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Abstract
High Altitude Long Endurance (HALE) aircraft operate under adverse thermal conditions, with ambient pressures and tem-
peratures very low and at the same time high amounts of heat introduced by sun radiation. Thus, thermal management of the 
aircraft systems, such as electronics and batteries is a very challenging task. A first step in solving this is generating accurate 
models of the thermal dynamics of the HALE. This paper presents the thermal analysis of a solar-electric stratospheric HALE 
at the ground case. A thermal mathematical model based on first principles was developed for such an analysis. In a further 
step, an initial test campaign was performed. The test campaign included static and dynamic temperature measurements on 
an aircraft wing structure segment. The experiments throughout this test campaign showed good compliance of the results 
with the previously derived mathematical models, with differences of less than 5 ◦ C between the measured and simulated 
temperature curves.

Keywords  Thermal management · UAV · HALE · Validation · Green aviation · Space design

1  Introduction

Emerging technologies are shaping the future of aeronautics 
[1, 2]. Advances in material sciences, power electronics, and 
energy sources have opened the door to explore potential 
aircraft alternatives in aerospace [3]. Goals such as greener 
aviation [4], which a priori seemed distant, are becoming 
a feasible reality by this technological enhancement. Con-
sequently, unconventional configurations are arising and 
brought into analysis for their possible implementation in 
the sector.

HALE aircraft is one example of the new possibilities 
opened up by enhancing technology. The principle of solar-
powered stratospheric flight has been investigated for many 

years [5], but only recent advances in battery technology 
and material science allow implementation with applica-
tions for general industrial use. Therefore, the German Aer-
ospace Center’s High Altitude Platform (HAP) is planned 
to be an electrical unmanned aerial vehicle (UAV) operat-
ing in the stratosphere, as presented in Fig. 1. Designed as 
a solar fixed-wing UAV, the propulsion system consists of 
the interleaved use of energy from solar cells and batteries. 
This configuration shall allow HAP to serve for satellite like- 
earth observation and monitoring activities while operat-
ing at a cruise altitude of 20 km with a flight endurance of 
up to 30 days. The adverse environmental conditions in the 
stratosphere, as well as the innovative UAV configuration 
HAP will face, are rather extreme for a UAV, enhancing 
the arising of challenges during the whole design process. 
In consequence, an exhaustive analysis shall be carried out 
to ensure HAP successfully completes its mission without 
endangering its correct operation under these uncommon 
conditions.

This paper focuses on one of the biggest challenges in 
the HAP design: thermal management. This uncertainty is 
addressed by the statement: “How does HAP differ from 
conventional UAV?”.

To start with, HAP is powered by an electrical propulsion 
system mainly composed of solar cells and batteries, which 
power two electric motors with attached constant pitch 
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propellers. The solar cells are placed on the upper surface of 
the wing while the batteries are distributed inside the spar of 
the wing and inside the fuselage. Electric power is generated 
from the solar-to-electric energy conversion performed by 
the solar cells during the day and from the batteries during 
the night [6]. This solar-electric power train architecture, as 
well as the stratospheric operation scenario including the 
missions’ flight profile, is quite unconventional, no experi-
mental data or literature on the thermal behavior of the solar 
cells or battery system can be used. Drastic temperature 
changes in both due to i.e. daytime and nighttime scenarios 
may take part within each flight phase, affecting their per-
formance and hence the HAP mission.

Aside from the propulsion system, flight altitude at cruise 
level HAP shall fly is in the stratosphere. In this atmospheric 
layer, the environmental conditions are critical for electri-
cal devices, i.e. temperatures of −60 ◦ C can be found at an 
altitude of 20 km. Heat transfer processes, such as forced 
convection, become uncertain and very difficult to estimate. 
In addition, low air density in the stratosphere leads to an 
unfavorable scenario for the usage of temperature control 
techniques. While primarily natural convection participates 
as the most dominant heat transfer process at ground condi-
tions, radiation becomes dominant at high altitudes [7].

Lastly, to achieve an endurance of 30 days, the correct 
performance of the propulsion system in the described envi-
ronmental conditions shall be ensured. All the previously 
described challenges combine during the complete HAP 
flight profile, leading to the need for an integrated thermal 
management analysis [8].

The current paper encompasses the description of the 
extensive thermal analysis developed. As a starting point, 
Sect. 2 presents the structure of the wing and the equa-
tions of the mathematical model which were used to build a 
detailed numerical thermal simulation of the wing section. 
In connection, Sect. 3 comprises the tests performed with the 
section. The segment of the presented wing was equipped 
with temperature sensors and measurements were carried 
out. In a further step, a comparison between the numerical 
model and the experiments was performed, as described in 
Sect. 4. Lastly, Sect. 5 shows the conclusions drawn from 
this work as well as the future lines of work.

2 � Thermal mathematical model

2.1 � HAP wing structure

HAP is classified as a fixed-wing UAV [9]. Defined as 
a high-wing type, the wing is located at the upper front 
part of the fuselage. It is characterized by a chord and 
span of 1.49 m and 12 m respectively when excluding 
the wingtips. Concerning the layout, from a first design 
iteration, the surface material is a transparent plastic foil 
with a thickness of 25 ∗ 10−6 m which covers the complete 
wing. Solar cells are located on the wing’s upper surface, 
directly attached to the foil. Regarding the inner structure 
of the wing, it consists of the main spar, a front spar, and 
ribs, all of them made of composite material. The ribs are 
separated from each other by 0.5 m. The spar is a hollow 
cylinder and has a variable diameter along its length, being 
the average 0.145 m. Together with the ribs, they form the 
main skeleton of the structure. Lastly, batteries are placed 
inside the spar. Following a pattern, the battery blocks are 
distributed inside the spar with a separation between each 
other of 0.5 m, being the ribs the reference.

2.2 � Model description

The mathematical thermal model is based on thermal 
interactions in terms of conduction, convection, and radi-
ation. For its development, the Thermal Package of the 
Modelica Standard Library has been used with Dymola 
[10] as a simulation tool. The wing structure is defined as 
the set of heat transfer processes occurring on it. There-
fore, all the existing heat sources outside and inside of the 
wing are first identified.

For the sake of consistency, the model is designed from 
a collection of Modelica packages. Each package has been 
established based on the most predominant heat source 
it contains. The packages are connected following the 
thermal behavior of the wing. For simplicity purposes, 
five packages are identified: “Internal Structure”, “Bat-
tery Pack”, “External Sources”, “Radiation to Space” and 
“Dynamics”. Figure 2 presents the proposed wing thermal 
model.

To begin with, the wing’s surface is represented by the 
two conductive parallel plates located in the middle of the 
model. The upper plate identifies the solar cells meanwhile 
the lower plate refers to the underside of the wing. Since 
both plates will face different environmental conditions, 
radiation and natural convection processes will occur 
between the two. For completion, the internal structure 
of the wing is wrapped inside the first thermal package 
“Internal Structure”. Here, the thermal interactions of the 

Fig. 1   High altitude platform
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main spar, ribs, and front spar are included. In particular, 
the thermal conduction of each structural element, as well 
as the natural convection and radiation processes, occur as 
a temperature difference between the wing’s surface and 
each one of the elements. As an extension, the batteries are 
modeled inside the “Battery pack”. This second package 
contains a representation of a battery pack that delivers 
as the main output the natural convection and radiation 
between the batteries and the wing structure.

Representing the heat transfer processes into mathe-
matical expressions, conduction is defined in the Modelica 
Standard Library as [11]:

where k is the thermal conductivity of the material, A is the 
heat transfer area, and (T

1,a − T
2,a) stands for the temperature 

gradient inside the body a from point 1 to 2.
Similarly, natural convection is represented as:

Being h the convection coefficient, A the heat transfer area, 
and (Ta − Tb) the temperature difference between a solid 
a and fluid f taking part in the heat exchange process. By 
definition, the convection coefficient is dependent on the 
Grashof number (Gr) and the Prandtl number (Pr) [12]. The 
convection coefficient is computed as follows:

(1)Qconduction = kA(T
1,a − T

2,a)

(2)Qconvection,natural = hA(Ta − Tf )

(3)h =

max
(

�gain, �gain2
)

�airA

t

The former determines the predominance of the natural con-
vection meanwhile the latter identifies the dominance of the 
thermal diffusivity,

where �air represents the thermal conductance of air at a 
specified altitude, t the distance between each body, g the 
gravity, � the coefficient of thermal expansion, � the kin-
ematic viscosity, cp is the specific heat of the air and, � the 
dynamic viscosity at a specified altitude, estimated with the 
Sutherlands approximation [13]:

being �s the reference dynamic viscosity and Ts the reference 
temperature of 1.716*10−5 kg/ms and 273.15 K, respectively.

Lastly, radiation occurring inside the HAP wing structure 
is described as:

(4)�gain = 0.2Gr
1

4

(5)�gain2 = 0.073
(

GrPr1.65
)

1

3

(6)Gr =
t
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)

�
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T

Ts

)
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)

(9)Qradiation,2bodies = A�F�(T4

a
− T4

b
)

Fig. 2   Wing Modelica model 
based on first principles
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� represents the Boltzmann constant, F defines the area of 
view between the two bodies and � is the emissivity factor of 
the surface of the body. Since each body may have a different 
emissivity factor (i.e. transparent foil and composite mate-
rial), the value is then described by a combination of them:

Focusing on the environmental conditions, three more pack-
ages are defined. An important remark to point out is the 
invalidity of the International Standard Atmosphere (ISA) 
model for altitudes higher than 15 km. [14] Hence, treating 
air as an ideal gas and assuming a known behavior, NRLM-
SISE-00 Atmospheric Model from NASA is utilized [15]. 
The model is valid for altitudes higher than 12 km.

The third package is “External Sources”. It contains the 
heat flow contributions from the environment to the wing. 
Sun radiation, albedo radiation, and planetary radiation are 
the principal heat sources included. Meanwhile the former is 
directly acting on the solar cells, and the latter two have an 
impact on the temperature on the underside of the wing [16].

where � stands for the absorptivity factor of the material, 
Ss for the solar radiation, RE for the radius of the Earth, 
and h the altitude with respect to the Earth’s surface. As 
for the albedo radiation, it is directly proportional to the 
sun radiation: Sa = F Ss , being a the albedo coefficient the 
Earth’s surface has. For this analysis, a fixed value of 0.3 is 
defined [16].

In the same line of thought, the “Radiation to Space” 
package represents the radiation emitted from the wing to 
the environment as a result of the heat processes acting on 
it. Due to the difference in the material on the wing, both 
upper and lower surfaces are treated separately. Here, Tamb 
represents the ambient temperature at each altitude.

The motion of the HAP in the environment leads the air to 
flow along the surface of the wing. In consequence, forced 
convection occurs, as shown in the “Dynamics” package. 
The airfoil shape and the settling of the material on both 
wing surfaces generate a different local flow velocity, which 
makes it necessary to include two different forced convec-
tion processes. From preliminary calculations based on the 
Reynolds number, the flow has been defined to be turbulent 

(10)� =
�a�b

�a + �b − �a�b

(11)Qradiation,sun =A�Ss

(12)Qradiation,albedo =A�aSs

(13)Qradiation,planetary = 237A�
(

RE

RE + h

)2

(14)Qradiation,environment = A��(T4

a
− T4

amb
)

at the upper part of the wing and laminar at the underside. Its 
local velocity has been assumed to be 1.3 times the aircraft 
velocity on the upper side and 0.9 on its underside.

w is the characteristic length (i.e. span), Nu is the Nusselt 
number governed by the airflow regime [17] and �air is the 
air conductivity:

•	 For laminar flow: 

•	 For turbulent flow: 

with Re as Reynolds number dependent on the air velocity 
u and the characteristic length L, being, in this case, the 
wing chord:

Lastly, to represent the dynamic behavior, the heat capacity 
C shall be implemented. By definition, the amount of energy 
that must be added to an object to raise its temperature by 
one degree is known as heat capacity [18]. C depends on 
the specific heat of the material cp and its mass m. For the 
analysis, the heat capacity of each material of the structure 
was identified.

Concluding with the overview, the wing thermal model is a 
combination of five Modelica packages, connected as repre-
sented in Fig. 3. Nine inputs are introduced into the model, 
which can be identified in two groups. First, the model 
requires as input the atmospheric conditions at each altitude 
of the flight profile. Accordingly, air thermal conductivity, 
temperature, density, velocity, and solar radiation are the 
five inputs defined for the purpose described. Furthermore, 
the battery pack requires additional parameters and state 
variables for its operation. For this purpose, four additional 
inputs are defined: battery capacity, battery power, battery 
state of charge (SOC); and an extra input to control the heat-
ing energy needed by the battery under low-temperature 
conditions. As outputs, the model provides an estimation of 
the temperatures at each surface of the wing as well as the 
magnitude of the heat emitted and delivered. However, in 
this paper, we will just focus on the temperature of the solar 
cells, the temperature of the batteries, and the temperature 
at the underside of the wing as outputs.

(15)Qconvection,forced = wNu�air

(16)Nu = 0.664Re
1

2Pr
1

3

(17)Nu = 0.037Re
4

5Pr
1

3

(18)Re =
u�L

�

(19)C = cpm
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2.3 � Model inputs

The HAP flight profile shall comprise altitudes from sea 
level to 25 km, with a cruising altitude of 20 km. Due to 
the uncertainty of the location on Earth HAP will fly, the 
two geographic latitudes with the most extreme thermal 
conditions have been set for the analysis: Kiruna (67 ◦ N) 

and close to Italy (35 ◦ N). As the season has also an influ-
ence (length of daylight, incidence angle of the sun) only the 
better case (summer) is selected. Tables 1 and 2 show the 
atmospheric conditions as inputs utilized for each scenario 
using the NRLMSISE-00 atmospheric model [15].

With respect to the inputs for the battery block, the 
capacity of each battery pack has been defined at a value 

Fig. 3   Heat transfer processes in 
the wing section

Table 1   Atmospheric 
conditions—Italy

Altitude (km) Sun radiation (W/
m2)

Tempera-
ture ( ◦C)

Density (kg/m3) Speed (m/s) Air thermal 
conductivity (W/
mK)

DAY NIGHT

0 896 0 22 1.204 9 0.02601
5 1106 0 −5 0.724 11.5 0.02396
10 1211 0 −40 0.423 15.5 0.02121
15 1266 0 −64 0.217 22.1 0.01925
20 1294 0 −60 0.09465 31 0.01958
25 1308 0 −50 0.0416 41.8 0.0204

Table 2   Atmospheric 
conditions—Kiruna

Altitude (km) Sun radiation (W/
m2)

Tempera-
ture ( ◦C)

Density (kg/m3) Speed (m/s) Air thermal 
conductivity (W/
mK)

DAY NIGHT

0 832 29 4 1.274 9 0.02465
5 1058 0 −21 0.737 11.5 0.02272
10 1181 492 −45 0.397 15.5 0.0208
15 1249 743 −46 0.187 22.1 0.02072
20 1284 942 −44 0.0886 31 0.02088
25 1302 1082 −41 0.0417 41.8 0.02113
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of 433Wh. As previously stated, the solar cells shall be the 
source of electric power during the daytime and the batter-
ies in the nighttime. As an additional remark, the solar cells 
shall be able to power HAP as well as charge the batteries 
during the daytime case. Hence, the power balance during 
the day is defined as:

being Ppropulsion the electric power for propulsion and Pcharge 
the electric power for charging the batteries.

To sum up, the power entering into the battery block 
when used (“batteries on”) and when not (“batteries off”) is 
defined in Table 3. All the simulations have been performed 
with the batteries discharging and reaching a minimum SOC 
of 0.3.

2.4 � Model results: temperature distribution 
across the wing

Figure 4 depicts the temperature distribution in the wing 
structure and the batteries for both day and night cases in 
Italy. For this analysis, it has been assumed a homogeneous 
surface temperature along the wing. For the wing structure 

(20)Psolar = Ppropulsion + Pcharge

characterization, three reference points are identified: the 
solar cells, the underside of the wing, and the compartment. 
Similarly, the battery block is represented by the internal 
temperature.

As shown in Fig. 4, the wing temperature from the cross-
sectional perspective is defined by temperature distribution 
with its maximum at the solar cells and its minimum at the 
underside of the wing. Additionally, the highest tempera-
tures are achieved at ground level meanwhile the lowest are 
found at 15 km altitude. Above 15 km, temperature values 
in the stratosphere increase again, leading to an increment 
in the temperature distribution in the wing. Focusing on the 
solar cells, temperatures within the range of −10 ◦ C to 40◦ C 
during the day and −45 ◦ C to 20◦ C during the night case are 
found. About the batteries, they reach values from −15 ◦ C 
to 40◦ C during the daytime and values from −15 ◦ C to 28◦ C 
during the night, opening the door to the design of tem-
perature control techniques [19]. These values are estimated 
from the battery’s performance. However, using the batteries 
during the day and having them off during the night will lead 
to a different temperature distribution concerning altitude. 
All combinations shall be studied in further analysis.

Similarly, Fig. 5 illustrates the temperature distribution 
in the wing for the day and night case at Kiruna. Due to 
the existing environmental conditions at this location (see 
Tables 1 and 2), the temperatures at each reference point 
of the wing differ significantly from the Italy case. As an 
example, nighttime in Kiruna is governed by high and con-
stant solar radiation as altitude increases. Thus, different 
temperature outputs are expected. Regarding the solar cells, 
a minimum temperature of −5 ◦ C and a maximum of 50◦ C 
during the day are observed. For the night case, values drop 
between −25 ◦ C and 35◦ C. The complete wing structure is 
subjected to night temperatures in the range of 0 to −30 ◦ C. 
Concerning the battery blocks, they reach values from 
−10 ◦ C to 35◦ C during the daytime and values from −5 ◦ C 
to 40◦ C during the night.

Table 3   Power entering in the batteries

Altitude (km) Power per block “Batter-
ies on” (W)

Power per block 
“Batteries off” 
(W)

0 28 0
5 73 0
10 98 0
15 113 0
20 113 0
25 113 0

Fig. 4   a Temperature distribution inside the wing structure. b Temperature distribution at the battery block—Italy scenario
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To sum up, the presented model, based on the first prin-
ciples, allows us to study the thermal interactions occurring 
inside the HAP wing. The temperature results obtained are 
considered preliminary and shall be subjected to validation 
activities.

3 � Experimental approach

3.1 � Introduction

The objective pursued in the present work is to estimate 
the temperature distribution inside the HAP wing section. 
Thus, to determine the consistency and reliability of the 
wing Modelica model, tests shall be performed.

For simplicity purposes, the first test at ground conditions 
was carried out. The experiment aims to estimate the heat 
transfer processes occurring in the wing, as well as the tem-
perature distribution across it for two test variants: dynamic 
and stationary. For the dynamic case, the wing was mounted 
on the roof of a car and driven on a runway until the steady 
state was reached. As for the stationary case, the wing was 
positioned still on the taxiway.

3.2 � Setup

For the realization of the experiment, a section of the central 
part of the wing was utilized. The section was a replica of 
the real wing but with a length of 3 ms. Keeping its con-
figuration, the wing surface was made of plastic transparent 
foil, with dummy solar cells located on the top of the wing 
upperside surface. The internal structure consisted of the 
main spar, a front spar, and a set of ribs, depicted in Fig 6. 
For reasons of cost efficiency, no real solar cells were used 
but solar dummies, consisting of black tape attached to a 
copper laminate. Inside the section, the front and main spar 
and the ribs were placed. Batteries have not been included 
in this test variant, since it is desired, as a first step, to esti-
mate the temperature in the compartment where they will 
be placed. Further validation activities shall be carried out 
for detailed validation of the surface temperature of the bat-
teries. In addition, the wing had a mounting system made of 
wood for easier placement at the roof of the car, as shown 
in Fig. 7.

To measure the temperatures, temperature sensors were 
incorporated inside the wing. For this analysis, three loca-
tions were selected: solar dummies, the underside of the 

Fig. 5   a Temperature distribution inside the wing structure. b Temperature distribution at the battery block—Kiruna scenario

Fig. 6   a Wing section for the tests—upside down. b Temperature sensors at the solar dummies and underside of the wing
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wing, and the spar. Since there were no batteries inside the 
section, sensors were situated at the spar to estimate the 
temperature the batteries shall face. Additionally, the roof 
of the car also incorporated sensors on the chassis. To keep 
redundancy as well as avoid the loss of data, a pair of sensors 
was placed at each location. Sensors were calibrated before 
the test realization.

Solar radiation was evaluated using two lux meters. As a 
similar approach, two lux meters (on the ground and on the 
car) were utilized for redundancy and calibration purposes. 
The estimation of the ambient temperature was obtained by 
a thermometer. Lastly, an anemometer was included on the 
wing structure, providing true airspeed.

3.3 � Dynamic experiment—results 
and post‑processing

As the first variant in the test campaign, dynamic tests were 
carried out. The test aimed to reproduce the wing thermal 
behavior as in HAP. The wing, mounted on the roof of the 
car, was driven along the runway at different times of the 
day, being the solar radiation, airspeed, and ambient tem-
perature the main variables measured during the testing. The 
duration of each test depended on the time needed to reach a 
steady state, with an average of 20 min for the desired loca-
tions to be tested. The test campaign lasted from 18th to 20th 
August 2020, however, the present section contains one of 
the tests with the most promising results.

The boundary conditions for the experiments were based 
on the HAP flying conditions at the ground level presented 
in Table 1. Making use of the anemometer, the true airspeed 
for each test was set. For each experiment, a speed between 
6 to 15 m/s was sought. The results analyzed in this section 
represent the case of an average speed of 6.5 m/s. Regarding 
the atmospheric conditions, solar radiation and an ambient 
temperature of 580 W/m2 and 25.5◦ C were found, respec-
tively. The test was performed at DLR Oberpfaffenhofen, 
with its geodetic latitude and altitude above Mean Sea Level 

(MSL) defining the remaining environmental conditions as 
air density and air pressure of 1.203 kg/m3 and 1014 hPa, 
respectively [20].

From the temperature outputs, it can be concluded that 
after 20 min, the steady state was reached. As shown in 
Fig. 8 for the solar dummies, the temperature mostly oscil-
lated between 45◦ C and 50◦ C meanwhile the temperature at 
the underside of the wing illustrated in Fig. 9 varied from 
36◦ C to 38◦ C. Concerning the spar surface, it was warmed 
up to 44◦ C to 47◦ C. Focusing on the temperature distribu-
tion, higher oscillations are found on the wing surface (solar 
cells and wing underside) than at the spar. A possible cause 
could be the effect of the wind on both surfaces. Also, the 
180◦ turns, with a reduction of the speed for a short moment, 
were required on the runway, leading to a different incidence 
of the sun and airflow on the wing structure. The amount 
of solar radiation absorbed by the wing section also influ-
ences the thermal distribution. As shown in Fig. 9b, clouds 
covered the sun at some intervals, such as at 2.5 and 11 min, 
leading to a decrease in the amount of absorbed radiation, 
reflected in Fig. 9a. In addition, the heat capacity of each 
material is different, impacting its temperature distribution.

3.4 � Stationary experiment—results 
and post‑processing

The purpose of the stationary test relies on the estimation 
of the temperatures at the wing structure when there is no 
wind speed hence forced convection does not take place. 
For such analysis, the car was parked at the runway and 
the temperatures were measured until the equilibrium point 
was reached. During the test, an average value of the true 
airspeed of 0.14 m/s was measured. The solar radiation and 
ambient temperature had an average value of 580 W/m2 and 
28◦ C, respectively.

The temperature outputs are shown in Figs. 10 and 11. 
For the first 5 min, the car was stored inside the hangar 
and placed later on the runway. Regarding the temperature 

Fig. 7   Set up and anemometer placement
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Fig. 8   a Temperature output solar dummies. b Temperature output spar

Fig. 9   a Temperature output underside wing. b Radiation marked by the luxmeter

Fig. 10   a Temperature output solar dummies. b Temperature output spar
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distribution, the solar cells were warmed up to 62◦ C to 64◦ C. 
Here, smaller oscillations in the values are shown, which 
strengthens the presumption they are caused by the wind 
effect and the heat capacity of the material. The analysis 
proves the high impact forced convection has on the struc-
ture, especially at low speeds. These oscillations can also be 
seen on the underside of the wing, where its value has also 
decreased for the dynamic test. Finally, the surface tempera-
ture at the spar varied from 53◦ C to 54◦C.

4 � Thermal mathematical model validation

Temperature measurements from the test campaign were uti-
lized for the validation of the Modelica model. First off, the 
numerical model was adapted to the conditions that describe 
the tests. All the heat transfer processes occurring during 
the experiments must be outlined in the Modelica model. 
To start with, both albedo and planetary radiation contribu-
tions were neglected in the analysis, since none contribute 
to ground conditions. The transparent foil on the top of the 
wing created a greenhouse effect between the sun and the 
inside of the wing, thus adding another contribution of sun 
radiation. In addition, the thermal contribution of the car 
roof to the wing section was included. Radiation, natural 
convection, and forced convection occurred between the car 
roof and the wing surface. In the stationary case, the absence 
of wind and, therefore, the lack of forced convection, identi-
fies natural convection and radiation as the most dominant 
heat transfer processes. Furthermore, the heat capacity of 
each material was also added in the Modelica model.

As inputs, the model was defined by: the solar radiation 
measured by the luxmeter, the ambient temperature recorded 
by the thermometer, and the true airspeed measured by the 
anemometer, as depicted in Fig. 12.

The density and the thermal conductivity of the air were 
set as a function of the temperature and altitude at which the 
experiments were conducted. In the interest of completeness, 
the tests were conducted at DLR Oberpfaffenhofen.

4.1 � Model validation for the dynamic variant

The dynamic variant was recreated using Dymola as a simu-
lation tool. Figure 13 compares the temperature distribution 
at the wing obtained from the Modelica model and from the 
test. For improved visualization, a low-pass filter has been 
implemented. The comparison shows a temperature offset at 
each location between the two approaches of approximately 
3 ◦C.

The temperature distributions in both approaches, defined 
mainly by the heat capacity of the materials, are very simi-
larly identified. Thus, although it can be concluded the Mod-
elica model was partially validated, there are still unresolved 
uncertainties. As an example, the largest temperature differ-
ence can be seen at the spar, whose value in the experimental 
approach was around that of the solar dummies. Numerous 
are the effects that can affect this temperature value, such as 
the combination between the heat capacity of the materials 
and the forced convection between the solar dummies and 
the air. Therefore, further validation tests shall be performed 
for the validation of the Modelica model.

4.2 � Model validation for the stationary variant

Similarly, Fig. 14 comprises the temperature outputs of the 
numerical simulation and the experiment. Between the ther-
mal distributions obtained from both, a maximum offset of 
2 ◦ C is depicted in the figure. As a consequence of a station-
ary test, smaller oscillations are seen in the thermal behavior 
of the material. Again, the largest temperature offset is found 

Fig. 11   a Temperature output underside wing. b Radiation marked by the luxmeter
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Fig. 12   a Airspeed—Dynamic case. b Airspeed—Stationary case

Fig. 13   Numerical and experi-
mental comparison—dynamic 
experiment

Fig. 14   Numerical and experi-
mental comparison—stationary 
experiment
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at the spar, which confirms, among others, the high impact 
of forced convection at low speeds and its relation with the 
thermal distribution across the wing structure.

5 � Conclusions and future work

In this paper, the thermal analysis of the HAP wing struc-
ture was presented. The analysis was performed with an 
analytical model based on the first principles for conduc-
tion, convection, and radiation phenomena. As outputs, the 
model provided estimations of the temperature distribution 
across the wing, with the main reference points being the 
solar cells, spar, and the lower part of the wing. To estimate 
its accuracy, experiments were carried out. A section of the 
wing was utilized to perform both dynamic and stationary 
tests. In post-processing, the previously introduced simula-
tion model was fed with the experimental conditions and the 
simulation results have been compared to the experimental 
measurements. The results showed a maximum temperature 
offset between both approaches of 5 ◦ C for the dynamic case 
and 2 ◦ C for the static test. They have been considered to be 
the best case scenario taking into account the possible uncer-
tainties that occurred during the experiments. To reduce the 
current offset, further testing is planned. Improvements will 
be based on i.e. the use of real solar panels and the inclu-
sion of the batteries inside the spar. Afterward, tests will 
be carried out to validate the mathematical model at higher 
altitudes.

Thermal management of the HAP does not include only 
the wing but encompasses the entire HAP structure. Hence, 
a thermal analysis shall be performed to estimate the tem-
perature the remaining structure and the equipment will 
face throughout the mission and define temperature control 
techniques to keep them within their operating temperature 
range.
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