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Abstract  

 
This paper presents the work and progress made through the introduction of infrared thermography to 

determine surface temperature during thermal-vacuum tests on spacecrafts. Such tests cover a wide range of 
temperature, from –100°C to 80°C, and concern materials with low emissivity. The difficulties encountered when 
undertaking these measurements are assessed through two series of tests, from which recommendations in the 
experimental set-up to quantify the temperature measurement are given as well as an evaluation of the 
uncertainty.  

Due to the second series of tests having been postponed at the time of writing, this provisional article is 
incomplete and only presents results from the first test campaign, featuring the Medium Wavelength Infrared 
camera only.  

The reported work is done under contract with the European Space Agency.  
 
1. Introduction  

 
Spacecraft design requires increasingly precise modelling of the heat transfer that takes place between the 

active elements on-board and free space. The extreme conditions of space where both very high and very low 
temperatures coexist mean that materials of very well known emissive properties are used to help regulate the 
overall temperature of the vehicle. Prior to launch the operation of the spacecraft is tested in a space simulator 
and 2D information of the surface temperature is extremely valuable during such experiments because it 
demonstrates the efficient (or otherwise) operation of the spacecraft thermo-regulation system. 

These measurements are currently performed by extensive instrumentation of the spacecraft with 
thermocouples. Infrared thermography potentially has a strong advantage over this method because it covers a 
large range of temperature while giving a complete non-invasive 2D map of radiance. However, the quantitative 
interpretation of IR measurements presents a number of rather severe difficulties that need to be assessed.  

The ultimate objectives of the infrared measurement in the large space simulator are the determination of 
local hot spots and “deficiencies” of the sun illuminated Multi-Layer Insulation (MLI) in several areas of the 
spacecraft; detection of local hot-spot effects on sun illuminated instruments, on subsystems and on modules 
interfaces and checking the temperature gradient of the radiators in anti-sun direction. The testing of those 
modules requires the development of two independent systems functioning in two separate IR frequency bands: a 
Long Wavelength Infrared (LWIR) camera and a Medium Wavelength Infrared (MWIR) camera. The reason is the 
wide specified measurement range for the cameras, from -100°C to +350°C, that cannot be covered with one 
single detector. Also, the distribution of the specified measurement spots on the test specimens impose the 
positioning of the two camera systems in two opposite locations inside the thermal-vacuum chamber, which 
simulates the environmental operational conditions of the spacecraft during the various mission phases.  

To protect the cameras from harsh temperature and vacuum conditions during the test, a sealed, 
temperature-controlled canister will be used. The infrared camera system, based as far as possible on adapted 
off-the-shelf, available components requires a qualification campaign to be carried-out before declaring readiness 
prior to full scale testing of the spacecraft. The qualification is conducted at the facilities of the European Space 
Technology Research Center (ESTEC) of the European Space Agency (ESA) in the Netherlands.  

Here we describe the tests performed with a MW (3.7-5.1µm) infrared imager on reference and test targets 
placed in a small vacuum chamber in order to discuss the procedure recommended to make the best use of 
thermal imaging for this exacting measurement.  
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2. Experimental set-up  
 

 
 

Fig. 1. test set-up for the small thermal-vacuum chamber  
 
The test specimen was designed and built from a 160 x 100 x 100 mm aluminium block to provide a 

blackbody cavity and various aluminium targets, of different size or emissive properties, as well as samples of 
spacecraft Multi-Layer Insulation material, see Figure 2. The block main surface and cavity were black-anodised 
to provide a high emissivity. Type-T thermocouples were inserted at different locations in the block and its surface 
to have an accurate monitoring of the specimen temperature.  

 

 
                       Fig. 2. image of the test specimen carrying all the samples  

 
The cavity, with a depth of 150 mm and aperture 20 mm (and a conical end) provided a good blackbody 

target. Due to the good thermal conductivity of the aluminium, the block was kept at a very uniform temperature 
during the tests and the temperature given by the buried thermocouples was used as a reference to apply the 
corrections due to the reflections on the window as well as to assess the lower limit of the measurable 
temperature range.  

Three polished aluminium circles of different sizes provided targets of high contrast to evaluate the 
measurement spatial resolution. Two small aluminium plates were tightly attached to the block surface. These 
aluminium plates were machined to obtain two diffuse surfaces of emissivity measured at 0.13 and 0.33. This 
provided low emissivity references to characterise the background radiation that reflects on the test specimen and 
back into the camera.  

Finally, samples of the three different Multi-Layer Insulation materials were installed on the test specimen, 
with and without the use of thermal tape (see details in Figure 3).  
 



APPLICATIONS 

 
S1 S2 S3 

Fig. 3. details of MLI samples, samples are named S1 to S3  
 

 
 

Fig. 4. thermal image, the reflections  
 

We utilized a Medium Wavelength Infrared imager, detecting between 3.7 µm and 5.1 µm, with a lens of 
focal length 27mm. In the line of sight between the camera and the specimen was a Calcium Fluoride (CaF2) 
window with a thickness of 10 cm. This material presents a very good transmission factor (about 94.5% in theory, 
uncoated) at the working wavelength of the imager and a near zero emissivity.  

During the tests the nominal temperature of the chamber was set in sequence to +80, +60, +40, +20, +10, 
0, -10, -20, -40, -60, -80, -100 ºC, and measurement data was taken at each point. Two thermal gradient 
configurations were also tested, with the shrouds maintained at 21.5°C (corresponding to the laboratory ambient 
temperature) and the test specimen cooled down to 0°C and -20°C, respectively, with a cold plate.  

This test had several purposes:  
- To identify the set-up parameters in order to make the best use of the data recorded.  
- To test the procedure of image analysis and evaluate the errors involved and the possible range of 

temperature measurement.  
- To apply measurement corrections to the MLI samples in order to study the feasibility of their 

measurement by means of an infrared imager.  
The image shown in Figure 4, taken as the test specimen and the thermal shrouds were at -100°C, 

illustrates the reflective characteristics of the window. It shows the hand of the operator on the right as well as the 
camera itself on the left (blue circles). We want to avoid having a reflection of the camera lens on the image, as it 
is non-uniform and difficult to quantify. The camera casing reaches about 40°C in operation and due to the 
characteristics of the Planck law the radiation coming from the reflection on the surface of the window can 
become preponderant when the specimen is at low temperature. This is why a high transfer coefficient over the 
whole bandwidth of detection is an essential factor for the window.  

In order to facilitate the correction of the window reflection effect, the reflected object should be uniform. In 
order to obtain these conditions, the camera is orientated so its axis is at a small angle with the window axis. A 
black, diffuse and thermally uniform object of known temperature is placed next to the camera, at a conjugate 
angle with the camera axis, so its reflection on the image is superposed with the specimen we want to measure. 
This object will be referred as the external shield. It should ideally be as cold as possible but keeping it at ambient 
temperature allows to obtain a better uniformity.  

The hot and round object on the left of Figure 4 is a port inside the chamber, behind the specimen. Such 
perturbing element should ideally be masked in the chamber when cold measurements are to be performed; 
nevertheless, in the real measurement cases for a large thermal-vacuum facility, the test setup is far from being 
ideal so a characterization of perturbations is necessary in any case. The coloured parts of the test specimen and 
of the support plate (bottom left Figure 4) are caused by the imager and laboratory at ambient temperature or 
above, radiating through the window and reflected on the specimen surface and holding plate. It clearly shows 
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that in addition to controlling what is reflected on the window, it is necessary to have a good knowledge of what 
can be reflected on the specimen as well, to allow for accurate measurement corrections.  

The image in Figure 5 shows the specimen maintained at -20°C with the shrouds being at 21.5°C. This 
image gives a good visualisation of the different types of targets. The blackbody emits at the specimen 
temperature, and therefore appears as the coldest object: the darkest circle on the top right. The machined 
aluminium plates can be seen as green and red surfaces, as they are reflecting a different amount of the shrouds 
background radiation. The three MLI samples appear as three squares of different colours in the middle as well as 
the eight squares in the machined aluminium plates openings. The top one of the three squares (appearing as 
light blue) is the sample S1, acting as a flat specular reflector. Its image is therefore a superposition of its own 
self-emission and the radiation emitted from the shroud on the right. The middle one (sample S3, appearing as 
dark blue) is acting on average as a diffuse reflector. However, due to its fabric-like structure it is reflecting a 
different background scene depending on its shape and that is why we can see its threaded texture on the image 
(see a detail on Figure 6, for a different temperature configuration). This pattern only reveals the sample shape, 
not a temperature non-uniformity.  

The bottom sample (S2, appearing as red/pink) shows a mirror like behaviour. The radiation is almost 
exclusively due to reflection. Due to the wavy shape of the material surface and its very specular character, the 
reflected radiation comes from all around such that it is not possible to correct the measurement. Note that we 
could already observe this feature on Figure 4. This type of material cannot have its temperature measured by an 
infrared imager.  

 

 

 
 
 
 

 

Fig. 5. thermal image during a stabilised thermal gradient  Fig. 6. detail of MLI samples 

 
3. Exploitation  
 

To utilise thermal imaging quantitatively in this (or any) application a careful calibration of the imager is first 
required. Then through viewing the target’s blackbody reference, a correction for the window transmission can be 
made on all subsequent measurements. Then, measurements of the reference targets of known emissivity allow 
the identification of the background radiation reflected from non-black targets. Finally a configuration allowing a 
high contrast between self-emitted radiation and reflected contribution (e.g. the test object at low temperature and 
the shrouds at high temperature as seen in Figure 5) allow the validation of the emissive properties of all the 
samples, over the waveband detected by the imagers.  

The purpose of these different tests is to evaluate the uncertainties caused by the correction by means of 
the radiance transfer equation, over the whole range of temperatures measured. This will help determine the 
limits of the use of the IR imager in such applications, especially when trying to measure low temperature targets. 
Figure 7 shows the level of the MW thermal imager digital output level as a function of the temperature of the 
target and of the integration time (IT). This shows that below a target temperature of about -50°C, the level 
recorded is mainly due to the reflected radiation on the viewing window and an internal electronic offset, i.e. this 
particular imager cannot be used for the determination of temperatures below that temperature.  
 



APPLICATIONS 

 

Fig. 7. measurements on the blackbody aperture Fig. 8. MW and LW camera seeing through a 
CaF2 window, emissive power from the target and 

from reflections on the window 

Figure 8 represents the emissive power emitted from the blackbody target and detected by a MW or LW 
detector through a CaF2 window of thickness 5mm. It is compared to the power received from the reflection on 
the window of a body at ambient temperature. It is expressed as the hemispherical radiation, for comparative 
purpose, and does not take the angle of view into account. We can clearly see that we gain several orders of 
magnitude for a very low target by using the LW detector. However it is also observed that the correction is still 
difficult at low temperature as the power emitted by the target becomes a small part of the measured radiation: 
10% near -80°C and only 1% at about -125°C. 

The plot on Figure 9 shows the evolution of correction errors due to several causes, calculated over the 
range of measurement carried out within the calibration range of the camera. It clearly shows that all errors are 
getting bigger for cold targets. A more global uncertainty analysis will be carried out after the second tests. These 
results are based on the measurements of the black body cavity and therefore represent an ideal case of target. 
Errors due to the emissivity of the MLI materials will be higher and discussed after the second test.  

 
 

Figure 9: evaluation of errors during correction due to different causes – temperatyre measured by the imager, 
external shield temperature, window transmittance and emissivity of the blackbody.  

 
These feasibility tests lead to a set of main recommendations regarding the design and use of infrared 

imaging in such an application.  
-Make sure the infrared window transmission coefficient is high over the whole camera’s working 

waveband.  
-Reflected objects on the window have to be uniform and of known temperature. A mirror placed next to 

the window can help characterising the radiation of these objects.  
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-The background radiation (reflected on the surface of non-black targets) needs to be evaluated, 
unnecessary hot spot need to be masked (ports) or reduced (window aperture). Targets of known emissivity 
(specular and diffuse) can be used for reference.  

-The test specimen needs to feature a blackbody for reference.  
 

4. Conclusion and further works  
 
The provisional results reported in this article currently focus on a MW imager. We have shown that if we 

create a favourable configuration allowing the monitoring of all the reflections involved, it is possible to correct for 
the measurements done on targets placed in the space-simulating chamber. Forthcoming tests will exploit both a 
MW and LW imager in such a configuration and an uncertainty analysis will be carried out over the whole range of 
measurement.  

The overall aim of this work is the routine application of an infrared imager for the thermal-vacuum testing 
of spacecrafts at the ESA Large Space Simulator facility. One specific upcoming use will be the testing of the 
Mercury transfer module and Mercury planetary orbiter of ESA’s Bepi Colombo Mercury Mission.  


