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The utilization of phase change material (PCM) for latent heat storage and thermal 
control of spacecraft has been demonstrated in the past in few missions only. One limiting 
factor was the fact that all concepts developed so far envisioned the PCM to be applied as an 
additional capacitor, encapsulated in its own housing, leading to mass, efficiency and 
accommodation challenges. Recently, the application of PCM within the scan cavity of a 
GEOS type satellite has been suggested, in order to tackle thermal issues due to direct sun 
intrusion (Choi, M., 2014). However, the application of PCM in such complex mechanical 
structures is extremely challenging. A new concept to tackle this issue is currently under 
development at the FH Aachen University of Applied Sciences. The concept “Infused 
Thermal Solutions (ITS)” is based on the idea to 3D print metallic structures in their regular 
functional shape, but double walled with internal lattice support structures, allowing the 
infusion of a PCM layer directly into the voids and eliminating the need for additional parts 
and interfaces. Together with OHB System, FH Aachen theoretically studied the application 
of this technology to the Meteosat Third Generation (MTG) Infra-Red Sounder (IRS) 
instrument. The study focuses on the scan cavity and entrance baffling assembly (EBA) of 
the IRS. It consists of thermal analyses, 3D-redesign and bread boarding of a scaled and 
PCM infused EBA version. In the thermal design of the alternative EBA, PCM was applied 
directly into the EBA, simulating the worst hot case sun intrusion of the mission. By 
applying 4kg of PCM (to a 60kg baffle) the EBA temperature excursions during sun 
intrusion were limited from 140K to 30K, leading to a significant thermo-opto-elastic 
performance gain. This paper introduces the ITS concept development status. 
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Nomenclature 
EO = Earth Observation 
EBA = Entrance Baffle Assembly 
GEOS = Geostationary Earth Observation Satellite 
HTF = Heat Transport Filler 
IRS = Infrared Sounder  
ISP  =  Instrument Support Panel 
ITS  =  Infused Thermal Solution 
MTG = Meteosat Third Generation 
OBA = Optical Bench Assembly 
PCM = Phase Change Material 
TMM = Thermal Mathematical Model 
TRL =  Technology Readiness Level 

I. Introduction 
 URING their lifetime, spacecraft are exposed to a 
number of potentially damaging influences which 

cause negative effects on the lifetime and the performance 
of the spacecraft. One of these influences, with high 
relevance for geostationary earth observation missions, is 
the solar-induced thermal stress and deformation in 
spacecraft structures which can significantly impact the 
mission performance, especially if the mission requires a 
highly accurate pointing over a long period of time. The 
limitation of these thermo-elastic deformations through 
the limitation of temperature gradients is one of the major 
challenges in spacecraft-thermal-engineering. 
A current example of this challenge is given by the IRS of 
the MTG, which has been designed by the Thales Group 
and the OHB Systems AG since the late 2000 (see Figure 
1). The IRS EBA consists of the solar baffle (conical 
structure with the orange cover), which is directly 
connected to the Prism section, housing the M0-mirror. It 
is followed by the M0M1-IB-section (brown tube left 
from the prism), which connects the mirrors M0 and M1. 
The latter one focuses the beam of light towards the M2 
mirror (M1M2-IB-section, displayed in Figure 3), from 
which it is directed towards the cryogenic part of the IRS 
(directed through the M2FS-IB-Section). For the sake of 
visibility, all EBA-sections and their belonging 
nomenclature are additionally displayed in Figure 3 
(rotated by 180° deg. relative to Figure 1). The complete 
EBA is mounted on the OBA, which by itself is mounted 
on the Instrument Support Panel (ISP) via blades (green). 
For detailed information about the IRS, the reader is 
kindly advised to refer to (Kramer, 2002) and (Freudling, 
2016). 

Orbit predictions showed, that while the satellite 
orbits the Earth, multiple occasions arise at which 
sunlight is able to directly enter the IRS’s scan cavity, 
resulting in large additional heat inputs into the EBA and 
OBA. The two most important thermal cases are 
illustrated in Figure 2, which shows the IRS’s 
corresponding field of view.  

 
Figure 1. Preliminary concept of the IRS-Payload 
Source: (eo| Sharing Earth Observation Resources, 
2017) 
 

 
Figure 2. Illustration of IRS field of view, showing 
earth disc and apparent motion of sun for cases 
“Equinox” (left) and “Day 56” (right). 
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The case “Day 56” (right in Figure 2) resembles the design hot case, including the longest period of direct sun 
intrusion. In this context, the term “sun-intrusion” refers to the time period during which solar radiation is able to 
directly enter the prism, without being blocked by the solar baffle (Illustrated in Figure 4). A rough calculation of 
the total heat load received by the EBA during this case was conducted under simplified assumptions:  

 constant heat load of 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 = 1376 W/m² during the whole sun-intrusion-period  
 solar heat load far greater than by conduction from IRS mechanical I/F 

 

This calculation showed that 𝑄𝑄𝑠𝑠 amounts up to about 673,96 kJ. This value follows from 𝑄𝑄𝑠𝑠 =  𝐴𝐴𝑆𝑆𝑆𝑆 ∗ 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 ∗  𝑡𝑡𝑆𝑆𝑆𝑆𝑆𝑆, 
with 𝐴𝐴𝑆𝑆𝑆𝑆 = 0.0913 𝑚𝑚² resembling the area of the entrance opening of the IRS’s scan cavity (compare Figure 4), and 
𝑡𝑡𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜗𝜗𝑆𝑆𝑆𝑆𝑆𝑆 𝜔𝜔𝐺𝐺𝐺𝐺𝐺𝐺⁄ = 22.5 ° 4.1667 ∗ 10−3 °/𝑠𝑠⁄ = 5400 𝑠𝑠. The handling of this additional heat load  (𝑄𝑄𝑠𝑠) is quite 
challenging, since it occurs over a relatively short period of time, therefore causing significant dynamics within the 
thermal behavior of the baffle and the surrounding structures, including the telescope optics, due to their relatively 
low thermal capacities. All affected structures reach their maximum temperatures during this case. 

Dynamic effects are also observed in the case “Equinox” (left in Figure 2), which occurs whenever the MTG 
enters Earth’s shadow, while the intersection of the MTG’s orbital plane with the ecliptical plane aligns with the line 
from Earth to Sun. However, the received heat load in this case is significantly lower than the one received within 
the Day 56 case, since no solar radiation is irradiated into the scan cavity during the whole eclipse phase (𝑡𝑡𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝐸𝐸 =
𝜗𝜗𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝐸𝐸 𝜔𝜔𝐺𝐺𝐺𝐺𝐺𝐺⁄ = 8,69° 4.1667 ∗ 10−3 °/𝑠𝑠⁄ = 2078 𝑠𝑠), resulting in a value of 𝑄𝑄𝑠𝑠 =  𝐴𝐴𝑆𝑆𝑆𝑆 ∗ 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 ∗ �𝑡𝑡𝑆𝑆𝑆𝑆𝑆𝑆 −
𝑡𝑡𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝐸𝐸� = 414,61 kJ and significantly lower maximum temperatures than in case Day 56. In fact, the challenge in 
handling the Equinox case comes less in form of large heat loads or high temperatures, but more in the design of a 
temperature regulation system which is able to react in a stable manner to the spontaneous transition from sun-
intrusion to eclipse phases and vice versa.  

Calculations by OHB showed, that the observed temperatures and gradients resulting from both scenarios remain 
within the requirements defined by ESA and – regarding state of the art present at that time – are a feasible solution 
for this challenge. However, recent developments in material sciences and engineering approaches generated new 
room for improvements, which the next generation of EO-satellites could significantly benefit from. One of these 
approaches was given by (Choi, M., 2014), who showed that it is in theory possible to regulate the temperature of a 
sounder via the usage of PCM. 

 

 

 
Figure 3. Thermal model 3D-illustration of the 
different sections within the EBA 

Figure 4. Schematic illustration of how sun-
intrusion is defined within the context of this paper 
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At FH Aachen University of Applied Sciences, a current research project aims to further develop this approach 
and to proof on a small-scale model, that the thermal regulation of a spacecraft via PCM, embedded in 3D printed 
structures, is indeed possible. The project aims at the evaluation of the performance of such a system with analytical 
and practical methods, with the previously mentioned IRS-instrument as real life paragon. This paper is dedicated to 
the corresponding analytical studies that were conducted using the ESATAN Thermal Modelling Suite, which was 
provided by the ITP Engines UK group. 

The examinations were mainly focused on the thermal behavior of the entrance baffle assembly (EBA) and the 
optical bench assembly (OBA) and were conducted on the original IRS thermal model, which was provided by the 
OHB Systems AG. The TMM included realistic models for sun intrusion, heaters and heat transports from and to 
neighboring subsystems. The PCM performance was investigated for the Day 56 scenario, since it resembles the 
design hot case with the largest heat load, thus requiring the highest amounts of PCM to minimize the effects of sun-
intrusion. The Equinox case was not investigated further, due to the significantly lower heat load (requiring less 
thermal capacity in form of PCM). However, investigations for this case, including experimental correlations, are 
planned within the near future and may be discussed in a follow-up paper. 

To investigate the effects of PCM on the IRS, an ESATAN-compatible simulation routine was created, able to 
simulate the effects of PCM on the thermal behavior on a given structure and allowing a modular implementation 
into thermal models created with ESATAN. It was applied to the full scale IRS TMM, to examine the effects of 
PCM within a running system with realistic boundary conditions.  

 

II. The ITS concept 
 
 “Infused Thermal Solutions” (ITS) introduces a new method for 

passive thermal control and enables its user to stabilize structural 
components thermally without active heating and cooling systems and 
without the need for re-shaping and interfacing. It combines existing 
latent heat accumulators (Phase Change Material – PCM) with modern 
manufacturing technology (3D-Printing), actually infusing latent heat 
accumulators into 3D-printed integral structures. 

Different to classic PCM applications the ITS concept aims at 
infusing PCM material directly into existing functional structures, 
eliminating the need of additional parts and avoiding additional 
interfaces. The ITS technology can be applied on system or component 
level and offers a stand-alone solution to thermally and thermo-
elastically stabilize spacecraft components. 

In the ITS concept latent heat accumulators are applied if and where 
components periodically exceed the desired temperature ranges, due to 
varying heat fluxes. The PCM stabilizes temperatures through a phase-
change process, which stores excess heat from the heating process in 
form of latent heat. At solidification this latent heat is released back into 
the system, which can also minimize the necessary heater power. 
During the phase-change process the PCM temperature remains 
essentially constant within the melting temperature interval, until the 
material is liquefied or solidified completely (Garcia et al. 2016). 

As this effect stabilizes the surrounding structure, it can be utilized 
to damp any rapid temperature changes and excessive temperatures 
within the satellite. The storage of the excess incoming heat enables e.g. 
to flatten a heat spike over the whole orbit to protect the satellite 
instrument from the excessive temperature level.  

There are numerous categories of PCMs, each one with different 
characteristics, suitable for different applications (e.g. paraffins, salt 
hydrates and low melting metals). For this project paraffins were chosen, due to the existing spaceflight heritage and 
since they are non-toxic and non-corrosive. Paraffin PCMs are currently evaluated with a technology readiness level 
(TRL) of at least 6 (Choi, M., 2014). Furthermore, many varieties are commercially available (Hale et al. 1971).  

 
Figure 5. ITS printed aluminum 
structure with a highly thermal 
conductive filler structure and 
paraffin as PCM 
 

 
Figure 6. ITS filling concept consists 
of printing separated PCM sections 
which can be filled consecutively as 
shown above 
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Since the melting temperature of paraffin 
is determined by its carbon number and chain 
structure, a melting point selection tailored to 
the considered ITS application is possible 
(Gottero et al. 2014). 
However, paraffin PCMs are also known for 
their low thermal conductivity, giving them 
insulating properties. If this effect is 
undesired, a filler structure with a high 
thermal conductivity may be implemented 
into the PCM layer (“Heat Transport Filler 
(HTF)”, see Figure 5), to increase the heat 
transport into the PCM. The filler enlarges the 
surface at which the melting process starts 
and serves as support structure for thin PCM 
containers. It can be an open-celled metal 
foam, fiber strands, honeycomb or fin 
structures (Gottero et al. 2014; Knowles and 
Meyer et al. 1993). These PCM-filled 
structures allow for relatively lightweight 
concepts for temperature stabilization. 

According to Gottero et al (2014), an 
optimal filler structure consists of high 
density thin metallic fins, which can be quite 
demanding in terms of manufacturing. This 
issue is tackled by the ITS concept with the 
use of 3D-printing-methods. Within the ITS 
concept, the PCM is implemented into the 
cavity of a specimen, which is created by 3D-
printing-methods. For thermal conduction and 
structural stability purposes, this cavity comes equipped with a 3D-printed HTF consisting of the same material as 
the specimen itself (currently aluminum).              

To enable for an evenly distributed PCM layer and lowering the probability of trapped air bubbles within the 
specimen, a special filling concept was established. It consists of printing separate PCM sections with bulkheads in 
between, to separate the PCM surfaces into smaller areas, which can be filled consecutively (Figure 6 shows the 
cross-section of one of these sections). Each of these sections would be equipped with one insert and one exit vent at 
the highest point of the section. The liquid PCM is filled into the insert nozzle, while the air is free to escape through 
the exit nozzle. To ensure a complete filling of the model, the inserted PCM-volume will be monitored during this 
process. The required PCM-mass and volume (or rather the required thickness of the PCM-layer) will be determined 
beforehand, by thermal analyses and simulations, like depicted within this paper. As soon as the liquid paraffin wax 
leaves the cavity via the exit nozzle and the anticipated mass and volume have been inserted into the specimen, the 
section will be considered full. It will then be sealed while the PCM is still liquid. As the specimen cools down, the 
PCM is expected to solidify at the specimen walls and the filler structure. The specimens’ walls and filler structure 
must be designed in a way that enables them to withstand the forces resulting from the volume shrinkage of the 
solidifying PCM as well as to guarantee the necessary tightness against leaking and outgassing.  

At FH Aachen, experiments with 3D-printed specimen are currently executed, with special focus on the 
investigation of real life effects, like hysteresis and volume shrinking of the PCM during solidification. An 
impression of first printed structures in plastic and metal are given in Figure 7. The plastic structures are used for 
filling experiments, while the metallic ones shall be used as first thermal cycling bread boards. 

Recently the general feasibility of classic PCM capacitors manufactured by 3D printing has been successfully 
demonstrated by JAXA (Hatakenaka, 2017) and Thales Alenia Space (Dudon, 2018). Both successfully 
demonstrated multiple liquid/solid cycles proving the general compatibility of additive manufactured material with 
PCM related mechanical challenges. As mentioned, the ITS concept takes this technology one step further, by 
aiming at the infusion of PCM into the functional shapes of present structures, without additional parts.  

 

 
Figure 7. PCM-container specimen in plastic (upper) and 
metal (lower) 
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III. Simulation Approach 

A. Design of the PCM-Subroutine 
 
The PCM-Subroutine has been developed to model the 

actual behavior of paraffins and their phase change 
processes within a certain system. It was programmed as a 
modular subroutine, which can be directly included into the 
program code of ESATAN-TMS.  

The subroutine calculates the total amount of latent 
heat, that can be stored in each individual node 
(𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚), by taking into account the node’s volume 
(area times thickness of the modeled PCM layer), as well 
as the density and the specific heat of the chosen PCM-
HTF-compound. The compound density was calculated as 
that of pure liquid PCM, because PCM is filled into the 
ITS specimen in this state and because the mass proportion from HTF to PCM was assumed to be neglectable for 
application at the MTG (only structural support and not heat transportation enhancement required due low PCM-
layer thickness). Except for the node’s area, all necessary parameters are defined within the subroutine itself. The 
behavior of a node supervised by the subroutine is illustrated in Figure 8.  

The thermal behavior is simulated with a set of temperature and enthalpy checks on the PCM nodes. The 
temperature checks are active at all times the subroutine is active and continuously monitor the PCM nodes’ 
temperatures at the end of each timestep (labeled 𝑇𝑇2) and compare them to those of the previous timestep 
(labeled 𝑇𝑇1). They are used to individually determine when the nodes’ temperatures (calculated by ESATAN) fall 
within the interval [𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙; 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ], with the interval borders representing the temperatures at which the 
chosen PCM starts or ends its melting/freezing process. Once this condition is fulfilled, the node is treated to be 
within phase change mode, where its temperature is linearly interpolated. This interpolation is based on the amount 
of latent heat stored within the PCM node 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑆𝑆𝑙𝑙𝑛𝑛𝐸𝐸, meaning that when no latent heat is stored, its temperature 
equals 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙 and when the maximum latent heat is stored, the temperature equals 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ. During phase 
change mode (orange segments in Figure 8), 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑆𝑆𝑙𝑙𝑛𝑛𝐸𝐸 is calculated by continuously monitoring the total heat flux 
over the regarded nodes for the current (𝑄𝑄2̇) and previous timestep (𝑄𝑄1̇).  

As soon as 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑆𝑆𝑙𝑙𝑛𝑛𝐸𝐸 either exceeds 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚 (for PCM state “1”) or falls below zero (for PCM state “2”), 
phase change mode is deactivated for the regarded node (enthalpy check). In total, each node can take on four 
possible states (labeled from “0” to “3”, compare Table 1). 

A node’s enthalpy can only be within the interval [0; 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚]. This means, that e.g. a node which is within 
state “1” and whose latent heat actually exceeds 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚, will be set to state “3”, its enthalpy will be set to 
𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚 and its temperature to 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ for that specific instant. From there on it will behave like a usual 

 
Figure 8. Overview of the temperature behavior 
of a PCM node during a heating/cooling cycle. 

 

Table 1. Possible states of PCM nodes known and handled by the PCM subroutine 
 

PCM State No. State Temperatures Enthalpy check 

“0” Completely solid 𝑇𝑇1, 𝑇𝑇2 < 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙  

“1” Partially solid and partially 
liquid but further liquefying 

𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙  <  𝑇𝑇1  <  𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ              

and 

𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙 < 𝑇𝑇2  <  𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ 

(positive heat flux into the PCM) 

𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑆𝑆𝑙𝑙𝑛𝑛𝐸𝐸 ≥ 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚 

“2” Partially solid and partially 
liquid but further solidifying 

𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙 < 𝑇𝑇1  <  𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ        

and 
𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙 < 𝑇𝑇2  <  𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ 

(negative heat flux into the PCM) 

𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑆𝑆𝑙𝑙𝑛𝑛𝐸𝐸 ≤ 0 

“3” Completely liquid 𝑇𝑇1, 𝑇𝑇2 > 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ  
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diffusive thermal node. This means that the amount of energy by which 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃 exceeds 𝐿𝐿𝑃𝑃𝑆𝑆𝑃𝑃−𝑚𝑚𝑚𝑚𝑚𝑚 will be “lost” from 
the model. The same rules apply for a node at state “2”, whose enthalpy drops to or below zero (enthalpy will be set 
to zero and temperature to 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙), meaning that energy is “created” in that case. However, these inaccuracies are 
neglectable, unless the routine is confronted with large heat fluxes and/or large timesteps. 

Although the subroutine was mainly intended to simulate the melting behavior of paraffins, it can be used for 
other types of PCMs as well, as long as these don’t show a hysteresis in their melting behavior. Additionally, the 
subroutine is able to simulate the presence of 3D thermal filler structures (like frothed metals) inside the PCM.  

In its current state, the subroutine significantly increases simulation times, especially for systems with a large 
amount of PCM nodes. This issue could partially be improved through the usage of control routines, which activate 
the PCM-subroutine only when the temperature of any PCM-node came close to [𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_𝐸𝐸𝑙𝑙𝑙𝑙; 𝑇𝑇𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚_ℎ𝐸𝐸𝑖𝑖ℎ]. 

 

B. Introducing PCM into the MTG-TMM 
 
In total, roughly 3.7kg of PCM were designed into the IRS EBA. After the completion of the here described 

design and analysis process the designed PCM cavities were consisting of 30% HTF and 70% PCM (by volume). 
This configuration was eventually applied into the IRS thermal model, as described in the following. 

Figure 9 illustrates the general procedure, how the HTF and PCM were introduced into the structures of the 
EBA-walls. As can be seen, the PCM was modeled with two layers to accurately simulate insulating properties of 
real PCM and a rudimentarily formation of a melting barrier, meaning that if heat was to be transported from “side 
1” to “side 2”, the inner PCM layer (layer 1) would reach a completely liquefied state earlier than the outer one 
(layer 2). In the original model (left), the walls of the IB and the prism had been modelled with two sides: The inner 
surfaces (receiving direct solar radiation) have the thermal parameters of aluminum, while the outer surfaces (facing 
the OBA and/or other parts of the IRS) have those of MLI. To simulate the existence of PCM within the EBA -
walls, three additional sets of nodes were generated and implemented into the original model, as seen on the right 
side of Figure 9. First, the original node’s capacities were reduced by 50% and an additional layer of these modified 
nodes was generated (all parameters like surface-areas, material properties etc. remained unchanged). After that, two 
layers of PCM-nodes were generated and connected to the aluminum nodes and their out-of-plane (OOP) 
neighbours. The PCM nodes are conductively linked to their OOP-neighbours only, since conductivity of aluminum 
exceeds that of n-Hexadecane by a factor of 1000. Therefore, it was assumed that heat transport in axial and 
circumferential direction inside the PCM layers would be neglectable as it would mainly take place within the 
aluminum walls of the EBA instead. 

 
Figure 9. Comparison between the original model-architecture and how it has been modified 
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A brief calculation showed, that in order to absorb the whole solar heat load on the EBA-structure, a total of 2,84 
kg n-Hexadecane would be sufficient, if the complete PCM would undergo a full phase-change cycle during one 
orbital period. Usually thermal filler materials are used in the scope of this application, to enable for a better heat 
transport between PCM and the surrounding structures. However, another brief investigation showed that due to the 
low wall thicknesses within the EBA, the temperature gradients between the inside and outside remain at a 
neglectable level. Even when recalculating the corresponding GL values with the low conductivity of paraffin (0.2 
W⁄ (K.m²)), the largest GLs were found to be within a magnitude of 0.1 W⁄K at most. Since the highest detected 
solar heat flux into a single node within the EBA does not exceed 0,05 W, the geometrical modelling of thermal 
filler with dedicated nodes, was not found to be necessary. However, since in real life a support structure for the 
double walled EBA would be required, the PCM nodes were modeled with a higher thermal conductivity and 
capacity, than if they were pure PCM to account for the presence of the aluminum support structures. The combined 
conductivity and capacitance of PCM and aluminum were determined proportionally to their fraction. Both PCM-
Layers were modeled with a maximum total thickness of 3 mm.  

 

C. Finding the most effective PCM-distribution with Boundary PCM 
 
Since the PCM-subroutine leads to a significant 

decrease in simulation speed, the first analyses on the 
IRS-TMM were conducted with boundary nodes 
representing the infused PCM (B-PCM). These nodes 
were initialized at the averaged melting temperature 
of n-Hexadecane (16,7 °C), modeling it within a 
permanent phase change transition, as if it would 
have unlimited thermal capacity. Although such a 
scenario is highly theoretical, it allows for 
preliminary investigations of where the application of 
PCM could have a beneficial effect. N-Hexadecane 
was chosen, because its averaged melting 
temperature lies below the average temperatures of 
the OBA during the MTG-orbit (see Figure 12, left 
column). N-Octadecane was also investigated but 
was found to be suboptimal for the desired 
application, due to weight issues and suboptimal melting temperatures, which is why these results are not shown 
within this paper. It could be observed, that the assemblies with the largest impact on the thermal behavior of the 
OBA, were the Prism section and the M2FS-IB-section (see Figure 3).  
Directly underneath the M2FS-IB, the OBA top reaches its highest temperatures during sun intrusion (depicted in 
Figure 11, left image), since within this section the IRS-beam is focused at maximum, leading to high thermal fluxes 

Table 2. Summary of regarded EBA sections for PCM 
application and their achievable capacities for heat 
storage 
 

Regarded  EBA-
section 

Max. n-
Hexadecane 
amount possible 

Capacity relative 
to 𝑸𝑸𝒔𝒔 

M2FS-IB 0,14 kg -640,78 kJ 

Prism 2,20 kg -152,56 kJ 

M0M1-IB M1M2-IB 1,5 kg -318,46 kJ 

M2FS-IB + Prism 2,34 kg -119,38 kJ 

Complete EBA 3,71 kg +205,31 kJ 

 

Table 3. Comparison of the effects, the application of n-Hexadecane B-PCM to various sections of the EBA 
had on the OBA thermal dynamics 
 

Section infused 
with B-PCM 

Amount applied 
[kg] 

𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 
[°C] 

𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 
[°C] 

Max 
∆𝑻𝑻𝒔𝒔𝒔𝒔𝒎𝒎_𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊𝒔𝒔𝒔𝒔𝒎𝒎𝒊𝒊𝒎𝒎 

[K] 

Max 
∆𝑻𝑻𝒎𝒎𝒊𝒊_𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊𝒔𝒔𝒔𝒔𝒎𝒎𝒊𝒊𝒎𝒎   

[K] 

None  
(original TMM) 0,0 27 15,8 5 4,2 

M2FS-IB 0,14 kg 24 16,8 4 4 

M2FS-IB 
+ Prism 2,34 kg 22 17,6 2 3,2 

Complete EBA 3,71 kg 20,9 17,6 1,5 3,2 
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within the surrounding structures. The Prism however, although not experiencing equally high heat loads, offers a 
large surface area (0,95 m²), on which a large amount of PCM could be installed without much effort (comparison of 
the possible PCM amounts in the EBA sections is given in Table 2). 

The effects of simulating different sections of the EBA with B-PCM on the thermal behavior of the OBA are 
shown in Figure 10 and Table 3. In a first test, a 3 mm layer of PCM was applied to the M2FS-IB-section of the 
EBA (corresponding to an amount of 0.14 kg of boundary n-Hexadecane). A reduction of the peak temperatures 

within the OBA and of the maximum ∆T 
between hour 12 and hour 17 was observed (see 
Table 3), meaning that infusing the M2FS-IB-
section with PCM directly affects the highest 
temperatures on the surface of the OBA 
(compare Figure 11, left). This effect was limited 
however, due to the small surface area of the 
M2FS-IB, allowing for only small amounts of 
PCM to be attached without exceeding the 
maximum allowed wall thickness. These small 
thermal capacities are only able to absorb a 
minor part of the total solar heat load, which is 
why there are still significant temperature 
fluctuations observed within the OBA (Figure 
10, second from top). 

In a following test setup, additional B-PCM 
was applied to the Prism-section, due to its large 
available surface area allowing for the 
application of significantly higher amounts of 
PCM, which lead to significantly lowered 
temperatures and reduced thermal dynamics 
within the EBA and OBA (see Figure 10, third 
from top). However, the “hump” within the 
temperature plot between hours 10 and 15 
indicates, that there are still fluctuations within 
the spatial temperature gradients on the OBA 
top. 

 
It was also found in an additional test, that 

the sole application of PCM within the sections 
M0M1-IB and M1M2-IB produced a similar 
effect on the OBA. This is interesting, because 
the amount of PCM that could be infused into 
the M0M1- and M1M2-IB-sections combined is 
actually lower than that, which could be infused 
into the Prism- and M2FS-IB-section (compare 
Table 2), resulting in a generally lower thermal 
capacity of the EBA. A possible explanation for 
this might be found in the insulating properties 
of the PCM. The PCM prevents heat from the 
inside of the M0M1- and M1M2-IB-sections to 
be conducted towards the outer surfaces of these 
sections and so amplifies the effect of the MLI 
surrounding these sections (acting as a second 
insulation, instead of a pure thermal sink). 
Additionally, a part of this heat is absorbed, 
causing the amount of heat being radiated 
through the opening underneath the M2FS-
mirror to be reduced as well.  

 
 Temperatures of the OBA 

Original TMM of 
the MTG IRS 
 

 

TMM simulated 
with B-PCM-
infused into 
 
M2FS-IB-section 
 

 

TMM simulated 
with B-PCM-
infused into 
 
Prism and 
M2FS-IB-section 

 

TMM simulated 
with B-PCM-
infused into 
 
the complete EBA 
 

 
 

Figure 10.  Effects of the application of B-PCM (n-
Hexadecane) to various sections of the EBA for the OBA 
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To further reduce these temperature fluctuations, it became necessary to apply B-PCM to the whole EBA, so that 
the overall thermal capacity of the PCM actually exceeded the solar heat load (see Table 2). Since all PCM-layers 
were modelled equally thick (3 mm), the system ended up with a PCM mass 23,5 % higher than the theoretically 
sufficient amount. In this case, the thermal fluctuations within the OBA due to sun intrusion are minimized (Figure 
10, lowest). 

 

D. Simulating transient PCM 
 
Since tests with n-Hexadecane in the complete EBA showed most promises in terms of controlling the OBA’s 

thermal behavior, this variant was simulated with higher accuracy using an active PCM-subroutine. Due to the 
architecture of the IRS-TMM, where EBA-section nodes’ numbers were divided by offsets, a total of 5 PCM-
subroutines was used to simulate PCM behavior in all investigated sections (Prism, Solar Shield, M0M1, M1M2, 
and M2FS). To reduce simulation time the subroutines were controlled by a “temperature guard” routine, which 
would only activate them, when phase change within any observed section became likely. 

A total of three orbital periods with identical heat loads was simulated, in order to allow the system to reach 
quasi steady-state. The results of the third simulated orbit are depicted in Figure 12. It could be found that when 
transient PCM was simulated the EBA showed slightly increased 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 during sun intrusion, compared to when B-
PCM was used (∆T in the range of 2-4 K during sun-intrusion). This is due to the limited latent heat capacity of the 
transient PCM and the diffusive behavior of the PCM nodes once they’re fully liquefied during sun intrusion. 
However, most of the PCM maintained within phase transition for nearly the whole orbital period. The heat received 
prior to and during sun intrusion was stored and desorbed during the non-sun intrusion phases, effectively reducing 
temperature gradients within these phases as well.  

A comparison of the results of the simulations featuring transient PCM with those of the simulations featuring 
boundary PCM showed, that both setups produce similar results. The spatial and temporal gradients produced by the 
transient PCM are somewhat larger than those produced by the B-PCM (∆T up to 4 K larger), which can be 
meaningful for systems sensitive to thermos-elastic-distortions. However, the boundary PCM approach (B-PCM) 
enables the user to conduct multiple preliminary experiments to point out effective PCM distributions within a 
reasonable amount time, which may then be investigated further using the transient PCM-subroutine for the sake of 
performance analyses. 

 

Table 4. Comparison of observed temperatures and -gradients within the OBA with and without PCM in 
the IB 
 

OBA 𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 
[°C] 

𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 
[°C] 

Max ∆𝑻𝑻𝒔𝒔𝒔𝒔𝒎𝒎 
[K] 

Max ∆𝑻𝑻𝒎𝒎𝒊𝒊_𝒎𝒎𝒎𝒎𝒊𝒊𝒊𝒊𝒔𝒔𝒔𝒔𝒎𝒎𝒊𝒊𝒎𝒎    
[K] 

No PCM in IB 27 15,8 5 4,2 

PCM in whole IB 21 17,2 1,5 3 

  
Figure 11. Comparison of the OBA at hour 12,5 of day 56 for unmodified EBA (left) and EBA modeled 
with B-PCM (n-Hexadecane, right) 
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Prism 

  

 
M0M1-IB + M1M2-IB 

  

 
M2FS-IB 

  

 
OBA 

  
Figure 12. Comparison of EBA- (Prism, M0M1, M2FS, from top to bottom) and OBA-Structures (lowest) from 
unmodified TMM (left column) and from TMM which was modelled with transient PCM (n-Hexadecane) in the 
complete EBA (right column).  
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The attachment of PCM on the complete EBA almost completely eliminates the temperature peak during sun 
intrusion (Figure 12, lowest), observed in the original TMM. The ∆𝑇𝑇 between hours 1 and 10 (phase before sun-
intrusion) is decreased to 3K (-40%) and to 2 K (-37% compared to original TMM) during sun intrusion. 
Additionally, the overall temperatures of the OBA now remain lower than 21 °C during the whole orbit. This 
modified behavior is estimated to improve the IRS pointing performance significantly, which was however not 
quantified by analysis. The total PCM amount used during this simulation was 3.71 kg (including 23,5% margin 
with respect to the theoretically calculated amount of 2,84 kg). 

It was also found, that the PCM within the EBA-walls showed almost the same temperatures as the structures it 
was attached to, thus proving that for this application the heat transportation capabilities of the PCM and the 
surrounding structures were sufficient. This means that the amount of HTF used (and therefore the structural weight 
of the modified EBA) could be decreased to a minimum, since the HTF would only serve as structural support. 
Additionally, this indicates that thermal stress and deformations within the EBA due to melting/freezing processes 
of the PCM can be considered negligible, or at least within the limits of the structural durability.  

Regarding the OBA, the temporal (Figure 12, lowest; Table 4) and spatial temperature gradients (Figure 11) 
were both significantly reduced during the whole orbit. However, in the Prism most of the PCM maintains in phase 
change state, which indicates that the investigated PCM distribution offers some potential for optimization (e.g. by 
variation of PCM-layer-thickness). As can be seen, the temporal and spatial temperature gradients are significantly 
reduced within all PCM-influenced sections. 

It was also observed, that the effects of the PCM were not limited to the EBA and the OBA alone, but also 
affected the optical system of the IRS as well (exemplarily shown for the M0-mirror in Figure 13). Due to the PCM-
application (right) Tmax is reduced from 45 °C to 37 °C, meaning that thermal load on the mirrors is indirectly 
reduced via absorption through the PCM. However, the desorbed heat from the PCM raises the temperature within 
the IB as well, causing the mirror’s temperature to maintain over 20 °C for longer periods of the orbit. This 
phenomenon might lead to a potential trade-off between peak mirror temperatures and time during which the mirror 
is under heater control. Similar effects were observed within the M1- and M2-mirrors. 

 
 
 
 
 
 
 

 

  
Figure 13. Comparison of the thermal behavior of the M0-mirror within the original IB (left) and if the IB 
is filled with n-hexadecane (right) 
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IV. Conclusion 
During this research a first numerical demonstration of the Infused Thermal Solutions (ITS) concept was 

performed. In the ITS concept PCM is infused into functional structures of thermo-elastic sensitive components to 
stabilize the temperatures.  

To investigate this behavior and allow a sizing of the system a modular subroutine has been created, which is 
capable of simulating PCM-behavior within the ESATAN-TMS and which can be implemented into any TMM 
without much effort. The functionality of this subroutine was demonstrated within a realistic state of the art TMM 
for a large optical space mission. However, the simulations were conducted under simplified assumptions (e.g. the 
neglection of hysteresis or ageing effects), which have to be investigated further in future experiments. 

The study was conducted based on the IRS-payload of the MTG mission. This payload was thermally designed 
within the MTG project and achieved the desired performance with classical thermal design methods.  

The performed analytic studies show however, that the application of PCM within an IRS type payload would be 
an effective way to reduce the temperatures and temperature fluctuations in a similar mission in the future. 

The peak temperatures as well as the spatial and temporal temperature gradients detected within the original IRS 
were successfully reduced. The temperature stabilization effects observed primarily on the baffling system (EBA) 
and optical bench (OBA) can be expected to reduce the thermal stresses and deformations and therefore increase 
overall system performance.  

The effect of PCM is not only limited to the OBA and the EBA-components, though. Investigations on the IRS 
mirrors showed, that they are also positively affected by the modified thermal characteristics of the PCM-infused 
EBA. The mirrors showed reduced maximum temperatures during sun intrusion, effectively lowering the thermal 
stress within them during sun intrusion. However, this absorbed heat is desorbed as soon as sun intrusion stops, 
effectively increasing the time during which the mirrors are out of heater control.  

This feasibility study shows that the usage of PCM offers many possibilities to optimize the thermal 
management of geostationary earth observation satellites or other spacecraft with similar environmental conditions, 
especially when conventional methods are exhausted. It confirms the findings of M. Choi (Choi, M., 2014) by 
simulation. 

Even small amounts of PCM can have large effects on a spacecraft thermal behavior. The PCM amount that 
would be required to achieve the demonstrated temperature evolution improvement, would be roughly 3,71 kg of 
additional mass, plus possible reinforcements within the EBA-supporting-structures, whose mass can be assumed to 
be within the same order of magnitude as the PCM mass. In total, the overall increase in system mass is estimated to 
remain within the range 0,8-1,6%, respectively to the initial IRS mass of 460 kg. According to the OHB, the 
identified effects could increase the overall system performance significantly, which however would yet have to be 
quantified by thermo-opto-elastic analyses. 

The ITS concept is under further development at FH Aachen. The technology needed to additively manufacture 
the necessary double walled structures is under development in a follow up hardware study, where ITS prototypes 
shall be developed, analyzed and tested. 
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