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Innovations in the various disciplines of aeronautics such as battery technology and composite
structures have opened the door to completely unprecedented aerial vehicle designs. The High
Altitude Long Endurance (HALE) aircraft is a case in point. Jumping on the trend, the German
Aerospace Center (DLR) is betting on the "High-Altitude Platform (HAP)", a solar-powered
HALE Unmanned Aerial Vehicle (UAV) intended for satellite-like operations. Throughout the
mission the HAP will have to cope with extreme environmental conditions characterized by
low air temperatures and densities and high amounts of radiation. Consequently, the correct
operation of the electronic devices will be jeopardized. This contribution covers the thermal
management of the avionics devices on board the HAP. For this purpose, a mathematical
thermal model based on first principles has been constructed. Firstly, the model represents
the current HAP design. From the estimations, it has been predicted that the avionics will
have to face overheating and overcooling challenges, with temperatures between -60°C and
190°C being reached. In a subsequent step, temperature control techniques have been applied.
Selecting passive techniques as preferable, preliminary results show that the introduction of
conductive plates, paints and heat sinks ensures that the temperatures of the avionics devices
are maintained within their specific operating temperature range.

I. Introduction
High Altitude Long Endurance (HALE) aircraft have been in the spotlight as a way forward for the future of

aeronautics for decades [1] [2]. Recently, the vision of a greener aviation opened up a wide range of possibilities in the
aerospace design bringing innovative designs such as HALE to the debate [3]. Pioneers of this design appeared as early
as the 1980s, with the NASA’s Pathfinder being one of the first of its kind [4]. However, the technology enhancement in
the recent years aims to turn this first concept into a proposal for future applications. Airbus’s Zephyr and VITO’s
(Flemish institute for technological research) Pegasus are two of the most prominent examples [5] [6]. Among others,
their mission shall consist on surveillance and communication activities.

The attractiveness of HALE UAV (Unmanned Aerial Vehicle) stems from its characteristics. Greater adaptability,
lower costs and easier maintenance than satellites are among the many features that identify them as a suitable candidate
for such satellite like- activities. [7] For this purpose, the state of the art has been put into service of the feasibility of such
a configuration. Nowadays, the trend towards electrification and zero emissions is the basis for the development of the
numerous components that comprise the aerial vehicles. Examples include advances in power electronics and material
sciences. These betterments are therefore starting to be incorporated into HALE for its possible future application in the
aerospace field [8].

Joining this trend, the German Aerospace Center (DLR) is designing a stratospheric, solar-powered HALE for
earth observation and monitorization purposes. The High-Altitude Platform (HAP) is presented as the DLR candidate
on the advancement of space technology used in aeronautics. Identified as a HALE UAV, HAP shall operate with a
solar-electric propulsion system, at a cruise altitude of 20 km, and with an endurance of one month. Throughout the
complete mission, the innovative drive train shall produce electric energy from the interleaved usage of batteries during
the night time and solar cells during the day time, charging the former from the excess energy of the latter. To store such
a system, the HAP structure will consist of a high fixed-wing with a wingspan of 27 meters, in which solar cells are
installed on top and batteries throughout the interior, depicted in Fig. 1. As for the fuselage, the 11 meters cylindrical
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structure shall contain at its front all the avionic devices and electronic equipment, including the remaining battery
blocks for mass balance purposes. Lastly, the payload required for the mission fulfillment is located at the nose section [9].

Fig. 1 High-Altitude Platform - DLR

Against this background, it is to be expected that this novel configuration will pose new design challenges [10]. One
such potential showstopper to be confronted is thermal management [11]. The HAP will have to cope with unusual
thermal conditions as a result of the adverse environmental conditions it will fly and the innovative propulsion system it
will use. Therefore, the thermal distribution inside the structure will become a major dilemma, among others, due to its
direct impact on the performance of the hardware. Electrical devices and batteries will be subjected to extraordinary
environmental conditions that will constrain their behavior throughout the desired endurance of the mission. As an
example, at a cruise level of 20 km the devices will have to withstand temperatures in the order of magnitude of -60 °C
and amounts of solar radiation of 1300 W/m2 [12]. At these high altitudes, natural convection becomes less dominant
and hence, it is more difficult to use temperature control techniques such as conductive plates or heat sinks for heat
addition or removal purposes. The likelihood of overheating and undercooling of the equipment increases. Thereby,
loss of communication with the ground segment and loss of the powertrain are two possible disaster scenarios that may
arise as a consequence of these thermal challenges [13].

This contribution addresses the thermal management of the most critical avionics hardware inside the HAP fuselage.
The lack of knowledge of the temperature distribution inside the HAP makes it necessary to carry out an exhaustive
study and to obtain an estimate of the possible thermal behavior of each device. To overcome this challenge, Section II
introduces the fuselage compartment along with a description of the electrical devices located inside it. In this regard,
Section III presents the structure from a thermal perspective. The theory used for the thermal analysis is exposed here.
Using the theory as a basis, a thermal mathematical model based on first principles is constructed in MODELICA, as
described in Section IV. The thermal model estimates the temperature distribution in the compartment, identifying
devices whose operating temperature range is not fulfilled, as presented in Section V. At a later step, an evaluation of
potential temperature control techniques (TCT) is carried out. From an extensive analysis, the most promising TCTs are
selected and included in the model, which corresponds to the content of Section VI. Temperature estimations by the use
of these techniques are depicted in Section VII. Lastly, Section VIII concludes the research and emphasizes future work.

II. HAP Avionics Compartment
The HAP is envisioned as a fixed high-wing UAV. Greater coverage of the solar panels and mass balance are among

the reasons for this preferred wing configuration. On its underside, the fuselage is assembled. To achieve light weight,
the fuselage structure is made of carbon fiber reinforced plastic (CFRP). The compartment is characterized by a hollow
cylindrical section of 11 m in length, 0.2 m in diameter, and 7.5x10−3 m in thickness. The decision for this cross-section
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design is based on the torsional stiffness characteristics of cylindrical shapes. In addition to the torsional stiffness, the
required bending stiffness is critical due to the attachment of other HAP components to the fuselage [14]. At the end,
the fuselage shall serve as a connecting platform between the nose compartment, the wing compartment, the vertical
stabilizer compartment and the horizontal stabilizer compartment.

Another considerable requirement is that the fuselage shall house the most significant avionics and electronic
equipment. For convenience purposes, the location of the center of mass among others, the devices are located at the
front of the fuselage, where an avionics compartment is defined. The compartment is 1.4 m long and is not pressurized.
For fixing the devices, a CFRP plate is inserted. All electronic equipment is attached to the top of the plate with a
preselected distance between them. Named in order of position with respect to the wing section, the avionics equipment
comprises: Flight Termination (FT), Flight Control Computer (FCC), High Performance Inertial Navigation System
(HP-INS), Berten C2 Link, Xlink Payload Datalink, and Power Distribution Units (PDU). As indicated in Section II,
some battery blocks are also placed inside the compartment to ensure the mass balance of the aircraft. Each block is
composed by 17 cells. Figure 2 depicts the equipment distribution inside the avionics compartment.

Fig. 2 Avionics Compartment - DLR

Table 1 Physical specifications of the components

Name Dimensions (mm) Surface Material
Berten C2 Datalink 107x118x48 Nickel-plated aluminum 6082

Power Distribution Unit (DC-convertor) 60x40x10 Anodized aluminum
Flight Termination 84x56x50 Anodized aluminum

XLink-Modem Datalink 65x90x25 Chromated aluminum 6061
Flight Control Computer 82x60x90 Anodized aluminum

HP-Inertial Navigation System 70x46x8 Black anodized aluminum

Each of the systems plays a fundamental role in HAP performance. To start with, the communication between the
HAP and the ground segment is made through the Berten C2 Datalink and the Xlink Payload Datalink, respectively.
The Berten C2 Datalink serves as a transceiver for the data immediately necessary for the HAP operation. Since its
throughput is not sufficient to also process the data of the payload, the Xlink Payload Datalink is included for this purpose
[15]. In addition to the communication, it is necessary to ensure the stability of the HAP. The Flight Control Computer
actuates the primary flight control surfaces to steer the flight path of the HAP and provides stability augmentation
and flight guidance functions. As an additional system, the Flight Termination allows the flight of the HAP to be
terminated in a controlled manner [16]. For use in the previously mentioned systems, the HP-Inertial Navigation System
calculates the position, orientation velocity of the HAP during the complete mission [17]. To sum up, all the system
shall be connected. For this purpose, the Power Distribution Units shall carry all the electricity from the power generator
system to the distributed loads. Temperature sensors are an example that the PDUs will use to read the temperature
measurements in the compartment [18]. Table 1 lists the main physical specifications of the components.
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III. Thermal Mathematical Model
Effective thermal management is key to overcoming the thermal challenges that are posed by the avionics devices.

Significant heat transfer processes occur in the avionics compartment, making an impact in both the temperature
distribution in the compartment and in the equipment. The performance of the equipment will be mainly affected and
the equipments’ management will become a major challenge to be solved.

To this end, a thermal mathematical model of the current avionics compartment is designed. The model is based on
first principles for the thermal interactions in terms of conduction, convection and radiation. On a preliminary basis, it
considers the most significant thermal processes contributing to heat transfer in the compartment. This ensures, that a
good understanding is achieved before increasing complexity. In a further step, tests shall be carried out to validate the
thermal model. Figure 3. presents the schematic diagram of the heat transfer processes inside the section.

Fig. 3 Thermal Analysis of the Avionics Compartment

From the most dominant to the least, each one of heat sources has an influential role in the outcome of the thermal
distribution. As the outset, the fuselage section is defined as a conductive cylinder in which heat is transferred through
the entire structure. Representing thermal conduction mathematically, the expression is stated as [19]:

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑘𝐴(𝑇1, 𝑓 − 𝑇2, 𝑓 ) (1)

identifying 𝑘 as the thermal conductivity of the CFRP, 𝐴 as the fuselage heat transfer area, and (𝑇1, 𝑓 − 𝑇2, 𝑓 )
as the temperature distribution across the fuselage skin. Notice that 𝐴 is defined as a function of the diameter, the
length and the thickness of the section. Besides the fuselage, conduction will also be present on the surface of
the electronic systems. The magnitude is estimated by the characteristics of these systems, as described in Table 1.
When operating, each system will have heat losses𝑄𝑖𝑛𝑡 that will be released to the environment first in terms of conduction.

Inside the compartment, natural convection also plays an important role; the temperature of both the fuselage section
and the avionics devices is subjected to this heat transfer process. Therefore, two cases have been identified: natural
convection within the fuselage section and natural convection between the fuselage section and each of the avionics
devices. For the sake of simplicity at this stage of the analysis, the interaction between the devices and between the

4



devices and the CFRP plate has been neglected.the components inside the fuselage has been neglected and only each
components contribution to the overall heat transfer with the fuselage and its environment is regarded.
From theory, natural convection is defined as [20]:

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑛𝑎𝑡𝑢𝑟𝑎𝑙 = ℎ𝐴(𝑇1 − 𝑇2) (2)

where ℎ is the convection coefficient, 𝐴 is the heat transfer area and (𝑇1 − 𝑇2) is the temperature difference between
the surfaces, from point 1 to 2 in a direction perpendicular to the heat transfer area. Accordingly, the convection
coefficient is expressed as:

ℎ =
𝑚𝑎𝑥

(
𝛾𝑔𝑎𝑖𝑛, 𝛾𝑔𝑎𝑖𝑛2

)
𝛾𝑎𝑖𝑟

𝑡
(3)

being,
𝛾𝑔𝑎𝑖𝑛 = 0.2𝐺𝑟

1
4 (4)

𝛾𝑔𝑎𝑖𝑛2 = 0.073
(
𝐺𝑟𝑃𝑟1.65

) 1
3 (5)

as functions of the Grashof (𝐺𝑟) and Prandtl number (𝑃𝑟):

𝐺𝑟 =
𝑡3𝑔𝛽 (𝑇1 − 𝑇2)

a2 (6)

𝑃𝑟 =
`𝑐𝑝

𝛾𝑎𝑖𝑟
(7)

in which 𝑡 is the distance between the surfaces, 𝑔 is the gravitational acceleration, 𝛽 is the coefficient of the thermal
expansion of the air as a function of the temperature, a and ` are the kinematic and dynamic viscosity of air respectively,
𝑐𝑝 is the heat capacity, and 𝛾𝑎𝑖𝑟 is the thermal conductanceof air. Notice the parameters are variable with respect of
altitude; for their acquisition, the NRLMSISE-00 Atmospheric Model from NASA is utilized, since at altitudes above
15 km, the International Standard Atmosphere (ISA) is not valid [21].

Furthermore, adjustment of 𝐴 is required on a case-by-case basis. For the process of natural convection within
the fuselage section, 𝐴 is represented as a function of the diameter and length of the section. However, due to the
different dimensions of the avionics and the fuselage, a different definition of 𝐴 shall be considered for the second case,
as illustrated in Fig.4. After an extensive study, it has been predicted that the magnitude of 𝐴 will be a function of the
projection of the avionics system onto the fuselage, which corresponds to Case 2 in the Figure.

Fig. 4 Heat Transfer Area Analysis

Last but not least, radiation also occurs inside the avionics compartment. In the same line of thought, two cases
shall be again differentiated: radiation within the fuselage section and radiation between the fuselage and each device.
The expression of the radiation is given by [22]:

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,2𝑏𝑜𝑑𝑖𝑒𝑠 = 𝐴𝜎𝐹𝜖 (𝑇4
1 − 𝑇4

2 ) (8)
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where 𝐴 is the heat transfer area, 𝜎 represents the Boltzmann constant, 𝐹 defines the area of view between the two
bodies and 𝜖 is the emissivity factor of the surface of the body. Here the same analysis for 𝐴 has been carried out.
With respect to 𝜖 , the value of the fuselage differs from that of the devices. Thus, for the case of radiation between the
fuselage and each one of the avionics, the correlation between the emissivity factors has been used:

𝜖 =
𝜖1𝜖2

𝜖1 + 𝜖2 − 𝜖1𝜖2
(9)

Aside from the described heat transfer processes occurring inside the section, the avionics compartment will be also
subjected to the effect of other heat sources in the environment. Solar radiation is the most predominant one. The top
and one side of the fuselage section will always be oriented towards the sun during the entire mission. Moreover, part of
the solar radiation will reflect off the Earth’s surface and incident on the underside of the fuselage, the albedo effect. To
this contribution the radiation coming from the Earth is added. Breaking it down in mathematical expressions [22]:

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑠𝑢𝑛 = 𝐴𝛼𝑆𝑠 (10)

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑙𝑏𝑒𝑑𝑜 = 𝐴𝛼𝐹𝑆𝑎 (11)

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝐸𝑎𝑟𝑡ℎ = 237𝐴𝛼
(

𝑅𝐸

𝑅𝐸 + ℎ

)2
(12)

where 𝐴 is the heat transfer area involved in each thermal process, 𝑆𝑠 is the solar radiation as a function of altitude,
𝐹 is the view factor. 𝑆𝑎 is the albedo radiation: 𝑆𝑎 = 𝑓 𝑆𝑠, being 𝑓 the albedo coefficient for the Earth i.e. 0.3, 𝑅𝐸 is
the Earth radius, and ℎ is the altitude.

Similarly, the avionics compartment will emit radiation to the surrounding environment. In this case, the outcome
depends on the temperature difference between the outer skin of the fuselage section and the ambient temperature
(𝑇4

1 − 𝑇4
𝑎𝑚𝑏

):

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 = 𝐴𝜎𝜖 (𝑇4
1, 𝑓 − 𝑇4

𝑎𝑚𝑏) (13)

To conclude with the thermal mathematical model, forced convection occurs as a result of the movement of HAP in
the environment.

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛, 𝑓 𝑜𝑟𝑐𝑒𝑑 = 𝐿𝑁𝑢_𝑎𝑖𝑟 (14)

By definition, the forced convection depends on the dimension of the section through which the flow passes 𝐿, the
Nusselt number 𝑁𝑢 and the thermal conductivity of the air _𝑎𝑖𝑟 . Here, 𝐿 is set as the length of the avionics compartment
and it dictates the magnitude of the forced convection by stating the type of flow regime to be encountered. For such
computation, the Reynolds number is used (𝑅𝑒) [23]:

𝑅𝑒 =
𝑢𝜌𝐿′

`
(15)

being 𝑢 the true airspeed, 𝜌 the air density at each altitude, and 𝐿′ the length taken from the tip of the nose to
the end of the avionics compartment. The Reynolds number estimates a turbulent flow at the location of the avionics
compartment, which then identifies the Nusselt number (𝑁𝑢) as:

𝑁𝑢 = 0.037𝑅𝑒
4
5 𝑃𝑟

1
3 (16)

To sum up, the presented heat transfer processes compose the thermal mathematical model of the avionics
compartment. On this basis, it is possible to obtain an estimate of the temperature distribution in the compartment and
the surface temperature of each device.
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IV. Thermal Mathematical Model in MODELICA
The thermal mathematical model (TMM) was designed in MODELICA. For its development, the Thermal

Package of the Modelica Standard Library was used [24]. Here, each of the heat transfer processes described in
the previous section was represented according to a given degree of complexity. Figure 5 illustrates a scheme of the model.

To keep consistency, the thermal processes have been organized into packages. Each package contains the heat
transfer process according to the type of associated heat source. To begin with, the representation of the avionics
compartment is covered by two conductive plates, featuring the upper and lower part of the fuselage section. Between
them, natural convection and radiation processes inside the fuselage are introduced.

In the compartment, two packages have been defined: battery and avionics devices. The former represents the
heat exchange between the fuselage and the batteries in terms of natural convection and radiation meanwhile the latter
describes the thermal interactions between the fuselage and the avionics devices as a function of conduction, natural
convection and radiation.

Fig. 5 Thermal Mathematical Model of the avionics compartment in MODELICA

Outside the compartment, three more packages are included. External Sources encompasses the heat sources in the
environment that make a thermal effect to the fuselage section. Solar radiation, albedo radiation and planetary radiation
are identified here. By contrast, Environment Contribution covers the heat release from the structure to the environment
by means of radiation. Lastly, the forced convection between the flow and the fuselage section is represented in the
Dynamics package.

The model is fed by a set of inputs. As stated in Section II, the flight profile of HAP will cover altitudes from the sea
level up to 20 km. Therefore, the temperature distribution across the avionics compartment must be estimated for each
of the flight levels. To this end, five input parameters representing environmental conditions have been defined in the
model: air heat conductivity ( Lambda air h), air density ( rho air), ambient temperature ( ExternalTemperature), solar
radiation ( sun radiation) and velocity ( u). Due to the non-pressurization of the compartment, the outside air pressure is
calculated from the ambient air density and temperature. These values are also dependent on the geographic latitude,
the time of year and the daytime. For preliminary studies, a location close to Italy (35°N) during summer has been set
as the preferred flight location. Accordingly, the corresponding input values have been calculated and are shown in
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Table 2. Note that HAP will have a flight altitude of 20 km, however preliminary estimates for 25 km have also been made.

Table 2 Atmospheric conditions at 35°N

Altitude (km) Air thermal condutivity (W/mK) Density (kg/m3) Temperature (°C) Solar radiation (W) Speed (m/s)
DAY NIGHT

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

In addition to the environmental conditions, the heat losses from the avionics devices are deemed as inputs. Heat
losses are directly dependent on electric efficiency. Consequently, each device releases heat as a percentage of the power
drawn during operation. Similarly to the environmental conditions, power is dependent on the flight level and on the
daytime. As a result, heat losses will be variable throughout the HAP mission. Figure 6 displays the heat losses of the
avionics equipment with respect to both considerations. For convenience purposes, the PDU is depicted in the analysis
as the DC convertor located inside.

(a) Avionics heat losses for the day case (b) Avionics heat losses for the night case

Fig. 6 Avionics Heat losses during the High-Altitude Platform mission

As shown in the graphs, most avionics devices will operate at the same power throughout altitude, leading to the
same internal heat losses. However, two exceptions shall be introduced. For HAP operational purposes, the Xlink
Payload Datalink will be off in ground conditions. As for the batteries, the power will change depending on the altitude
HAP is flying at. Note that the batteries will be charged by the solar cells during the day and used at night as the source
of electrical energy. Table 3 summarizes the power of each battery block as a function of altitude. Here, the power in
the climb phase has been identified as the most extreme case and from this, the operating power at each altitude has
been calculated. For the simulations, the discharge case has been assumed to be the most critical one.

Besides the total power, the characteristics of the batteries shall be specified in the model a priori. To that extent, the
capacity of each battery block is estimated as 433Wh and a minimum State of Charge (SoC) of 0.3 shall be reached
when discharging.

To sum up, the mathematical thermal model provides the temperature distribution across the avionics compartment,
resulting in two main outputs: the temperature on the upper surface of the fuselage section (Up fuselage T) and the
temperature on the lower surface of the fuselage section (Low fuselage T). Additionally, it also gives the surface
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temperature of the on-board hardware, identifying 6 outputs as the surface temperatures of the six avionics devices
(Avionics T) along with an additional output from the battery (Battery T).

Table 3 Total power from each battery block

Altitude (km) Operating Power (W)
0 28
5 73
10 98
15 113
20 113
25 113

V. Preliminary Estimation of Thermal Distribution at the Avionics Compartment
For the sake of convenience, steady state simulations at each flight level have been carried out and temperature

homogeneity at each surface has been assumed. These assumptions allow a first evaluation to get an initial impression
of the temperature value at the desired locations. Further work is planned to couple the model to a mission profile and to
include time-dependent component characteristics such as the thermal capacity.

For the present analysis, four cases have been included in the study: day and night scenarios with batteries "ON" and
day and night scenarios with batteries "OFF". Although the batteries are intended to operate as well during the night, as
previously stated, it is of great importance to study other possible scenarios that the HAP could face. For example, the
need to use batteries during the day or battery failures during nighttime operation. Thereupon, Fig. 7 and Fig. 8 depict
the surface temperature at the fuselage and avionics devices when the batteries are in operation.

(a) Temperature distribution at the fuselage - day case (b) Temperature distribution at the fuselage - night case

Fig. 7 Fuselage Temperature - batteries ON

From the results shown in Figure 7, it can be observed that the fuselage section reaches a maximum temperature
of 35°C at ground conditions during the daytime while a minimum temperature of -42°C is estimated in the night
case. As expected, higher temperatures are found at the day case as a result of the number of heat sources acting on
the fuselage in this scenario i.e. sun radiation and albedo radiation. Moreover, since the avionics compartment is
mostly a closed section with small openings, the heat from the operating devices is kept inside, contributing to this
heating process. The same applies to the night case, where in the absence of solar radiation, the avionics equipment is
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the main source of heat, preventing the section from reaching the outside ambient temperature depicted in Table 2 at night.

Referring to the avionics devices, the surface temperature value is directly proportional to the operating power,
heat transfer area and material properties (i.e. emissivity factor). By way of illustration, smaller heat transfer areas
lead to less heat transfer to/from the device and thus higher surface temperatures are encountered. Also, most of the
avionics devices operate with the same power throughout the mission, leaving external heat sources as the major factor
of temperature change. Figure 8 shows the estimated values as a function of the altitude and time of the day. From the
simulations, temperature values in the range of -40°C to 195°C have been computed. The warmest case is identified at
25 km, while the coldest case is at 15 km. This is consistent with the thermal model and the defined environmental
conditions in Section IV. For instance, at higher altitudes, natural convection becomes less dominant as a direct effect of
the density decrease. Consequently, the heat transfer between the devices and the environment is reduced, reaching
higher surface temperatures.

(a) Temperature at the avionics surface - day case (b) Temperature at the avionics surface - night case

Fig. 8 Avionics Surface Temperature - batteries ON

(a) Temperature distribution at the fuselage - day case (b) Temperature distribution at the fuselage - night case

Fig. 9 Fuselage Temperature - batteries OFF

In the same line of analysis, Figure 9 and Figure 10 illustrate the resulting temperature of the avionics compartment
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when the batteries are "OFF". On a comparison with the previous case, it can be seen that the biggest difference for the
fuselage section is found at nighttime. With this setting, a minimum temperature of -58°C is found on the fuselage
surface compared to the -42°C previously estimated. On the basis, it is confirmed that the batteries have a great impact
on the structure, being more significant during the night as a dominant heat source due to the lack of solar radiation.
Similar temperatures are estimated for avionics, except for batteries, expected to reach temperatures of nearly -60°C.

(a) Temperature at the avionics surface - day case (b) Temperature at the avionics surface - night case

Fig. 10 Avionics Surface Temperature - batteries OFF

The predicted temperature distributions provide a preliminary understanding of magnitude of the heat transfer
processes occurring within the avionics compartment. In view of these results, the equipment must be checked for its
optimum performance temperature. Table 4 lists the operational temperature range of the devices.

Table 4 Operational Temperature Range of the Avionics devices

Name Operational Temperature Requirements
Maximum Temperature (°C) Minimum Temperature (°C)

Berten C2 Datalink 75 -40
Flight Termination 50 -20

Flight Control Computer 55 -45
HP-Inertial Navigation System 80 -40

Xlink Payload Datalink 50 -20
Power Distribution Units 85 -40

Battery cell 55 0

To sum up, the thermal analysis predicts most of the avionics equipment to be outside the operational temperature
range. The Berten Datalink and the Flight Control Computer are expected to reach temperatures higher than their
maximum over 20 km. The PDUs are estimated to remain throughout the mission with temperatures on the order of
100°C upwards. Lastly, both the batteries and the Xlink payload Datalink could face colder and warmer temperatures
than necessary for operation. Thus, in order to comply with the operational temperatures, temperature control techniques
shall be implemented.

11



VI. Implementation of Temperature Control Techniques
The avionics equipment shall be guaranteed to operate within the specified temperature range. For this purpose, an

extensive analysis of the possible temperature control techniques (TCT) was carried out. It is not enough to choose
a technique that achieves temperature control, but also to study the characteristics of this technique, such as weight,
complexity, and cost. The main objective is therefore to achieve a satisfactory trade-off among these characteristics.
For this reason, it was decided to first analyze the possibility of using a passive technology. Passive temperature
control techniques consist principally of the selection of surface properties, the control of conduction paths and thermal
capacities, and the use of insulation systems. Generally they are lighter and simpler than the active techniques and
therefore preferable [25].

On the basis of the thermal analysis developed in Section V, the most suitable thermal control techniques were
brought into analysis. To start with, it has been investigated in the analysis which significant thermal effect the fuselage
section has on the avionics. As it is the surface where the external heat sources incur, the surface finish of the fuselage
becomes an attractive characteristic to modify. The emissivity and absorptivity factors of the material can be purposefully
manipulated to keep the surface temperature within the desired range. To that extent, it was decided to paint the outer
surface of the fuselage white, decreasing the absorptivity coefficient of CFRP from 0.9 to 0.2 and thus reducing the heat
magnitude of solar radiation and albedo radiation. Furthermore, it is desired to increase the heat transferred from the
avionics to the fuselage in order to reduce the surface temperature of the avionics equipment. By painting the inner
fuselage surface black, its emissivity coefficient is 0.9 and the amount of heat transferred increases. Consequently, with
the implementation of these techniques, less heat enters the structure and more heat is released from the components to
the environment.

Analyzing each device separately, the Berten Datalink is estimated to reach temperatures of more than 80°C at
altitudes above 20 km. To prevent the device from overheating, black paint is added to its surface. The Berten Datalink
is manufactured from nickel-plated 6082 aluminum, which has an emissivity factor of 0.05. As a control measure, the
black paint will increase the magnitude to 0.95 and will help the device to release more heat to the compartment [26].

The Xlink Datalink is one of the most critical devices inside the compartment due to its narrow temperature
operational range. Within the simulations, it was shown that it faces overheating during the day at high altitudes and
overcooling during the night. To confront such issue, the device is placed together with the Berten Datalink and the
HP-Inertial Navigation System on a conductive plate. By definition, the dimensions of the plate are directly proportional
to the amount of heat which can be released. Hence, the high temperatures of the former and the low temperatures of
the latter will balance the surface temperature of the Xlink Datalink with the conductive plate by cooling and heating
as appropriate. The plate is made of aluminum and painted black to increase heat exchange through radiation. The
necessary dimensions for thermal management have been estimated to 350 cm2, whose length corresponds to that of the
three devices together plus the distance between them and the width to that of the Berten Datalink, being the largest
device. As the thickness, a fix value of 1 mm has been included in the preliminary simulations. However, the attachment
of the conductive plate to the equipment remains to be evaluated. Each of the three devices has a different height which
causes difficulties in positioning the plate within the avionics compartment. Therefore, considerations such as bending
the plate according to the devices height to attach it on top or placing it on the devices side are considered and will be
discussed in subsequent analyses.

In the same way as the Berten Datalink, the Flight Control Computer is subjected to from overheating. The current
design encompasses an enclosure made of anodized aluminum which keeps the heat during the day and releases it back
it to the FCC during the night. The estimations show this technique will prevent the device from overcooling during the
night but higher temperatures outside the operational temperature range will be foreseen on the ground and at high
altitudes during the day. As an additional action, a black conductive plate is considered to be placed under the enclosure
to increase the heat transfer to the compartment. A sensitivity analysis was performed with respect to the plate area.
Figure 11 illustrates the analysis for the ground condition case, which was previously identified to be the worst case
scenario for the FCC temperature during daytime. It shows that by including a 350 cm2 plate in the design the surface
temperature of the FCC can be reduced and kept within the operating temperature range. Further analysis will be carried
out to evaluate the sensitivity of the estimates.
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Fig. 11 Sensitivity Analysis of the Conductive plate for the Flight Control Computer

Similarly to the Berten Datalink, the Power Distribution Units are painted black. According to early estimates,
the PDUs will operate at very high temperatures throughout the flight. Their small heat transfer surface and the low
emissivity of 0.15 of anodized aluminum leads to most of the heat to be absorbed and temperatures of around 190 °C to
be reached. With the paint, these results are greatly reduced but not enough to be in the operating temperature range. As
an additional measure, heat sinks shall be introduced. To increase the radiation, they will be painted in black as well.
For simplicity purposes, the heat sinks are first designed as black aluminum plates, with a thickness of 1 mm and a heat
transfer area equal to the one of the projections of the PDUs.

Lastly, the batteries are identified as another very critical component inside the compartment. In operation, it is
expected that there will be temperatures lower than permitted during the night. If switched off, these temperatures are
further reduced, being affected at all flight altitudes. To overcome this thermal problem, the batteries will be able to
heat up on their own using their storage energy. An operating temperature range of 0 to 55°C has been defined by the
manufacturer. In case of lower temperatures, the battery control system will turn on the heating mode and power to heat
up the battery and keep it inside the desired temperature range. For the analysis, the worst-case condition, with the
batteries off at night, has been taken. A calculation of the energy required for heating, in terms of energy density, is
shown in Figure 12. For further studies, the calculations have also been performed for a minimum temperature of 10 °C.
In this case, to increase the temperature up to 10°C, higher amount of energy is required.

(a) Increment of Energy Density ( W h /kg) to 0°C (b) Increment of Energy Density ( W h /kg) to 10°C

Fig. 12 Increment of Energy Density

All temperature control techniques are integrated into the thermal model built in MODELICA, as shown in Fig. 13.
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Fig. 13 Thermal Mathematical Model including temperature control techniques in MODELICA

VII. Thermal Distribution at the Avionics Compartment by introducing Temperature Control
Techniques

With the incorporation of the thermal control techniques in the avionics compartment, the subsequent temperature
distributions have been predicted. Figure 14 and Figure 15 depict the case when batteries are operating.

(a) Temperature distribution at the fuselage - day case (b) Temperature distribution at the fuselage - night case

Fig. 14 Fuselage Temperature with TCC - batteries ON
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(a) Temperature at the avionics surface - day case (b) Temperature at the avionics surface - night case

Fig. 15 Avionics Surface Temperature - batteries ON

To begin with, the surface temperature at the fuselage during the day has dropped from approximately a maximum of
15°C in the coldest scenario (h = 15 km) to 7°C at ground conditions when compared to the case of not using temperature
control techniques. In line with predictions, the lower CFRP absorption coefficient from the white paint leads to a
decrease in temperature upon reaching steady state. For the same reason, the temperature during the night remains
similar. On the avionics side, significant reductions in temperatures have been achieved. As this is mainly a problem of
overheating, the application of techniques has helped to release heat to the compartment and from the compartment to
the environment. Moreover, some devices exchange heat, so one cools and the other heats in equilibrium. As a result,
the combination of each of the selected thermal control techniques has aided in maintaining the surface temperature of
the devices within their operating temperature range, as shown in the examples in Fig. 16. To verify these techniques,
radiation and convection processes between devices will be implemented at a later stage.

(a) Xlink Datalink Surface Temperature (b) PDU Surface Temperature

Fig. 16 Xlink Datalink and PDU Surface Temperature - batteries ON

For the sake of completeness, the thermal control measures have also been considered in the case of batteries "OFF".
Estimations of the temperature distributions are presented in Figure 17 and Figure 18. Similarly, during the day, fuselage
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skin temperatures have decreased in the range of 5°C to 10°C, while for the night case, the minimum temperature of
-60°C rises to -40°C. Here the effect of battery heating as a preventive thermal technique can be clearly seen, resulting in
a higher heat input to the fuselage. Finally, the value of the avionics equipment temperatures is similar to the previous
case with the batteries "ON".

(a) Temperature distribution at the fuselage - day case (b) Temperature distribution at the fuselage - night case

Fig. 17 Fuselage Temperature with TCC - batteries OFF

(a) Temperature at the avionics surface - day case (b) Temperature at the avionics surface - night case

Fig. 18 Avionics Surface Temperature - batteries OFF

To sum up, computations demonstrate that the use of the proposed techniques helps to maintain the electronic
equipment in its temperature range and ensure its correct performance.

VIII. Conclusion
In this paper, a preliminary study of the thermal conditions that the avionics compartment faces during the full

mission of the HAP is carried out. Using physical modeling of the heat transfer processes, preliminary estimates predict
that the initial design is likely to cause equipment malfunction or failure due to component temperatures leaving their

16



specified operating conditions. At high altitudes, heat released by the avionics components becomes minimal due to low
air density and consequently very high temperatures are reached inside the devices. In addition, night case conditions
introduce very cold temperatures on the surfaces of the devices. To overcome these challenges, the promising passive
temperature control techniques were selected and implemented in the design. The selection of the techniques was based
on the factors weight, complexity and cost. Additionally, the analysis was done on the basis of leveraging the existing
equipment and using heat transfer between the components in order to balance their temperatures. As a preliminary
result, the avionics compartment benefits from an increased level of operational satefy by using the passive thermal
management measures: paint, conductive and cooling plates.

At a later stage, the model will be coupled to a mission profile. Time-dependent parameters, such as the thermal
capacities of the material, will also be included. Finally, the model will be validated against tests and if needed, will be
updated with additional thermal control techniques.
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