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In general, it is difficult to analyse equipment for space applicability due to the fact that realistic tests on
Earth are technically difficult and expensive. To prove the reliability of space systems, a combination
of numerical analysis and expensive pre-flight tests is used. However, this paper discusses a new
methodology in which a combination is made of low-budget ground tests with a newly developed finite
element model updating technique which can deliver a time efficient added value or alternative to the
expensive and time-consuming pre-flight tests during thermal analysis. In addition, this contribution
shows the influence of several design parameters on the accuracy of thermal simulations for space
applications and discusses how this accuracy can be optimised. The methodology is verified within the
HACORD project of the REXUS/BEXUS programme.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Scientific ballooning has been developed in the early 19th
century, a few years after the invention of the hot air balloon 
by the Montgolfier brothers. This technique has been used fre-
quently for scientific measurements since the entrance of low-
density polyethylene balloons in the 1930s [1]. Even today, high 
altitude balloons are widely used in several disciplines e.g. at-
mospheric sciences, aeronautics, Earth observatory and physics on 
Earth and other planets [2]. The thermal design of spacecraft or 
balloon experiments is vitally important due to the extreme envi-
ronmental conditions and zero-failure tolerances [3–5]. In general, 
thermal designs of balloon experiments are based on a combina-
tion of knowledge gained through previous experiments, empirical 
data and numerical simulations. Occasionally extra information is 
found by interpolating the environment at high altitude [6,3,5]. The 
use of accurate numerical models is essential to perform accurate 
simulations and to be able to design insulation techniques [7,8].

Finite element (FE) models, as explained in section 2.3, are 
widely used for virtual modelling and the prediction of the dy-
namic and the thermal behaviour of materials and lightweight 
structures [9,10]. These predictions are essential in the preparation 
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of atmospheric balloon experiments [11,4,12]. Since atmospheric 
and space experiments are generally very expensive, it is impor-
tant to have an excellent knowledge of the interaction between 
the experiment and its environment in advance, which is effi-
ciently gained through reliable simulations. In general until now, 
these simulations are made only in steady state conditions and 
are mapped to a structural analysis [7,10]. Recent research com-
pares these models manually with complex ground experiments 
which simulate the space environment as for example the NIR-
VANA facility, but these experiments are expensive to perform [10]. 
Next to its importance for predicting the response of the system, 
simulations are also crucial to increase confidence in advanced ex-
periment set-ups operating in extreme conditions present in the 
upper atmosphere [8]. All material parameters and thermal loads 
of the experiment should be known in order to generate accurate 
estimations of the thermal behaviour [3].

Recent research, as performed by Liu et al. [13] tries to fur-
ther improve these numerical models by using transient, time-
dependent simulations in which the temperature and time-related 
parameters during the flight are approximated more accurately. 
The next step to improve the accuracy of the numerical models 
and predict the behaviour of balloon experiments is the combi-
nation of the numerical models with experimental measurements 
using numerical updating techniques like finite element model up-
dating, known of system dynamics [14] and recently adapted to 
use for thermal models by Peeters et al. [15].
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Nomenclature

cp Specific heat constant pressure
gc Gravitational acceleration
Gr Grashof number (dimensionless)
h Heat transfer coefficient
k Thermal conductivity of air
L Height or length of plate
Nu Nusselt number (dimensionless)

Pr Prandtl number (dimensionless)

Ra Rayleigh number (dimensionless)

�T Temperature difference from surface to air

B Coefficient of thermal expansion for air

ρ Density of air

μ Dynamic viscosity of air
For example, one of the important parameters in thermal ra-
diation simulations which is essential to estimate correctly is the 
emissivity. This parameter is difficult to approximate correctly due 
to the influence of complex geometrical shapes [16].

The combination of an FE model of the structure with experi-
mental data has major benefits because the experimental criteria 
can be relaxed due to the integration of the numerical model. Sim-
ple and fast to perform ground tests deliver enormous potential for 
FE updating, as part of a structural condition assessment program 
to use for correct approximate behaviour at extreme conditions.

The objective of this contribution is to predict the thermal insu-
lation and heat distribution in the HACORD (High Altitude Cosmic 
Ray Detector) balloon experiment while being exposed to strato-
spheric conditions using two ground tests which are easy to per-
form: an actual long duration stratospheric flight and numerical 
simulations. The flight is made within the REXUS/BEXUS1 pro-
gramme using a balloon with a floating time of more than two 
hours at an altitude of 28.2 km.

To ensure accurate numerical simulations the finite element up-
dating technique introduced in [15] is used for non-destructive 
evaluation. The technique is adapted for more general 3 dimen-
sional thermal problems. The prediction results are validated using 
the real experimental data retrieved by thermal sensors during 
flight. The goal of this contribution is to validate if it is possible to 
better predict experimental device behaviour in space by using a 
straightforward thermal load and freezer experiment, performed in 
atmospheric conditions as input for an FE model updating routine. 
The described methodology can be used to accelerate the design 
process of atmospheric balloon experiments [5] and helps to im-
prove the design process of future spacecraft [3].

2. Materials & methods

In the following section, we will describe the measurement 
techniques, the developed numerical model and the designed up-
dating algorithm. The chapter starts with a brief description of the 
experimental box itself, after which the model and experiments 
will be discussed.

2.1. Experimental device description

The HACORD experiment consists of four Geiger–Muller tubes 
for the detection of cosmic ray particles and a PCB with an ARM®

mBedTM micro-controller, a digital and analogue thermal sensor, 
three pressure sensors and the necessary power and communica-
tion electronics. The full system is packed in a polycarbonate box 
containing 8–20 mm of Styrofoam insulation and a reflective space 
blanket on the inside of the box to encapsulate the thermal heat of 
the PCB. The experimental components are shown in Fig. 1. A wire-
frame view of the full experiment is shown in Fig. 2 with the PCB 

1 More information about the REXUS/BEXUS (Rocket/Balloon Experiments for Uni-
versity Students) programme can be found on www.rexusbexus.net.
Fig. 1. Side view inside the experiment with in white the Styrofoam and in gold the 
reflective blanket.

Fig. 2. Wireframe visual of the experiment design. (For interpretation of the ref-
erences to colour in this figure, the reader is referred to the web version of this 
article.)

(green), the Geiger–Muller tubes (red), the clamps (red), the Ether-
net connector (red) and the power connector (yellow).

2.2. Description measurements

Three different types of measurements are performed: thermal 
load tests using a thermal imaging camera, a freezer test of the 
experimental box and finally the balloon flight.

http://www.rexusbexus.net
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Fig. 3. Overview of the used experimental setup for the thermal load test.

Fig. 4. Thermal image of the PCB during the thermal load test after 2.5 minutes.

2.2.1. Thermography of electronics
The thermal load monitoring test is performed using a ther-

mal camera (Xenics Gobi 640Gige). The temperature increase of 
the PCB is monitored in a stabilised environment at an ambi-
ent temperature of 25.5 ◦C and atmospheric pressure starting from 
steady state disconnected to steady state under power. The tem-
perature profile is measured during 30 minutes. After five minutes 
the temperature profile is stabilised to a steady state temperature. 
A photograph of the measurement set-up is shown in Fig. 3.

The temperature distribution of the PCB over time is used after 
post-processing [17,18] with the updating routine of section 2.4. 
To calculate the thermal loads of all the PCB components, the finite 
element updating techniques described in [15] is used. A frame of 
the PCB is shown in Fig. 4. An emissivity map is used to perform 
accurate thermal measurements and to extract the true tempera-
ture for each component during the heating phase.

2.2.2. Freezer test
Within this test, the thermal insulation capacity is measured 

from the retrieved thermal loads of the thermography test of sec-
tion 2.2.1. The data of the two temperature sensors on the PCB 
were used: one NTC resistor below the ARM® mBedTM microcon-
troller and one digital sensor close to the DC/DC converters which 
are used to convert the supply voltage from the gondola to the 
needed high and low voltage for the PCB. Furthermore, four ther-
mocouples have been placed in the experimental box:

• one on the High Voltage DC/DC converter;
• one in the centre of the box;
• one on the side wall above the reflective blanket;
• one below the reflective blanket, which is used to keep the 

heat radiation inside the box, on the same side wall.

For the test, the following procedure was followed. First, the 
experiment is switched on for 30 minutes inside the experimental 
box at room temperature to preheat the full system as in pre-flight 
conditions. Next, the box is placed in a freezer at a stable temper-
ature of −80 ◦C for more than two hours, which is a simulation of 
the floating time in the balloon experiment. In this test the ther-
mal isolation of the box could be tested for worst case scenarios 
where convection and radiation dissipation are considered.

2.2.3. Experimental flight BEXUS 20
The BEXUS 20 balloon with on board the HACORD experiment 

is launched from the balloon launch area of the Esrange space 
centre from SSC above the Arctic circle in Sweden. The BEXUS 
20 atmospheric balloon reached an altitude of 28.2 km where it 
remained for 2 h and 10 min floating. During this flight, the tem-
perature is measured at different locations on the PCB and in the 
experimental box:

• an NTC thermal resistor below the mBedTM controller on the 
PCB;

• a digital temperature sensor close to the DC/DC converters;
• a thermocouple type T on the outside wall of the polycar-

bonate box, shielded from cold air, wind and sunshine which 
measures the true temperature of the polycarbonate box;

• a thermocouple type T outside the gondola which measures 
the outside temperature.

The thermal and pressure data are logged at a rate of 1 mea-
surement per second for the data from the PCB and 10 measure-
ments per second for the external thermocouples. A representation 
of the temperature data is shown in Fig. 5.

2.3. Description numerical models

There is made use of the finite element method (FEM) to per-
form the numerical simulations, which is a computational tech-
nique used to approximate complex boundary value problems by 
subdividing the large structure in a mesh of connected calculation 
elements. These mesh elements have dependent variables which 
must satisfy the standard heat equation and specific boundary con-
ditions within the known domain of the experiment, described by 
the independent environment variables. This problem will be ap-
proximated by iteratively solving the describing differential equa-
tions with its boundary values for each element on each time step 
until the problem converges [19,7].

Finite element model The numerical simulations are performed in 
the commercial Siemens NX 10 finite element software which 
solves the FEM using the NX Thermal solver, which is based on the 
I-deasTM TMG solution which uses a conservative, element-based 
control volume formulation [20]. There is made use of specifically 
adapted meshes with in total 154 774 non-linear tetrahedral el-
ements and 235 438 nodes with thermally dependent material 
properties as shown in Fig. 6. The calculation time for the full 
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Fig. 5. Experimentally measured temperatures for all thermocouples during BEXUS 20 flight.
Fig. 6. Temperature dependent material properties of the polycarbonate box and the Styrofoam insulation.
model was approximately 330 minutes on a desktop PC with 32 GB 
ram and a 3.2 GHz octa-core CPU approximately 330 minutes.

A representation of the meshed internal structures with the 
loading on the PCB is shown in Fig. 7.

Physics & boundary conditions The ambient pressure and tempera-
ture are related to the local ambient temperature according to the 
flight profile. The results of the numerical model, with the ther-
mal profile measured outside, are used to compare the standard 
data and the updated simulation data. As shown in the simplified 
formula of Eq. (1) to Eq. (3), the convective heat transfer varies 
quadratic with the air pressure or density as shown in Eq. (3) de-
rived in [21].

Nu = C(Gr.Pr)n = C Ran (1)

h = k

L
.C(

ρ2 gcβcp�T L3

μ2
.
μ

cpk
) (2)

or

h ∼ ρ2 (3)

The thermal loads are updated using information from the ther-
mal load test of the PCB. Hemicubes and view factors are used 
to calculate radiation by dividing each mesh element into three 
parts in such a way that the thermal coupling between the dif-
ferent components inside the box and the radiation to the outside 
of the polycarbonate box. The reflective blanket is implemented in 
the thermo-optical parameters of the mesh. The literature on this 
subject shows that the IR reflectance of these thermal space blan-
kets equals 0.95 and the emissivity/absorbance of solar radiation is 
0.05 [22].

From the experimental data shown in Fig. 5, one can see that 
the solar radiation causes a significant temperature drift during the 
float stage which influences the temperature profile of the elec-
tronic components. This can be deduced from the temperature rise 
between 6000 and 14000 seconds where the balloon remains float-
ing at its maximum altitude. In contrast to what is expected, the 
measured temperature rises, first starting in the outside thermo-
couples. This proves that the influence is coming from outside the 
box. The irradiation due to the current solar flux can be predicted 
using the geometrical coordinates, altitude, date and time consid-
ering the inclination of the sun for an eastbound balloon flight. 
Besides an Albedo factor2 of 0.15 is considered typical for the for-

2 Reflection factor due to the Earth surface. It represents the fraction of solar 
energy reflected from the Earth back into space [23].
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Fig. 7. Simulated internal structure with tetrahedral mesh.

Fig. 8. Evolution of the solar fluxes during the flight in the East direction.

est vegetation of Lapland and a clear sky factor of 1 is chosen as 
visual contact remains over approximately 100 km. The solar flux 
is calculated for each time step considering the solar time and the 
altitude of the gondola. A plot of the time variance of the solar 
flux is shown in Fig. 8.

2.4. Updating algorithm

The updating algorithm works in two different stages where the 
targets are set to update the numerical model of the BEXUS 20 
flight simulation:

1. The experimental data of the thermal load test is used as a 
target to estimate the thermal loads on the PCB.

2. The experimental data of the freezer test are used as a target 
to estimate the insulation properties of the full assembly.

The optimisation uses the relative temperature differences ϑ =
Tnumerical − Ttarget as objective function to accurately estimate the 
thermal behaviour in a near-space environment. The algorithm has 
no fixed amount of iterations, in contrast to the method described 
in [24], and is based on the methodology described in [15]. The pa-
rameter stability control is increased even for the use of dependent 
parameter sets and the use of multiple initial values for each pa-
rameter set, in contrast to the method described in [15]. In a first 
stage, a meta-model is created of a response surface built out of 
2 ∗n −2 data points for n > 2. This surface is retrieved from numer-
ical simulations that are randomly distributed across the design 
space. The design space is built out of the physical boundary values 
for each parameter of the objective function. This meta-model is 
built out of n-dimensional polynomials, each dimension represent-
ing an unknown parameter and forming one single n-dimensional 
response surface together with all the other dimensions. The opti-
misation algorithm searches for a global minimum of the objective 
function in the meta-model which results in estimated values for 
each parameter. The estimated parameter values are the input of a 
new numerical model, called the updated numerical model. The re-
sults of this updated numerical solution have a higher correlation 
with the experimental target values and deliver new input that 
could replace the least accurate data point inside the meta-model 
with the more accurate data point of the last solution. This itera-
tive process reforms the response surface locally in the region of 
the global minimum. The local conversion of the response surface 
is a local solution of the optimisation problem. The simultaneous 
use of different values delivers a conversion to a global minimum. 
This process continues until convergence is achieved for the error 
value between the experimental values and the minimum of the 
meta-model. The optimiser is a least square curve fitting optimiser 
following the trust region regression algorithm conform to [15]. In 
[15] this is explained as the most efficient.

3. Results & discussion

In the following section, the results of the two different updat-
ing routines will be discussed and the influence of the updating 
on the numerical simulation will be shown. Finally, both the up-
dated and the normal numerical model will be compared with the 
retrieved experimental data of the BEXUS 20 flight.

3.1. Comparison thermal load PCB

In a first stage, a comparison was made between the numerical 
model of the thermal load test and the experimental thermography 
data. As the composition of the PCB is well known and the ambient 
conditions are controlled as explained in section 2.2.1, the only dif-
ference between the numerical model and the experimental data 
are the effective thermal loads of the components and the heat dis-
tribution over the PCB. Using the updating routine of section 2.4, 
the thermal load values in Table 1 are retrieved. It is clearly shown 
that the overall thermal load is a little bit higher than the assumed 
thermal loads derived from data sheets: 1.68 W instead of 1.4 W 
which is verified by the true power consumption of 0.06 A at 28 V 
of the PCB. To perform the updating process, the temperature re-
sponse is compared for the different components during the start 
of the experiment until steady state conditions are achieved.

From these results, we can conclude that the overall power con-
sumption can be predicted from data sheet information in combi-
nation with a global power test. However, if the power distribution 
over the PCB is important to balance the heat distribution or adapt 
the thermal insulation to the local power consumption, an accu-
rate simulation with accurate values is necessary. Table 1 shows 
that after updating the thermal loads the distribution over the PCB 
is more precise and the summation is accurately close to the global 
power consumption.
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Table 1
Comparison thermal loads on PCB assumed from datasheets and after updating from 
the thermal load test.

Component Assumed 
[W]

Updated 
[W]

High Voltage DC/DC Converter 0.3 0.17
Voltage Comparator 0.2 0.07
DC/DC Step Down Converter 0.3 0.42
mBed microcontroller <0.1 0.84
Remaining components < 0.01 (total ≈ 0.1) total ≈ 0.18

Summation global Power consumption 1.4 1.68

3.2. Comparison isolation parameters

In a second stage, after the thermal loads on the PCB are up-
dated correctly, the heat transfer parameters must be made more 
accurate. The most important parameters are the heat transfer co-
efficients of the experimental box, the conductivity of the PCB, the 
specific heat of the PCB and the emissivity of the box. The emissiv-
ity map of the PCB is already known from the thermal load test of 
section 2.2.1, discussed in the previous section and the conductiv-
ity and specific heat of the Styrofoam and polycarbonate are cal-
culated analytically as a function of the temperature as described 
in section 2.3. To update the numerical model of the freezer test, 
the temperature sensors were used as described in section 2.2.2 as 
target data and the updating routine of section 2.4. A comparison 
of the experimental temperature profile and the updated profile is 
shown in Fig. 9 for the thermocouple of the high voltage DC/DC 
converter and ambient temperature in the centre of the box.

As could be seen in Fig. 9, the thermal behaviour of the numer-
ical model of the freezer test corresponds with the experimental 
data. The largest error is seen when the box is placed from the 
ambient climate into the freezer. This little time instance, how-
ever, has a limited effect on the characterisation of the isolation 
parameters.

3.3. Prediction thermal flight data using updated model

After the updating of the thermal load parameters in section 3.1
and the material parameters in section 3.2, the same numerical 
model is used to simulate the balloon flight with the decrease 
of convection depending on the altitude and the insolation as de-
scribed in section 2.3. In the results, shown in Fig. 10, a compari-
son has been made between the experimental data, the numerical 
model before and after updating the parameters. The temperature 
profile of the different measurement spots, including the imposed 
ambient temperature is shown as discussed in section 2.2.3.

Fig. 10 shows that the thermal parameters have a major in-
fluence on the temperature evolution of the PCB components. 
Without updating the numerical model, a major drift in the heat 
dissipation caused by insolation during float can be detected by 
looking at the two sensors inside the box. After updating the ther-
mal loads and thermal properties the numerical model predicts the 
experimental measurements with an improved accuracy. The root-
mean-square error for the difference between the numerical and 
experimental data improves by a factor 2.2 to 7.6 for each time in-
terval due to the updating. The major discrepancy is seen around 
16000 seconds. At this time step, the balloon is cut and the gon-
dola encounters a brief free fall back to earth before the parachute 
opens. It is assumed that the fast movement of the gondola and 
the fast temperature and pressure gradients cause the divergence 
as this dynamic movement of the gondola is not considered in the 
simulation model.

4. Conclusions

A numerical model, used to predict the thermal behaviour of 
stratospheric balloon experiments, can be updated through a lim-
ited number of ground tests. When the environmental conditions 
are well described, but contain a number of uncertain parameter 
values, the updating routine delivers a major accuracy improve-
ment by a factor of 2.2 to 7.6. This method can also be used for 
other well-known complex environment estimations as a replace-
ment for expensive, long duration and/or dangerous experiments. 
The boundary conditions of the method are that the uncertain pa-
rameter values are independent of the experiment environment. 
Moreover, the methodology can be used to validate experimental 
designs for space applications and determine the failure risk of dif-
ferent components or design versions in a fast and cost-efficient 
way.
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Fig. 9. Comparison of the temperature evolution of the numerical model and the experimentally measured data from the thermocouples.
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Fig. 10. Comparison between the temperature evolutions of the numerical model and the experimentally measured data from the flight data.
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