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The representation of the temperature gradients across a spacecraft structure with a
thermal model is key to have a good predictability of any thermo-elastic deformations. This is
often not the objective of thermal models built for typical thermal control applications.
Typically, it is sufficient to achieve the correlation criteria only at reference points and
interfaces. This paper highlights the benefits of exploiting thermocouple data with infra-red
camera images to improve the correlation of temperature gradients for a spacecraft structure.
The study made use of data acquired from a thermo-elastic demonstrator test. The main
objective was to develop techniques to give better predictions of thermo-elastic phenomena.
The test structure was brought to steady state conditions in vacuum for a number of thermal
load cases. The measured temperatures showed significant deviations from the initial
predictions performed in a “classical” manner. Detailed features were introduced to the
thermal model, which are often simplified for thermal control applications. In particular:
accurate modelling of the heater lines, modelling edges of honeycomb panels to capture
important gradients, refining the radiating areas and adding detail near mechanical
interfaces. Image processing techniques were developed for the infra-red camera data
allowing direct comparisons to the nodes of the thermal model. It was observed that
correlating the model only at the discrete thermocouple locations was not sufficient to
represent the spatial temperature gradients. Finally, the study demonstrated the added benefit
of maintaining a parametric thermal model with individually modelled sensor and heater
lines, to allow refinements of the underlying panel mesh. This study was performed at ESTEC,
ESA in the framework of the I-METER R&D activity, implemented by Thales Alenia Space.
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I. Introduction

I. T

HE focus of this paper is the correlation of a thermal model built to investigate methods to improve thermo-elastic
predictions. The main objective was to understand how to achieve a better representation of the temperature
gradients across the structure with a thermal model. This was approached via the fusion of thermocouple and infrared camera test data. The correlation and techniques developed were built from a wealth of information gathered from
the ESA R&D activity1, Improvement of methodologies for thermo-elastic predictions and verification (IMETER),
implemented by Thales Alenia Space France and Italy between 2017 and 2020.
There are a number of typical use cases for thermo-elastic modeling for spacecraft, for example: determination of
structural strength via stress analysis, distortions as inputs to spacecraft pointing budgets and Structural Thermal
Optical Performance (STOP) analyses to assess the performance of optical payloads. Notable ESA missions that
require good thermo-elastic knowledge include LISA Pathfinder, Gaia, Plato1, LISA, and Euclid. In particular, for the
Euclid mission, STOP analyses were performed with the aim to quantify heat paths from different solar aspect angles
and their resulting influence on optical deformations inside the telescope.
Typically, models are built at discipline levels (structural, thermal, optical) for their respective purposes and may
not be suitable for multidisciplinary analyses. Furthermore, end-to-end model uncertainty with respect to thermoelastic analyses is often not quantified nor considered. One example is the thermal model built with the goal of
validating the spacecraft thermal control system. This typically involves correlating a computational model with
thermal balance test data from thermal vacuum testing, i.e. thermocouples installed on the test article. The correlation
objectives and associated criteria are related to the verification of the thermal control system, and are usually not
adequate for the purpose of thermo-elastic predictions.
Infra-red cameras represent an interesting full field temperature measurement technique where complex gradients
are present and are increasingly used in spacecraft thermal testing; however, measured data is often not exploited
further for thermal model correlation. Infra-red cameras are used for qualitative assessment, for example, the
verification of heat pipe operation or to estimate MLI temperatures and sun trapping effects for tests with solar
simulation. Other novel applications include spacecraft thermo-elastic characterization tests performed at ambient
conditions or measuring the internal temperatures of cavities with advances in the miniaturization of cameras. When
considering infra-red cameras for thermo-elastic applications, there is the potential to capture the full temperature field
of a given structure. This can yield additional data points to use during the thermal model correlation. The difficulty
is that the infra-red image data is rarely in a format which can be readily exploited with a thermal model. The infrared image often needs to be corrected for emissivity, lens distortion, perspective and influence of reflections. This
paper outlines some considerations for the construction of a thermal model built for thermo-elastic predictions, and
the processes developed for making use of infra-red images for model correlation.

II. Background
Many space missions have stringent stability requirements, where the thermo-elastic distortion is a significant
contributor. Therefore, the predictive capability of models is important and can be improved by review of
requirements, lessons learned from testing and defining best practices in thermal and mechanical models2-3. The model
developed in this paper is based on the test article from the thermo-elastic demonstrator test performed during the
IMETER R&D study carried out by Thales Alenia Space. This study has been the subject of recent conference papers
in the thermal and mechanical domains 2, 5-6. A general conclusion from the activity was that the thermal model
parameters had a larger impact on distortions than mechanical FEM parameters for the considered test article and load
cases. A more detailed modelling of heater lines and mechanical interfaces (inserts, panel edges and the frame between
honeycomb panels) was necessary to improve the model correlation. The effect of mesh discretization has been studied
on a representative spacecraft structure7, and an influence matrix was introduced based on a vector of nodal
temperatures. The matrix highlights the zones of the thermal model which have a significant contribution to the
thermo-elastic predictions.
The post-processing of infra-red camera images was addressed in a previous ESA study with the National Physics
Laboratory, UK8. The study explored a technique for correcting images at high surface angles, materials with highly
specular reflective surfaces and developed functions to remove reflected image hot spots via raytracing from the
camera origin. The largest contributions to the temperature uncertainty budget were identified as unknown surface
emissivities and temperatures of items sources of reflections. Another notable activity9 demonstrated an infra-red
camera tool, which uses backward raytracing to remove reflections, developed as an add-on to a commercial thermal
analysis tool.
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The main objective of this activity was to highlight aspects of thermal model construction and correlation for
thermo-elastic applications that may require an approach different from classical thermal control applications. In
addition, the secondary objective was to develop methods to fuse model, thermocouple and infra-red camera data to
improve the understanding of temperature distribution for model correlation.

III. Thermo-elastic demonstrator test
A. Test Scope
The objective of the IMETER2 demonstrator test was to generate thermal gradients on a spacecraft structure in
order to create different thermal maps and measure the corresponding deformations. Data from the test was used to
correlate mechanical and thermal models to assess where general improvements could be made to thermo-elastic
distortion predictions. The principle was to re-use an existing piece of structure, which was tested in the medium sized
thermal vacuum (TVAC) facility at Thales Alenia Space, Cannes, France. Figure 1 shows the location of the ESA
infra-red camera installed in a top corner of the chamber viewing the +Z panel of the test article.

Courtesy of Thales Alenia Space, © Thales Alenia Space 2019

Figure 1. Test article +Z panel (left), infra-red camera in TVAC chamber (right)
B. Metrology
The test article was instrumented using a number of different contact and non-contact metrologies. In total, 119
thermocouples were attached to the structure panels and appendages and the infra-red camera was used to provide
temperature maps of the +Z panel. The chamber was equipped with two independent videogrammetry systems (ESA
and Thales Alenia Space) complemented by strain gauges in order to measure relative displacements and
deformations.
Displacement was measured via optical recognition of videogrammetry targets. The targets consisted of 570 small
white circles attached to the panel at fixed intervals in contrast to the black coating. Scale bars manufactured from
Zerodur® (low CTE) with targets at known distances were installed adjacent to the test article for calibration.
Thermocouples were installed on the scale bars to calibrate reference displacements. Post-test, a 3D point cloud was
generated from retro-reflective targets via optimization of rays cast from each point into the camera optics3
The ESA videogrammetry system used multiple micro-cameras from the Basler® aces series, which allowed a very
flexible configuration. In contrast, the system provided by Thales Alenia Space made use of a GSI® InCa2 camera
mounted on a movable arm, capable of measuring smaller deformations down to 10μm. Both videogrammetry systems
were used throughout the test and images were captured when the test article reached thermal equilibrium.
The infra-red camera system was supplied by ESA/ESTEC using a camera from the FLIR® SC7600 medium wave
infra-red series* with an image resolution of 640 x 512 pixels. The camera can achieve temperature measurement
uncertainties as low as 1 °C dependent on the test conditions. The camera can achieve a noise equivalent temperature
difference down to 30mK, which defines the limiting thermal contrast of the image. The camera was installed 3.5m
away from the +Z panel with a field of view of 2.4m. One important metric is the camera calibration range (+5 °C to
*

FLIRSC7000 Series Datasheet, accessed: 20/12/2020, available online:
http://www.flirmedia.com/MMC/THG/Brochures/RND_017/RND_017_US.pdf
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+80°C), although the camera is able to show contrast down to lower temperatures (nearer -30 °C). The camera was
fully enclosed in a vacuum compatible pressurized canister and its temperature regulated by a gaseous nitrogen system.
Images were captured at one-minute intervals for the complete duration of the test and output using the manufacturer’s
software into common text and image formats.
C. Test article
The test article was chosen to allow re-use of an existing structure, and was specifically modified for the purpose
of the thermo-elastic demonstrator R&D activity. The structural model of the spacecraft was selected as the test article,
which was representative in terms of structural design however, not at all representative in terms of thermal design.
The test article in Figure 2, consisted of six large aluminum sandwich panels and two webs arranged in a trapezoidal
prism shape bolted via inserts to a solid aluminum frame. All panels were blank aluminum panels, except the large
front panel, which was coated black to improve the measurement with infra-red camera, act as radiator, and increase
contrast for photogrammetry targets.

Courtesy of Thales Alenia Space, © Thales Alenia Space 2019

Figure 2. Test article installed in TVAC chamber
The test article included a number of thermally decoupled appendages, visible in Figure 1. These included a
composite table structure (U-shaped) consisting of lateral panels with carbon fiber face sheets and the top side with
aluminum face sheets. The purpose of this sub-structure to investigate sliding phenomena at interfaces between the
three connected panels due a mismatched CTE. Additional appendages included a thermally decoupled telescope
structure, an antenna bracket in an aluminum alloy from additive manufacturing and a solid aluminum plate mounted
on the inside of the large +Z panel to simulate the baseplate of an equipment.
The panels were individually heated via 24 Clayborn heater lines with a total installed power of 7kW and taped
over with aluminum tape. This custom heating system was installed for the purpose of the test and did not correspond
to the flight design of the spacecraft. The intention was to be able to control the temperature of the test article by zones
and to enable the formation of thermal gradients between different panels.
Most of the appendages were installed on the +Z panel and in the field of view of the infra-red camera. A black
coating was applied to this panel with the aim to increase its emissivity and obtain better infra-red images. Before
closure of the chamber door, black tape was added locally on some brackets and edges with the aim to improve the
understanding of the temperature profile on items with low emissivity. The emissivities of the other blank aluminum
panels were measured post-test as an input to the model correlation activity.
The test structure was not wrapped in MLI which allowed full field infra-red and videogrammetry measurements
of the +Z surfaces. This decision lead to large temperature gradients (+60°C to -30°C) on the structure panels, which
were difficult to predict and correlate. Notably, the Kapton® edges of the honeycomb panels were exposed and were
a significant source of heat leak. In addition, the initial predictions of heater power for a given temperature set point
on the panels were inaccurate, attributed to the complexity in capturing the thermal gradients.
During the test, the temperatures near the edges of the +Z panel were seen to drop below the calibrated range of
the infra-red camera (+5°C). Consequently, the set-point temperatures on some panels were raised after the first
thermal balance phase to return the temperatures as much as possible within the calibrated range.
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D. Thermo-elastic cases
Figure 3 illustrates the various heated zones on the test article. The thermo-elastic load cases were defined by
varying the applied heater power on the zones to reach an average set-point temperature. Different thermo-elastic
phenomena could be observed by adjusting the temperature of individual zones whilst maintaining the others at the
reference case temperatures as per Table 1. Each load case corresponds to the end of a steady state phase in the thermal
balance test sequence. The load cases were selected taking into account the minimum resolution of the
videogrammetry systems (≥ 10-15 m), and predicted deformations of the structure with magnitudes in the order of
millimeters. The raw infra-red image shown in Figure 4 corresponds to the load case #2, where large gradients on the
+Z panel were created by raising the set point of zone +Z1 from +20˚C to +50˚C.

Figure 3. Heated zones of the test article
Case

+Z1

+Z2

+Z3

+Z4

+Y

-Y

+X

-X

Plate

Ref
1
2
3
4
5
6

+20

+20

+20

+20

+10

+10

+10

+10

+20
+50
+20

Ushape
0

Description

Reference case
Equipment baseplate heating
+50
In-plane +Z gradients
+50
Mono-directional gradient in Y
+50
Mono-directional gradient in X
+50
+50
Bi-directional in XY
+50
Sliding U-shape lateral / top panels
Table 1. Thermo-elastic case definition. Temperature set points of different panels in ˚C

Figure 4. Raw infra-red image (increased heating zone on +Z1) for load case #2
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IV. Thermal model
A. Building the model
The lumped parameter thermal model was built in ESATAN-TMS 2020 from simplified CAD geometry, making
significant use of photos of the final test set-up. The initial predictions were significantly different from the
measurements, and the model correlation required a large increase in the level of detail. Specific mechanical interfaces
were represented in more detail compared to a traditional thermal control model, seen in Figure 5. These included
detailed meshing of the panels, frame and solid aluminum corners. The connections of the panels to the frame via
inserts were also represented. This modelling technique showed an improvement from the use of a continuous
conductance along a panel edge. Combinations of cutting geometries were also used to match the panel cut-outs and
the Kapton® taped edges of each panel were modelled given the test article was not wrapped in MLI.

Figure 5. Representation of inserts, heater lines and edges
B. Parametric modelling
Construction of a parametric model was considered important, as numerous refinements to the mesh discretization
were required to capture the gradients. An additional benefit of this approach is the possibility to maintain the same
lumped parameter model for thermal control and thermo-elastic applications whereby modification of the mesh
discretization can provide different levels of detail. An effort was made to keep all user logic inside ESATAN-TMS
Workbench, and to limit the use of hard coded conductors with reference to fixed node numbers.
Figure 6 demonstrates how contact zones were used as a means to model heater lines, inserts between panels,
thermocouples and infra-red pixels. This allowed the modification of the underlying mesh which simplified
recalculation of the conductors. Sandwich panel inserts were modelled with disk primitives, with associated emissivity
and two contact zones from each face between panels and the structural frame. Thermocouples were also included in
the
model
as
conductive
disk
primitives
with
arithmetic
nodes
(zero
capacitance).
Figure 7 shows the connection of these items to the panels using contact zones with large values for contact
conductance. This permitted a sampling of model temperatures at discrete locations independent of mesh
discretization.

Figure 6. Contact zones in the model for thermocouples, pixels, heaters and inserts
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Figure 7 also shows the experimental method implemented for mapping of the infra-red image pixels in the model,
similar to the method implemented for the thermocouples. The resolution of the infra-red image was first reduced to
20% of the original resolution to create a reasonable mesh size. The pixel geometries sample the temperatures of the
panels, which permits post-processing and direct comparison of the infra-red data and model predictions.

Figure 7. Thermal model with overlay of infra-red pixels and thermocouples (green circles)
C. Sensitivity analyses
The correlation was performed via a number of sensitivity analyses requiring a more detailed modelling in a
number of areas. Figure 8 shows the evolution of the model complexity during the correlation campaign. The mesh
discretization was modified and finer meshes were investigated including weighted meshing ratios towards the panel
edges. These areas corresponded to the highest gradients and locations of the mechanical interfaces with other panels.
The final model used approximately 72,000 faces and 27,000 thermal nodes.

Figure 8. Relative complexities of the thermal models: initial (left) and final (right)
The heater line modelling was investigated in order to more accurately model the distribution of the injected power.
Typically, thermal control models make use of an area-averaged approach for application of heater power due to the
use of pad heaters. Instead, the test article made use of Clayborn heaters arranged in a snaking path.
Figure 9 demonstrates that the detailed modelling of the heater geometry produced significantly different gradients
on the panels although the temperature calculated at the center reference thermocouple remained constant. The
predicted average temperature of the panel was also the same for both models.
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Mechanical interfaces are often over simplified in thermal control models, for example the use of an equivalent
averaged contact conductance at an edge to approximate a bolt pattern. This was not sufficient for the correlation of
thermo-couples near the inserts between the panels and the frame. As a result, all of the inserts were individually
represented in the model at discrete locations as seen in Figure 5.
The model was sensitive to the representation of the thermocouples at the correct locations in the model, due to
the significant thermal gradients. A sensitivity was performed assuming a 50 mm error in the relative position of each
thermocouple from the instrumentation plan. This produced an average delta temperature of 3 ℃ and a max of 8 ℃
for one thermocouple located at the edge of the +Z panel. This demonstrated that the panel mesh needed to be
sufficiently refined in order to compare against the measured thermocouple values.
Often thermal control models simplify thicknesses on minor dimensions to thin shells. However due to the
uncovered nature of the test article, the Kapton ® taped panel edges were found to be a significant contributor towards
the total radiative heat loss from each panel. This was particularly relevant considering that most panels had a very
low emissivity (0.06), in contrast to the Kapton® taped edges with a higher emissivity. The edges of each panel were
represented in the model and a sensitivity was performed on the emissivity value.

Figure 9. Simplified (left) vs detailed (right) heater lines showing impact on the panel gradients

V. Processing of infra-red image data
The infra-red images provided qualitative information about gradients, however before the data could be used for
the thermal model correlation the images required significant post-processing. The preparation of the infra-red data
included a number of image manipulation steps and corrections with the final goal to map the image pixel temperatures
of the +Z panel to the model. An image processing pipeline was applied to each load case using Python together with
the image visualization library OpenCV*.
The image data was first post-processed within the manufacturer’s software using the camera calibration curve to
produce temperatures (Figure 10.A). Temperatures in grey lie outside of the contrast range of the camera which
correspond to the TVAC chamber shrouds at -180˚C. In addition, the software also requires knowledge of the imaged
surface emissivity.
The images appeared to suffer from a ‘fish eye’ effect, caused by tangential and radial barrel distortion introduced
by the camera lens and window. The image was transformed (Figure 10.B) by estimation of the cameras intrinsic
parameters from a best-fit optimization via identification of known straight lines. Following this, a perspective
transform was applied, as the camera’s line of sight was not normal to the surface. The perspective of items such as
the telescope and U-shaped structure could not be fully corrected due to this angle. The lateral sides of the test article
were outside the field of view and some clipping occurred towards the lateral edges.
*

OpenCV (Open Source Computer Vision Library), accessed: 01/03/2020, available online: https://opencv.org/
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Figure 10. Steps in post-processing of the infra-red image data
The removal of unwanted pixels corresponding to items such as MLI, heater harness, panel edges and
videogrammetry targets was achieved by applying a predefined Boolean mask to the image pixels, (Figure 10.C & D).
The mask was generated via detection of sudden changes in temperature gradient as the gradient of the +Z panel was
expected to be relatively smooth. However, large gradients over small distances are not necessarily artifacts and
therefore the use of edge detection based on temperature changes may not always be appropriate. Next, pixels with
temperatures outside the camera calibration were removed. Interestingly, the camera was able to show contrast for
temperatures below its calibrated range, however when subsequently verified with respect to nearby thermocouples,
these areas showed large inaccuracies (up to 10-15 °C).
In general, infra-red images can be affected by radiation via multi-reflection from warmer items in the TVAC
chamber reaching the detector of the camera. For this test, the impact from reflections was considered negligible as
the imaged surface was black coated. It was also the warmest item in the TVAC chamber and consisted mostly of
convex geometry. If required, removal could be achieved using a radiative model via backwards raytracing from pixels
at the camera origin. The radiative contributions from warm sources can then be subtracted from the raw camera
levels. This was previously studied in an ESA R&D activity7, which required knowledge of the environment
temperatures, camera calibration curves and an accurate model of the spacecraft geometry to calculate radiative
exchange factors to camera pixels.
The corrected image was then scaled and mapped to meshed geometry with a primitive for each pixel in the
ESATAN geometry language. Each pixel was given a dedicated node number and alignment was performed with the
thermal model geometry based on easily identifiable features. A contact zone was used between each pixel and the
underlying panel. The infra-red data could then be incorporated into the model and compared directly by calculating
deltas to model predicted temperatures.
9
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VI. Quantification of errors
A quantification of error sources was made to assess the reliability of the infra-red data for the correlation of the
thermal model. Errors were sorted into two categories:
1. Infra-red camera and temperature measurement inaccuracies
2. Post-processing of the infra-red image and spatial mapping to the thermal model
Error sources contributing to category (1) include inaccuracies from camera black body calibration (accuracy of < 1K)
and thermocouple measurements (typically 0.5 K). In addition, an error in the estimate of the emissivity of the black
surface of 0.1 could produce a 1-2 K error in the image temperatures on export of the image from the manufacture’s
software. Moreover, as the imaged surface was not perpendicular to the camera, directional variations of emissivity
could have also influenced the measurement. In general, the image could also contain undesirable reflections from hot
items outside the field of view (considered to be negligible for this test). Another notable error source is the narcissus
noise, which can produce a circular ghosting pattern on the image, generated from reflections within the camera optics
and canister window. This effect was more visible when the test article and chamber were at ambient conditions and
the image contrast and temperature range was low.
In order to quantify the errors arising from category (1), the raw infra-red camera images were used to identify the
location of the limited set of visible thermocouples. Image pixels were compared against thermocouple measurements
for each load case. In Figure 11, thermocouples appear colder in the exported infra-red image (left) as they are covered
with black tape with a slightly lower emissivity. This provided contrast, which revealed the pixels corresponding to
each thermocouple. The temperatures of a number of pixels on the panel surrounding the thermocouple were
considered, avoiding selection of the pixels which only appear as colder due to the lower emissivity. The comparison
of the 11 visible thermocouples with the infra-red data showed a good correlation with an average root mean square
(RMS) error of 1.6 K.

Courtesy of Thales Alenia Space, © Thales Alenia Space 2019

Figure 11. Identification of thermocouples in the infra-red image
Errors in category (2), were attributed to errors from the post-processing of the images and use in the model from:
correction of image distortions, removing unwanted temperatures via edge detection and masking and perspective
transforms. A similar method was used to determine the additional error attributed to the image manipulation by
comparing the thermocouple and infra-red pixel values directly in the thermal model. The largest contributor was
attributed to misalignment of the pixels with the thermal model nodes, which is particularly important in areas with
large thermal gradients.
The errors from both categories are summarized in Table 2, averaged over all of the load cases. Thermocouples
located towards the edges of the heated zones showed larger discrepancies, attributed to large temperature gradients
in these areas. At these locations, the measured temperatures were often below the camera calibration range and
therefore infra-red image temperatures were expected to contain more uncertainty. As a consequence, the
corresponding pixels were discarded for the purpose of the model correlation.
Thermocouples
Outside of camera calibration range
Inside of camera calibration range

Temperature RMS error attributed to
category 1 [K]
category 2 [K]
total [K]
5.2
1.8
7.0
1.6
1.3
2.9

Table 2. Error budget comparing mapped infra-red data to thermocouples
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VII. Results
In order to produce temperature maps as inputs to thermo-elastic analysis, the thermal model was correlated with
the available thermocouple and infra-red data across all of the load cases. To determine whether the model predicted
temperature gradients showed a good correlation with the infra-red data, contour plots such as in Figure 12 were used
to gain a better understanding and to perform sensitivity analyses. The plot shows the delta between the model
predicted and measured infra-red temperatures for the +Z panel. The red and blue regions correspond to areas where
the thermal model predictions are hotter and colder than the infra-red image respectively. In the grey regions, the infrared image data has been removed during the post-processing steps, which include measurements outside of the camera
calibration range. The relative positions of a selection of the thermocouples are highlighted, limited to those visible in
the infra-red images. Table 3 gives an example of an intermediate correlation status for these thermocouples compared
to the model predictions.
A reasonable fit was achieved when considering only the thermocouple measurements for the correlation, with the
exception of a few outliers (thermocouples #7, #11). However, when the infra-red data was used for comparison with
the help of contour plots, the gradients were observed to be significantly more complex. Notably, the differences
between model and infra-red measurements were small in the vicinity of the thermocouple locations. As a result,
correlating the model using only the thermocouple data did not adequately reproduce the +Z panel gradients.
From the contour plot, the model predicted higher temperatures near the panel edges, which suggested a need for
refinement of the couplings near mechanical interfaces of the panel to the frame. The temperatures of the areas near
the four heated zones appear slightly under predicted in the model, which indicated that the in-plane thermal
conductivity was overestimated. The absence of an MLI on the structure made it significantly more difficult to match
the gradients. Across all of the load cases, the gradients were seen to be complex, and presented a challenge for the
thermal model correlation.

Figure 12. +Z panel delta temperature (thermal model minus infra-red camera temperatures)
Thermocouple
Measured [°C]
Model predicted [°C]
Delta [°C]

#1
20.6
27.6
6.9

#2
50.1
52.4
2.4

#3
50.8
45.4
-5.4

#4
20.9
20.2
-0.7

#5
24.3
17.2
-7.1

#6
22.1
29.5
7.4

#7
1.1
11.2
10.2

#8
23.5
20.7
-2.7

Table 3. Thermocouple measurements versus model predictions
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#9
23.1
27.4
4.2

#10
22.4
17.9
-4.5

#11
-0.4
11.1
11.5

VIII. Conclusions
This study presents the practical considerations and benefits when working with infra-red camera data for thermal
model correlations. In particular, there is a clear added value when complex gradients are present and correlation based
on discrete measurements at thermocouple locations may not give a complete nor accurate picture. Infra-red images
provide invaluable information about the temperature distribution although extracting this information for model
correlation is not trivial. Using novel image post-processing techniques, infra-red images can be further exploited to
be quantitatively used in thermal model correlation. In the test definition phase, care should be taken to limit reflections
on the imaged surface, for example high emissivity coatings could be considered on small areas to reduce the influence
of reflections. The emissivity of imaged surfaces must be accurately known, but an also be measured post-test. The
camera should be aligned as much as possible to the normal of the imaged surface to avoid the need for perspective
transformations. For example, alignment could be achieved with an in-situ fiducial marker as a point of reference.
As a second objective, the study highlighted some recommendations for thermal model building for applications
where representation of the thermal gradients is important. In general, a finer mesh discretization was required
compared to a model built for a thermal control application. Furthermore, the model included a more accurate
representation of mechanical interfaces such as inserts and brackets via an individual modelling of these conductive
heat paths. Avoiding hardcoding of node numbering and maintaining a parametric model was also seen as advantage
to enable mesh discretization studies. A recommendation for thermal analysis tools would be to introduce a dedicated
sensor item, which does not contribute to the thermal solution, but can permit the recovery of temperatures at a given
location via interpolation.
The error quantification of the infra-red data was seen to be relatively application specific, however a number of
general recommendations can be made. If the resolution of the data is sufficient, errors can be estimated by
identification of any visible thermocouples in the image. A small additional error was seen in the spatial mapping of
the infra-red data to the thermal model. For future tests, a list of positions of any metrology with respect to a common
reference frame could be considered to reduce mapping errors. Finally, the predicted temperatures of the imaged
surfaces should fall into the calibrated range of the infra-red camera and therefore an appropriate integration time
should be selected.
Further work is planned to make use of the correlated model and map the temperatures to the mechanical FEM,
and to perform thermo-elastic analyses for each of the load cases. The deformations will be compared against the
available videogrammetry data from the test to determine where improvements can be made. The outcomes of the
study will be used as a set of lessons learned for thermo-elastic prediction and verification for future ESA missions.
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