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“Infused Thermal Solutions” (ITS) introduces a method for passive thermal control to 

stabilize structural components thermally without active heating and cooling systems, by 

using phase change material (PCM) in combination with lattice – both embedded into an 

additive manufactured integral structure. 

The technology is currently under development. This paper presents the results of the 

thermal property measurements performed on additive manufactured ITS breadboards. 

Within the breadboard campaigns key characteristics of the additive manufactured 

specimens were derived: 

Mechanical parameters: specimen impermeability, minimum wall thickness, lattice 

structure, subsequent heat treatment. Thermal properties: thermo-optical surface properties 

of the additive manufactured raw material, thermal conductivity and specific heat capacity 

measurements. 

As a conclusion the paper introduces an overview of potential ITS hardware applications, 

expected to increase the thermal performance. 

 

Nomenclature 

 
ESATAN = ESA Thermal Analysis Network, ITP Engines UK Ltd. 

GL = Linear Conductor 

IR = Infrared 

ITS = Infused Thermal Solutions 

MLI = Multi Layer Insulation 

PCM = Phase Change Material 

SLM = Selective Laser Melting 
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I. ITS Technology 

he ITS technology provides an additive manufacturing technique in combination with the infusion of PCM. The 

key feature is that the PCM is directly embedded in the additive manufactured structure, resulting in a thermally 

stabilized integral structure. By combining the additive manufacturing technology with passive thermal control 

capabilities of PCM, even complexly shaped components can be fabricated at system level or component level as a 

stand-alone solution to thermo-elastically stabilize key spacecraft components, especially optical payloads. 

The feasibility, material properties and characteristics of the ITS technology are verified by breadboard 

campaigns. The aluminium raw material used for fabrication of all specimens is AlSi-10Mg(b) with chemical 

composition CL 32AL. The additive manufacturing process is based on Selective Laser Melting (SLM). [7] 

Typically ITS based structures and components have a double-walled design. In the cavities of the double-wall 

system, an integral lattice is already inserted during the production of the component. This lattice structure serves 

primarily to increase the thermal conductivity through the entire component. Additionally the lattice increases the 

stiffness of the lightweight component. Relying on additive manufacturing, mass reduction of ITS structures can be 

achieved by topology optimization. 

 

II. Structural Impermeability 

A. Specimen Description 

This type of specimens are used for thermal validation of ITS. The integrated lattice significantly increases the 

thermal conductivity of the structure and thus provides an enhanced heat flow throughout the typically very low 

conductive paraffin based PCM storage zone. That’s why the use of metallic filler is a require measure in order to 

reduce temperature gradients throughout the PCM mass and hence along the structure. 
 

Table 1: PCM Specimen Specifications 

Dimensions Width: 100 mm, Height: 60 mm, Length: 30 mm 

Mass 75.5 g w/o PCM 

Properties Integrated lattice / 0.5 mm wall thickness 

Additive Manufacturing Machine Concept Laser X-Line 2000R 

 

 
Figure 1: Specimen without structural walls (left) to show the integrated lattice which is normally enclosed by 

the double-wall system as well as a specimen (right) with integrated lattice and 0.5 mm wall thickness suitable 

for thermal vacuum tests with robust thermal anchoring to the heat sink and PCM inlet nozzles 

B. Results 

Leakage tests were conducted using pressurized air up to 5.0 bar relative overpressure to verify the tightly sealed 

structural walls. On the basis of the findings of present test specimens and parameter studies, a minimal 

manufacturable wall thickness of 0.5 mm, where the specimens are still tightly sealed, is feasible. 

T 
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III. Thermo-Optical Properties 

A. Specimen Description 

Another significant point for thermal validation of the ITS technology addresses the verification of the thermo-

optical properties of both the absorptivity α and emissivity ε for reliable thermal modelling and correlations. 

Furthermore the influence of post heat treatment as well as porous raw material and machined surfaces of 

additively fabricated structures are also considered to obtain the thermo-optical properties. In this context various 

test plate samples are manufactured with different properties in order to characterize the impact of these influences.  

 

Table 2: Specifications of the thermo-optical test plate samples 

Dimensions Side length: 70 mm, Thickness: 8 mm porous / 7 mm machined 

Mass of single Plate Sample Porous: ca. 106 g / machined: ca. 93 g 

Properties w/o or with heat treatment, porous or machined 

Additive Manufacturing Machine Concept Laser X-Line 2000R 

 

B. Measurement Method 

Figure 2 depicts the specific test plates used to conduct the thermo-optical measurements. The two columns of 

plates on the left hand side are not heat treated, whereas the two right columns were subject to heat treatment. Each 

bundle of horizontally aligned test plates correspond to a different reference orientation, in which the layer 

construction during manufacturing is proceeded (top down: 0°, 45° and 90°). Another aspect is to measure the 

influence of machined and porous surfaces. That’s why half of each the left hand and right hand sides’ test plates 

have machined surfaces. 

 

 
Figure 2: Specific test plate samples to measure the thermo-optical properties in dependence on the plates 

surface being both machined and porous, the relative orientation of the construction layers (0°, 45° and 90°) 

as well as with and without heat treatment 
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Additionally Table 3 contains the 

protocol of the thermo-optical measurements 

as well as calibration and measurement 

device information of the used sensors and 

measurement methods. 

Figure 3 gives a detailed insight into the 

definition of the relative orientations of the 

construction layers with reference to the 

additive manufacturing machine’s base plate. 

This means that a component with a 

relative orientation of 90° to the layer 

structure in the horizontal position, is 

produced by melting raw material in the 

thickness direction. 

 

 

 

Table 3: Calibration protocol of the thermo-optical measurement devices which are used for the thermo-

optical measurements, list of used sensors and measurement methods 

Measurement Conditions and Parameters Specifications 

Date of measurement 21.11.2019 

Location of measurement OHB System AG, Munich 

Environment of measurement Ambient conditions (office) 

Preliminary specimen treatment Specimen surface cleaning with IPA 

 measurements ET100 (red measuring head) 

 measurement calibration Gold calibration coupon 

 measurements SOC 410-Solar (yellow measuring head) 

 measurement calibration Diffuse calibration coupon, calibration mirror 

Measurement device setting HTE table: “Metals” 

Number of internal measurements 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Reference orientation of the measured thermo-optical 

results in dependence on the orientation of the construction 

layers 
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C. Thermo-Optical Measurement Results 

In Table 4 the complete measurement results are listed. Figure 3 describes the outlined layer construction 

orientations which are also referenced in the first column of Table 4. It can be seen that there are significant 

differences, naturally between porous and machined surfaces but also between the samples w/o and those samples 

which have been subject to a heat treatment. 

 

Table 4: Detailed overview of the thermo-optical measurement results from specific test plates, additively 

manufactured in different orientations, machined and porous, with and without heat treatment 

Layer 

Construction & 

Characteristics 

  
 

 
 

Measured 

 

Error 

 

 Measured 

 

Error 

 

Machined 

0° 

Not heat treated 

0.024 0.044 0.029  

0.034 ± 0.03 

 

0.004 

0.284  

0.286 ± 0.03 

 

0.010 0.030 0.041 0.037 0.277 

0.030 0.057 0.037 0.296 

Machined 

45° 

Not heat treated 

0.023 0.036 0.027  

0.033 ± 0.03 

 

0.005 

0.231  

0.244 ± 0.03 

 

0.011 0.028 0.038 0.034 0.249 

0.030 0.041 0.037 0.252 

Machined 

90° 

Not heat treated 

0.024 0.037 0.030  

0.032 ± 0.03 

 

0.003 

0.201  

0.216 ± 0.03 

 

0.013 0.026 0.037 0.031 0.225 

0.029 0.035 0.035 0.222 

Machined 

0° 

Heat treated 

0.031 0.081 0.038  

0.043 ± 0.03 

 

0.005 

0.336  

0.310 ± 0.03 

 

0.023 0.039 0.047 0.048 0.290 

0.036 0.041 0.043 0.306 

Machined 

45° 

Heat treated 

0.028 0.053 0.034  

0.034 ± 0.03 

 

0.004 

0.259  

0.267 ± 0.03 

 

0.020 0.031 0.046 0.038 0.253 

0.025 0.031 0.030 0.290 

Machined 

90° 

Heat treated 

0.023 0.028 0.028  

0.033 ± 0.03 

 

0.004 

0.261  

0.253 ± 0.03 

 

0.013 0.029 0.034 0.036 0.259 

0.028 0.031 0.034 0.238 

Porous 

0° 

Not heat treated 

0.132 0.147 0.157  

0.151 ± 0.03 

 

0.006 

0.628  

0.632 ± 0.03 

 

0.004 0.123 0.141 0.146 0.636 

0.125 0.145 0.149 0.632 

Porous 

45° 

Not heat treated 

0.187 0.231 0.216  

0.195 ± 0.03 

 

0.019 

0.703  

0.698 ± 0.03 

 

0.006 0.152 0.186 0.179 0.698 

0.163 0.179 0.191 0.691 

Porous 

90° 

Not heat treated 

0.120 0.127 0.143  

0.151 ± 0.03 

 

0.015 

0.714  

0.686 ± 0.03 

 

0.034 0.119 0.113 0.142 0.648 

0.142 0.163 0.168 0.695 

Porous 

0° 

Heat treated 

0.120 0.127 0.143  

0.141 ± 0.03 

 

0.008 

0.619  

0.619 ± 0.03 

 

0.005 0.124 0.128 0.147 0.623 

0.110 0.125 0.132 0.614 

Porous 

45° 

Heat treated 

0.184 0.198 0.213  

0.201 ± 0.03 

 

0.011 

0.702  

0.701 ± 0.03 

 

0.002 0.170 0.206 0.199 0.699 

0.164 0.197 0.192 0.700 

Porous 

90° 

Heat treated 

0.158 0.219 0.186  

0.168 ± 0.03 

 

0.018 

0.762  

0.704 ± 0.03 

 

0.059 0.142 0.176 0.168 0.644 

0.126 0.157 0.150 0.705 

 

 

 

 



 

 

International Conference on Environmental Systems 
 

 

6 

IV. Thermal Conductivity and Specific Heat Capacity Measurements 

A. Specimen Description 

The validation of the thermal conductivity of the additively refound aluminium alloy for adequate thermal 

modelling and correlations is also required. All specimens are fabricated by additive manufacturing. Due to a post 

heat treatment the thermal conductivity of the aluminium alloy can be significantly increased. Hence the focus of the 

thermal conductance measurements is to derive both robust values for non heat treated components and components 

which had been subject to a stress-relief annealing. [2, 7] 

The test samples fabricated for the measurements are solid aluminium bars with constant cross-sections and 

sockets to provide the interface to the cold plate, inside the vacuum chamber, Figure 4 depicts different types of 

these samples. 

 

Table 5: Specifications of the specimens used for thermal conductivity measurements 

Dimensions Width: 100 mm, Height: 160 mm each, Length: 30 mm 

Mass of single Plate Sample 47 mm bar (left): ca. 258 g / 60 mm bar (middle): ca. 313 g 

Properties w/o or with heat treatment 

Additive Manufacturing Machine Concept Laser X-Line 2000R 

 

                         
Figure 4: Specimens for characterization measurements with accommodated surface heaters, without MLI 

 

B. Measurement Technique and Method 

The measurement and characterization technique used to derive the solid-state thermal conductivity of the 

specimen’s bulk material is the absolute steady-state method (balance). This method is generally useable for 

rectangular and cylindrical components. In this context the thermal conductivity is defined by Fourier’s law of heat 

conduction in solid bulk materials. [1, 2] 

 

                                                                                    (1) 

Where keff is the effective linear conductivity to be derived from the measurements, Qcond as the net power input to 

the specimen, L the distance between the thermocouples along the constant kept cross-sectional area A where the 

temperature gradient ∆T evolves. 

The absolute steady-state method is related to an uniformly assumed heat flow along the specimens cross 

section. Potential errors are thermal contact issues between heater patches and the specimens’ surface as well as the 

fraction of radiative heat loss. The thermal conductivity measurements are proceeded inside a evacuated thermal 

vacuum chamber, hence heat transport through convection is not relevant. [2, 4] 
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The stable base temperature (heat sink) is supported by the cold plate with an set point temperature of +4°C, 

which is maintained by a controlled fluid looped system. However the mean pressure inside the recipient was not 

higher than 10-5 mbar during vacuum tests. 

The experiment design of all tested specimens could be seen in Figure 5 and use silicone surface heating 

elements (heater) and type-T thermocouples (sensors) with low-conductivity-material.  

All surface heater are directly patched by on-layer adhesive to the specimens surface, while the thermocouples 

are accommodated to the specimens surface by Kapton tape. The heaters are farthermost attached from the heat sink 

in order to gather convincing temperature gradients along the specimens thermocouple assembly line (blue arrow, Z-

axis). The heater mounting is also illustrated in Figure 4 above, depicting the test bar specimens without sensors. 

 

 
Figure 5: Experiment design of the heat conduction model to gather the temperature gradients along the 

thermocouple assembly line in order to derive the thermal conductivity of the bulk material 

 

With the aim to minimize the radiative losses and thus lower uncertainties, the entire bar elements are each 

covered by 20 layer of Coolcat 2 NW MLI (Multi Layer Insulation). The relevant thermocouples for measuring the 

temperatures occurring in thermal equilibrium with a specific applied heater power are the sensors T23, T22, T21 

and T28. All four sensors are fixed in-line to the constant cross sectional bar (along Z-axis, blue arrow). Each side of 

the specimen is accommodated with one heater patch. T31 and T32 are directly mounted on the heater far side 

surfaces to measure the temperature used for radiative heat loss calculations. Further T36 and T34 are directly 

accommodated adjacent to the heater patches on the specimen surfaces to monitor the effective contact temperature 

of the heater and monitor possible contact issues. Additional sensors are included in order to monitor the socket 

(T26, T27) and the cold plate surface temperature (T30, T33), adjoining to the specimens conductive interface 

towards the cold plate. 

 The total power applied to the heater lines is defined by: [2, 6] 

 

                                                          (2) 

  

Indeed the radiative heat loss Qrad relates to the infrared (IR) emissivity  of the silicone heater surface, the 

absorptivity  which is considered to 1.0, along the constant kept cross-sectional area , the Stefan-Boltzmann 

constant  and the forth power in temperature difference between the specimens surface and the surrounding. [2, 5] 
 

                                                             (3) 

 For thermal conductivity measurements the specimens are completely covered with MLI, except the sockets. 

Radiative heat losses, thus considering neither convection nor diffusion, throughout the specimens are derived by 

considering the largest temperature differences measured to the relevant surfaces with reference to MLI temperature. 
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With a IR emissivity for silicone of  = 0.88 the radiative heat loss was calculated for equilibrium (steady-state) 

temperatures reached in the individual balance tests with different heater power values. 

Nevertheless, losses through the heater wires and plug connections is assumed to be less than 2%. Furthermore 

conduction through the lead wires of the heater and thermocouples is also considered low due to minimal wire cross-

sections. [2, 3] 

Another source of measurement inaccuracies is the accuracy of the heat treatments performed according to the 

specified annealing procedure, with which the specimens have been stress relieved. There are no data logs of the 

annealing process itself available, which makes it hard to verify the correctness of the procedure yet. 

 

C. Thermal Conductivity Measurement Results 

Based on the evaluated measurement results which are exemplary visualized in Figure 6, all sensors show an 

equivalent behaviour to temperature changes on the test specimens. This means that both the temperature gradients 

and the expected response of the sensors match the test setups’ sensor accommodation and thus associate a robust 

thermal anchoring of all sensors. Another point is that the thermocouples show a good behaviour when the recipient 

is being evacuated, as the measured temperature differences between the vacuum state (10-5 mbar) and the 

pressurized test chamber of the specific sensors is less than 2.0K. The maximal temperature variation in the 

laboratory environment has not exceeded 3.0K for all conducted measurement cycles. 

Figure 6 contains exemplary measurement results which illustrate a complete test cycle to reach steady-state 

conditions. The measurement values gathered at a measurement time of 5800 seconds (in steady-state) are applied to 

calculate the thermal conductivity. It can be seen, with reference to Figure 5, that T23 is closest to the heater and has 

the steepest temperature gradients in the transient zone (red area in Figure 6). While the temperature sensor T28 is 

the farthest away from the heaters and closest to the heat sink (cold plate). 

 

 

Figure 6: Temperature curves recorded of thermal conductivity measurements, showing the initial transient 

section (red area) towards steady-state conditions of a thermal vacuum chamber balance test 
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 The manufacturer's data sheet states, without precise specification about the influence of heat treatments or other 

properties, that the thermal conductivity should be in the range of 120 W/mK to 180 W/mK. Comprising, more 

measurements were performed on several test specimens and all measurement results indicate the same trend. The 

thermal conductivity measurement results presented in Table 6 are all related to one exemplary specimen, first 

without heat treatment, then afterwards with heat treatment. For both cases the identical heater and sensor setup with 

the corresponding heater power values are applied. [7] 

 

Table 6: Thermal conductivity measurement results of one exemplary specimen, first measured without heat 

treatment, then afterwards with heat treatment, for both cases applying the identical heater and sensor setup 

Heater Power Qcond [W] Thermal Conductivity [W/mK] 

w/o Heat Treatment With Heat Treatment 

5.80 144.02 165.71 

9.30 147.25 163.94 

12.80 146.35 165.07 

14.60 153.38 163.82 

17.50 150.75 165.44 

 Mean: 148.35 Mean: 164.80 

  

 Indeed the measurement results in Table 6 relate to different heater power values line-by-line and are each 

obtained by taking in each specific test the mean value from the calculated thermal conductivity results relative 

between the sensors T23 to T22, T22 to T21, T21 to T28 and T23 to T28. The results let suggest that the 

microstructure is better homogenized due to the post heat treatment since the measurement results are in a closer 

range after heat treatment of the fully solid specimens. Furthermore the relative increase in thermal conductivity 

through the heat treatment is about +11%. 

 

D. Specific Heat Capacity Results 

The specific heat capacity cp is related to constant pressure. The constant pressure (<10-5 mbar) and volume are 

given due to the experiment environment in the thermal vacuum chamber. [2, 4] 

According to the following equation the capacity of the solid bulk material is dependent on the heat flow Q, the 

mass m of the individual specimen and test case and the temperature gradient ∆T. Indeed the heat flow Q is the 

product of the applied heater power P in dependence on the simulation time t. [2, 4] 

 
 

(4) 
 

The specific heat capacity is determined from the area of the transient temperature curves in Figure 6 which is 

also marked by a red area. The results are listed in Table 7 below. 

 

Table 7: Specific heat capacity measurement results of exemplary specimens, first measured without heat 

treatment, then afterwards with heat treatment 

Specific Heat Capacity [J/kgK] 

w/o Heat Treatment With Heat Treatment 

893.05 898.47 

892.42 905.28 

896.21 902.56 

897.90 900.14 

896.84 901.93 

Mean: 895.28 Mean: 901.68 
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V. Conclusion 

Based on the results of the current test specimen fabrication-tests and parameter studies, a minimum wall 

thickness of 0.5 mm of the integral components can be achieved with a double-wall system. In addition, the test 

specimens are gas-tight at least with a relative overpressure of 5 bar. 

The measurement results for the investigation of the thermo-optical properties of the process-technically varying 

surface properties of additively manufactured components have clarified, that it is important to consider the 

orientations of the manufactured surfaces relative to the assembly level when assigning the respective thermo-

optical properties in the thermal model to the shells. 

Measurements of the thermal conductivity of the additively manufactured raw material showed that a subsequent 

heat post-treatment (stress-relief annealing) results in an increase in thermal conductivity of approximately +11%. In 

addition, the results suggest that homogenisation must have taken place in the aluminium alloy due to the lower 

scattering of the measured values. 

 

VI. Potential ITS Applications 

A. Optical Payloads 

Materials like PCM have been successfully flown on space missions to balance heat within spacecrafts. ITS 

addresses primarily optical satellite payloads. In telescopes of optical satellite payloads smallest temperature 

fluctuations lead to thermo-elastic deformations, which degrade the optical performance. By applying ITS 

technology, a significant passive thermal stabilization of baffle systems can contribute to an increased thermal as 

well as pointing stability and thus leads to a reduction of thermo-elastic deformations acting on the entire optical 

payload. [8] 

B. Battery and Battery Management Systems 

In the context of thermal management of batteries the main task of the ITS technology is to minimize temperature 

peaks that occur during charging and discharging of batteries, especially for space applications. A part of the energy 

emitted during charging and discharging is heat, in the form of heat loss. The faster a battery is charged, the higher 

the proportion of heat loss that heats the battery cells and the surroundings. Severe rise of the temperature during 

charging or discharging a battery, or prolonged exposure to cold environmental conditions, have a significant impact 

on the lifetime of a battery. These temperature fluctuations in batteries result in a reduced lifetime due to accelerated 

chemical aging of the battery cells. 

By using double-walled battery housings according the ITS design the battery cells or packages are encased and 

heat peaks can be captured to an extend. Coolings (e.g. during shadow phases in orbit) are reduced by the 

additionally stored thermal energy in the form of latent heat. This can also lower the energy required for additional 

active thermal control systems and further to a reduction in subsystem mass. 

Furthermore the effective temperature of the battery cells is kept much longer in the operational temperature range 

during cooling phases due to the dispensed thermal energy in the latent heat storage. This can enhance the efficiency 

of the battery system as well as reduce the chemical aging of the battery. Due to the decelerated chemical aging, the 

battery life time can be extended. 

 

VII. Way Forward 

The follow-up work will primarily concentrate on the validation of the thermo-physical modelling of the PCM 

behaviour. Therefore the university-intern PCM subroutine is being optimized and extended with many features in 

order to improve plug-and-play functionality to fit modular in any ESATAN thermal model. [9] 

Another task will be to generically implement and verify the numerical and formulaic definition of the linear 

conductors (GLs) of the PCM/Lattice elements in-plane as well as out-of-plane in the thermal models. 

Based on the finalized PCM subroutine the results and predictions of the simulations are being correlated with 

test results of the ITS breadboards, obtained from thermal vacuum chamber tests. 

With regard to the advancement in the breadboard campaigns, both more complex and larger scaled geometries 

as well as more advanced wall thicknesses (0.2 mm up to 0.4 mm) will be validated concerning tightness and 

hydraulically pressure response. 
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