  The density and thermal capacity of the composite were calculated using the First 
Law of Thermodynamics and the rule of mixtures.  The thermal conductivity of the composite was calculated using 
thermal models developed at ERG at the scale of the compressed foam cell.  The Heat of Fusion of PCM was treated 
as temperature dependent heat capacity applied in a narrow temperature range around the melting point. The thermal 
load was applied as uniform heat flux over the thermal capacitor/electronic box interface. The transient analyses was 
done with an initial temperature of 24˚C and run with 20-second time steps.  The results were recorded at the mid- 
and end-point conditions of the use scenarios provided in the EXOMARS specification. 

 Examples of temperature plots are given in the following figure.  
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Figure 10.   Sizing Analyses examples of temperature plots  
 
 
Besides thermal analyses, a full set of  mechanical analyses were performed: 
 

- Dynamic analyses were performed using the Advanced Dynamic Analysis Module of COSMOS/M FEA 
software. All three capacitors were assumed to be hard mounted (rigidly connected) to their bases at their attachment 
points. The PCM/Aluminum foam composites were treated as homogeneous continuums with mass density and 
elastic moduli properties equivalent to that of their constituents. 
- Random vibration analyses included normal mode and frequency of combined bodies of the capacitors and their 
electronics boxes. 
- Quasi-Static in-plane and out-of-plane impact shock load analyses were similarly processed with the Advanced 
Static Analysis Module of COSMOS/M FEA software. The capacitor and electronic box assemblies were assumed 
rigidly connected to their respective bases at their attachment points.  In- and out-of-plane accelerations were 
applied as quasi-static loads to the assemblies with fixed displacement boundary conditions. 
- Thermal fatigue analyses modelling the stresses developed as the capacitor assemblies cycled between extremes 
of -40 and +60°C were performed using the Advanced Static Analyses Module of COSMOS/M FEA software. 
Thermal loads were simulated as uniformly applied temperatures.  The linear thermo elastic stresses developed in 
response to different thermal expansion characteristics of the materials were calculated for the assemblies. 
 
 
 
System-level thermal analyses 

A system level mathematical model of the capacitor was prepared using ESATAN Thermal Analyzer. Its scope 
is to enable the simulation of the capacitor within the complete EDM systems model. For this reason this 
mathematical model must have a small number of nodes and conductors. In the diagram of the modelling scheme 
shown below, the colored discs represent the lumped-parameter thermal nodes, and the colored lines represent the 
thermal couplings. 
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Figure 11.   Modelling scheme of thermal capacitor 
 

The model was verified using results from the demonstrator thermal balance tests performed in a vacuum by TAS-I. 
The model required its greatest accuracy for the heating phase, during which the operative temperature requirements 
of the EDM equipment apply. Lower accuracy can be tolerated for modelling the cooling phase when only the 
equipment’s non-operative temperature requirements apply. The goals for the verification were set to a 2˚C 
maximum error on the maximum temperatures (wax totally melted) and 4˚C maximum error for the minimum 
temperatures (wax totally solid). Typical verification results for a cycling phase, with several phases of melting / 
solidification are given in the following chart: 
 

 
 

Figure 12.   Temperature comparison between test results and correlated model predictions 
Notes:  

• T_TEST_HEAT and T411952 are measured/predicted temperatures of heater plates (simulates equipment 
on upper side of capacitor) 

• T_TEST_RADI and T411959 are measured/predicted temperatures of radiator side (capacitor lower side) 
• QI411952 represents heater dissipation 
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The error during cycling phases is always less than 5˚C. In particular, the maximum temperatures are predicted 
accurately within 1.5˚C. During wax solidification the error is generally higher than during heating, because the 
model does not simulate the solid-solid phase transitions. 

 
 

V. Testing 
The heat capacitors were subjected to an extensive experimental verification campaign aimed at achieving full 

thermal and mechanical qualification. The following tests were successfully performed: 
 
1) Sequential pressure and leak tests were performed thoughout the entire manufacturing process (after 

brazing, after each subsequent manufacturing process that could reveal a leak and after every test that 
could cause structural damage). 

2) Random Vibration tests were conducted at qualification (on QM) and acceptance (on flight and spare 
units)  levels. 

3) Dynamic shock tests at qualification and acceptance levels completed the mechanical verification. 
4) The capability of the thermal capacitors to withstand the thermal enviornments they will encounter during 

their entire lifetimes was verified by means of thermal cycling at extreme temperatures (-40˚C to  
+65˚C) in various orientations. 

5) The thermal performance was tested vs. relevant requirements. 
 

Thermal performance tests 
Thermal performance testing permitted to verify the design versus requirements and validate the sizing 

analyses. Being the most interesting ones for this paper, performance tests are described in this section and some 
representative results are presented concerning the CTPU capacitor. 

To simulate the heat load, custom manufactured, Kapton Insulated Flexible Heaters were employed. The 
heaters contain etched serpentine shaped 0.0001” thick resistive foil encapsulated between two layers of 0.002” 
thick Kapton and 0.001” FEP Teflon adhesive. The line width and line spacing of the serpentine pattern are 0.070” 
and 0.050”, respectively.  Temperature measurements were performed with K type thermocouples with 0.010” thick 
wires and 0.025” diameter spherical tips.  The thermocouple tips were directly attached to the surfaces of the 
capacitors via 0.040” holes drilled through 0.005” thickness of heater between the resisitive lines of the etched foil 
element.  There were 4 thermocouples attached to each thermal capacitor. The thermocouple locations were chosen 
based on the estimated temperature distribution at the end of the heating phase. This estimation of the temperature 
distribution was performed by non-linear transient thermal analyses for each thermal capacitor.  To illustrate, the 
relative locations of the thermocouples on the CTPU are superimposed on its temperature plot and the actual 
coordinates tabulated in figure below. 

 
Figure 13.  Thermocouple location and coordinates for the CTPU thermal capacitor 
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Each CTPU thermal capacitor was thermally tested in a snug fitting fully enclosed Styrofoam insulating box 
after having the heater and thermocouples attached, as shown in figure 14.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14.  CTPU module test setup 
 
 
 
The resistance heaters were adhesively attached to the area of each thermal capacitor that represents the 

footprint of its electronic box. Starting from an initial temperature typical of the capacitors’ operations (24oC from 
system thermal analsyis), flight-like power profiles were implemented. To eliminate the effects of gravity as a 
possibly confounding factor, three different orientations were tested to ensure consistency of results. 

 
The CTPU heaters were attached to an AC varistor as a power source and 45W power was applied.  This 

heating power was monitored throughout the entire duration of the test along with the calibrated output voltages of 
the thermocouples.  The measured temperature values are plotted as a function of time for each thermocouple, 
Figure 15.  The results of the tests have excellent agreement with the predictions of the thermal analyses, showing 
full compliance with the performance requirements. 

 

Heater attached Heater and TCs attached 

Styrofoam Insulating CTPU Test Box 
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Figure 15.  Variation of temperature as a function of time 
 

The results of the tests have excellent agreement with the predictions of the thermal analyses, with no need for 
any model correlation. The temperature of the thermal interface shows full compliance with the performance 
requirements. The capacitor is very isothermal in the footprint of the heating device (the CTPU capacitor is 
oversized to host other equipment). The complete set of data confirms the absence of any detectable effect of gravity 
on performance and of hysteresis effects.  

 

VI.  Conclusion 
Thermal capacitors were chosen to manage short-duration dissipation profiles in the extremely insulated EDM 

cavity. Extensive analysis and testing confirmed the technology based on open-celled Aluminum foam as an 
effective and reliable solution to provide the needed thermal performance while meeting the envelope constraints 
and the mechanical requirements due to landing impact loads.  

The three flight models will be finally tested in the integrated configuration in the frame of the EDM proto-flight 
campaign. Launch to Mars is schedule in early 2016. 

This design of heat capacitors with foamed core is potentially applicable to a wide variety of space applications. 
It can be easily trimmed and optimized to cope with different combinations of thermal and structural/mass needs by 
properly selecting material and density of the foam (e.g. high-conductivity carbon foams for enhanced thermal 
performance) and tailoring the mechanical characteristics.  
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