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Abstract
Back in the late 80’s and through the 90’s the telecommunications industry was growing at a rapid
pace. There was significantly more demand than supply. This contributed to the rapid growth of
companies like SES (SES, 2016). At present the telecommunications industry is much more complex.
Furthermore, there are many new telecom companies, stakeholders, and the competition is grater
that it has ever been. In order to remain at the forefront in the industry, companies must keep
innovating and revolutionizing the way they do business.
In the last couple of years, it has been announced the introduction of high altitude long endurance
(HALE) platforms for usage in conjunction or partially replacing remote sensing and
telecommunications satellites. The mission profile of these platforms is particularly useful for remote
sensing capabilities and telecommunications. This is why these systems could play a role in the
telecommunications business of the future. In fact, according to BBC News (2016) the Ministry of
Defense of the United Kingdom will be acquiring HALE platforms know as Zephyrs for remote sensing
and telecommunications.
The present document is a technical and cost assessment of HALEs for telecommunications. This
project will take a look at the potential of HALEs in telecommunications industry. It intends to
objectively analyze and asses its current status.
This report will consist of a parametric model for assessing the impact of different variable on the
viability of HALEs. It will take an array of inputs and give the potential performance and requirements
for a viable unmanned aerial vehicle (UAV). This will allow us to analyses the current status and the
needs in order to have a viable and more importantly profitable platform. This analysis will include a
case study in order to validate the results from the parametric model. Then a sensitivity analysis will
take place in order to determine the impact of different technologies on the performance of the
aircraft.
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1. Introduction
Back in the late 80’s and through the 90’s the telecommunications industry was growing at a rapid
pace. There was significantly more demand than supply. This contributed to the rapid growth of
companies like SES (SES, 2016). At present the telecommunications industry is much more complex.
Furthermore, there are many new telecom companies, stakeholders, and the competition is grater
that it has ever been.
The present document is a technical and cost assessment of high altitude long endurance (HALE)
platforms for telecommunications. This project will take a look at the potential of HALEs in the
industry. It intends to objectively analyze and asses the current status of HALE platforms.
This report will consist of a parametric model for assessing the impact of different variable on the
viability of HALEs. It will take an array of inputs and give the potential performance and requirements
for a viable unmanned aerial vehicle (UAV). This will allow us to assess the current status and the
needs in order to have a viable and more importantly profitable platform.

1.1.Background
In the last couple of years, it has been announced the introduction of HALEs for usage in conjunction
or partially replacing remote sensing and telecommunications satellites. The mission profile of these
platforms is particularly useful for remote sensing capabilities and telecommunications. This is why
these systems could play a role in the telecommunications business of the future. In fact, according to
BBC News (2016) the Ministry of Defense of the United Kingdom will be acquiring HALE platforms
know as Zephyrs for remote sensing and telecommunications.
HALE platforms can be lighter-than-air vehicles such as balloons and dirigibles or heavier-than-air such
as UAVs. In order to focus the research of this project, this thesis will be solely centered on UAVs.
HALE UAVs intend to endure long periods of time in flight, some platforms can reach up to 14 days of
continuous operations. These systems also have the ability to fly at high altitudes which enables them
to cruise above the commercial airliners, thus, giving it the satellite-like endurance, and a perspective
of large areas of the earth surface. Moreover, these platforms can be landed. This feature enables
users to promptly introduce innovation and refurbishments when needed. This capability allows UAV
to have a more responsive prospect than satellites, as they can be dispatched and landed in much
shorter periods of time.
As explained previously, there are two basic characteristics that an UAV has to comply with in order
to be fit for telecommunications, these are: long flight endurance, high altitudes, and low cruise
speeds. Platforms complying with these criteria are presented as follows.


The Zephyr 7 (Figure 1) from Airbus Defense and Space is a solar-electric aircraft. It set a
duration record for UAVs with a continuous flight of 14 days. It flies exclusively on solar power,
and it’s able to fly autonomously for months at 19000m. Currently, the payload capabilities
are small but the next generation is expected to have increased payload mass. Its
specifications are the following (Airbus Defence & Space, 2015):
o
o
o
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Figure 1 – Zephyr 7 (Airbus Defence & Space, 2015)



The Global Observer (Figure 2) from AeroVironment is a HALE unmanned aircraft system (UAS)
capable of combining satellite-like capabilities with the advantages of aircrafts. It is expected
to be used for the following missions, communications relay, disaster response, maritime
operations. Its specification are the following (Aerovironment , n.d.):
o Payload mass: 181.5kg;
o Endurance:
4-6 days;
o Max altitude: 16 764m

Figure 2 – Global Observer (Aerovironment , n.d.)

These two of the platforms are still under development. Despite promising test, there have also been
setbacks and there are hasn’t been a breakthrough in HALE technology.

1.2.Motivation
The telecommunications sector has passed from an industry with few actors, and with significantly
higher demand than supply, to an industry with several layers of complexity and numerous actors and
stakeholders.
This project will take a further look into HALE platforms. This will be an independent study for SES, to
assess the status, and the near/long-term competitiveness and addressable markets regions for such
systems. This report aims to objectively investigate this technology in order to find strengths and
weaknesses that this architecture might encounter. Due to the fact that technologies like this one
could represent a threat or an opportunity for SES.

1.3.Mission Statement
To assess the current technical status of HALE platforms. To evaluate their sensitivity to current
technological trends. To layout a roadmap for commercially usable platforms and introduction to the
telecommunications market.
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1.4.Objectives
The aim of this project is to assess the current technical status of HALE platforms. Also, to assess the
sensitivity that different variables have on its performance for usage in the telecommunications
industry. In order to assess this, I will produce a parametric model in which the variables will be easily
changed and output results can be obtained, such as, take-off mass, power margin and endurance.
The primary objective of this thesis is to produce this parametric model.
The goals of the project will include the following:
 Determine the operational capabilities of these platforms;
 Determine the technological gaps and development efforts needed.
 Assessment of the platform's procurement costs;
 Assessment of the operational aspects of the utilization of UAV for telecommunications;

2. Methodology
The model developed is based mainly on four different sources. The first source (Komarov, et al., 2012)
takes into consideration most of the relative parameters as well as the ratios, in order to have a basic
idea of the specific wing load and the preliminary mass. The second source (Frolov, et al., 2012) &
(Frolov, 2007) tackles the geometry and the aerodynamic performance. The third source (Noth, 2008)
addresses the power and the approximated mass. The fourth source (Willcox, 2004) takes into
consideration the recurring and non-recurring cost of the aircraft.
The parametric model is Excel based. It intends to have certain inputs or requirements; these will be
defined by the user, they include factors such as: payload mass, payload power, cruise speed, cruise
altitude, and aspect ratio. From these inputs generic geometrical characteristics and performance
characteristics will be deduced, the specific calculation will be shown at a later stage in this report (see
Section 3). With these performance characteristics it is possible to deduce the operational possibilities
of the concept and thus the costs.
The Excel file is dived into several sheets which review one specific aspect of the aircraft. The sheets
are the following:
1. HALE-UAV Design
8. Mass & Endurance
2. Requirements
9. Costs
3. Relative Parameters
10. Inputs
4. Aerodynamics – Geometry
11. Outputs
5. Aerodynamics – Performance
12. Statistics
6. Propulsion
13. Constants
7. Power
It will be an interactive iterative model to have a clear image of the aircraft preliminary design. The
statistical data will be taken from the specifications of several aircraft that have a similar mission or
flight characteristics.
After calculating the expected take-off mass of the aircraft, it will be possible to follow up with a
second iteration or to remain with the current iteration, the different values from each iteration will
be accessible in the Inputs (see Appendix K) and Outputs Sheet(see Appendix L).
To have a clear usage of the model, the following color code has been used:
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Figure 3 – Color Code

2.1.Flow of Calculations
As we can see in Figure 4, the requirements inserted by the user as well as the statistical data is used
in order to obtain the preliminary mass (𝑚𝑡𝑜𝑡𝑎𝑙1 ), the wing specific load and other relative parameters
(see Section 3.3).

Figure 4 – Flow of calculations

These preliminary values allow us to calculate the wing area, then making use of statistical data and
the wing area we are able to calculate absolute values for the geometry of the aircraft (see Section
3.4.1). Having defined a preliminary geometry of the aircraft we are able to calculate its aerodynamics
(see Section 3.4.2).
With the aerodynamic performance defined, i.e. the lift and drag coefficients for cruise flight we are
able to calculate the thrust (mechanical power) required from the propulsion system (see Section 3.5).
The power system is defined as the power requirements from the several systems of the aircraft (see
Section 3.6 & Appendix H).
Taking into consideration the geometry, aerodynamic performance, and the power we are can
calculate the approximated mass using the model described by Noth (2008).
These is the point in which the loop will take place in order to have a refined projection of the mass.
The mass, the performance, the propulsion requirements, the power requirements will allow us to
model the operations of such an aircraft. It will also allow us to do a costing analysis, which would
make it possible to predict its profitability in the telecommunications market.
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3. Parametric Model
This part of the report will show all the calculations present in the parametric model. It will highlight
the flow of the calculation. This section is divided into the sheets that are present in the Excel
Spreadsheet (See from Appendix A to Appendix M).

3.1.HALE-UAV Design
This sheet is present in order to give a layout of the whole model (see Appendix A). It shows the
different sheets with automatics button linking to all the other sheets. Also it shows chart of the flow
of calculations (see Figure 4). Here it is also possible to find the color code used in the all the model
(see Figure 3).

3.2.Requirements
This sheet is where the user’s requirements are inserted (see Appendix B). The payload mas (𝑚𝑝 )
must be inserted in kg. The payload power (𝑃𝑝𝑙𝑑 ) must be inserter in watts (W).
The cruise speed (𝑉𝑐𝑟𝑢𝑖𝑠𝑒 ) may be inserted in km/h, m/s, or in Mach number, once one of the values
is inserted the rest will be calculated. This cells will only accept values that are under the transonic
zone (normally for aircraft M<0.7), if the speed inserted is more than 0.7 at the specified altitude the
model will automatically show an error.
The cruise altitude (𝐻) or ceiling altitude (𝐻𝑐 ) may only be inserted in meters (m) and in intervals of
1000 from 0 to 28000m. Both values may be inserted, if only one value is inserted the other will be
calculated automatically, as 2000m higher than the cruise altitude.

3.3.Relative Parameters
3.3.1. Preliminary Mass
The preliminary mass is calculated as follows, the relative mass for the structure, propulsion, power
and other equipment are given taken from statistical values (Eger, et al., 1983, pp. Table 6.1, P.130),
this allows to have the remaining percentage of the total mass allocated to the payload, therefore as
we have an absolute value (given by the user) for the payload mass, we can calculate the preliminary
mass.
𝑚𝑝
𝑚𝑡𝑜𝑡𝑎𝑙1 =
1−𝑚
̅𝑠 ∙ 𝑚
̅ 𝑝𝑟 ∙ 𝑚
̅ 𝑝𝑜 ∙ 𝑚
̅ 𝑒𝑞𝑢𝑖𝑝
Where 𝑚𝑡𝑜𝑡𝑎𝑙1 − 𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑟𝑦 𝑚𝑎𝑠𝑠 (𝑘𝑔);
𝑚
̅ 𝑠 − 𝑚𝑎𝑠𝑠 𝑝𝑜𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒;
𝑚
̅ 𝑝𝑟 − 𝑚𝑎𝑠𝑠 𝑝𝑜𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑜𝑟 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑠𝑦𝑠𝑡𝑒𝑚;
𝑚
̅ 𝑝𝑜 − 𝑚𝑎𝑠𝑠 𝑝𝑜𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑜𝑟 𝑝𝑜𝑤𝑒𝑟 𝑠𝑦𝑠𝑡𝑒𝑚;
𝑚
̅ 𝑒𝑞𝑢𝑖𝑝 − 𝑚𝑎𝑠𝑠 𝑝𝑜𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑜𝑟 𝑒𝑞𝑢𝑖𝑝𝑒𝑚𝑒𝑛𝑡;
𝑚𝑝 − 𝑝𝑎𝑦𝑙𝑜𝑎𝑑 𝑚𝑎𝑠𝑠.
3.3.2. Relative Characteristics
The following relative parameters may be changed. Generic values were chosen based on statistical
data from the statistics sheet (see Appendix MAppendix ). These values can be override if necessary.
 Aspect Ratio (𝐴𝑅);
 Wing Tapper Ratio (𝜂);
 Sweep (𝜒);
 Wing Warping (𝜑);
 Relative Airfoil Thickness at Root (𝐶0̅ ) is equal to the root profile thickness divided by the
chord at the root;
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Relative Airfoil Thickness at Tip (𝐶𝑡̅ ) is equal to the tip profile thickness divided by the chord
at the tip;
Flap/Slat-Wing Relative Size (𝑏̅𝑓𝑙𝑎𝑝 ) refers to the percentage of the wing span cover by flaps;
Relative Tail-plane Arm (𝐿̅𝑠 ) is equal to the from ¼ of the aerodynamic chord of the wing to ¼
of the aerodynamic chord of the stabilizer;
̅
Fuselage Wing Section Relative Size (𝑆𝑤−𝑓
) refers to the percentage of the wing area that is
comprised in the fuselage;
̅ ) is equal to the distance from the nose of the aircraft to the
Relative Distance to Chord (𝑙𝑐0
front edge of the root chord;
Fuselage Aspect Ratio (𝐴𝑅𝑓 ).

The effective aspect ratio takes into consideration the increase in the passive drag of the aircraft due
to high angles of attack (𝛼), it is calculated as follows (Frolov, et al., 2012):
𝐴𝑅
𝐴𝑅𝑒 =
1 + 0.025 ∙ 𝐴𝑅
Where 𝐴𝑅𝑒 − 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜;
𝐴𝑅 − 𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜.
3.3.3. Specific Wing Load
The specific wing load is the loading of the by area of the wing, it tells us how the loads is distributed
in the wing to perform the several stages of flight. Here it is calculated for cruise flight, using the
following formula (Komarov, et al., 2012):
2
10 ∙ 𝜌ℎ 𝑉𝑐𝑟𝑢𝑖𝑠𝑒
√𝐴𝑅𝑒 𝐶𝑥𝑎𝑜
13(1 − 0.6 ∙ 𝑚
̅ 𝑤)
𝑘𝑔
Where 𝜌ℎ − 𝑎𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑐𝑟𝑢𝑖𝑠𝑒 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 (𝑚3 ) ;

𝑝0 =

𝑚

𝑉𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑐𝑟𝑢𝑖𝑠𝑒 𝑠𝑝𝑒𝑒𝑑 ( ) ;
𝑠
𝐶𝑥𝑎𝑜 − 𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡;
𝑚
̅ 𝑤 = 0.3 − 𝑚𝑎𝑠𝑠 𝑝𝑜𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑤𝑖𝑛𝑔.
In order to calculate the specific wing load, we need preliminary values for the aircraft passive drag
coefficient, which we calculate (Komarov, et al., 2012) in terms of the aspect ratio of the fuselage
(𝐴𝑅𝑓 ), the cruise Mach number and the airfoil relative thickness. All the necessary values have been
calculated or defined previously.
𝐶𝑥𝑎𝑜 = 0.8(0.9 + 0.15 ∙ 𝑀𝑐𝑟𝑢𝑖𝑠𝑒 ) ∙ [0.0083 ∙ (1 + 3 ∙ 𝐶0̅ ) + (0.00083 ∙ 𝐴𝑅𝑓 +

0.5
) + 0.004]
𝐴𝑅𝑓2

Where 𝑀𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑀𝑎𝑐ℎ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑡 𝑐𝑟𝑢𝑖𝑠𝑒 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒;
𝐶0̅ − 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑡 𝑟𝑜𝑜𝑡;
𝐴𝑅𝑓 − 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜.
Preliminarily we define some performance characteristics for the aircraft. These would be used in
order to calculate the specific wing load in other flight stages. The drag-due-to-lift factor, takes into
consideration the induced drag for speeds under the transonic speed zone (approximately M<0.7 for
regular aircraft).
𝑘
𝐷0 =
𝜋𝐴𝑅𝑒
Where 𝐷0 − 𝑑𝑟𝑎𝑔 − 𝑑𝑢𝑒 − 𝑡𝑜 − 𝑙𝑖𝑓𝑡 𝑓𝑎𝑐𝑡𝑜𝑟;
𝑘 = 1.02 − 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑡𝑎𝑘𝑖𝑛𝑔 𝑖𝑛𝑡𝑜 𝑎𝑐𝑐𝑜𝑢𝑛𝑡 𝑎 𝑤𝑖𝑛𝑔 𝐴𝑅 > 3.
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Ideally, the cruise lift-to-drag ratio would be as close as possible to the max lift-to-drag ratio, these
allows to flight at the most efficient levels.
1
𝐾𝑚𝑎𝑥 =
2 ∙ √𝐷0 𝐶𝑥𝑎𝑜
Where 𝐾𝑚𝑎𝑥 − 𝑚𝑎𝑥 𝑙𝑖𝑓𝑡 − 𝑡𝑜 − 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡.

3.4.Aerodynamics
The aerodynamics part is divided into two sheets, one for the geometrical characteristics of the aircraft
(see Section 3.4.1 & Appendix E) and another one for the performance (see 3.4.2 & Appendix F). The
first part of this section is based on Komarov (2012) and the second part is based on Frolov (Frolov,
2007) & (Frolov, 2007).
3.4.1. Geometry
The measurements of the aircraft are based on the preliminary mass calculated and relative
parameters stablished above in Section 3.3.
3.4.1.1.
Wing
 The area of the wing is calculated as follows:
𝑚𝑝𝑟𝑒 ∙ 𝑔
𝑆=
𝑝0
Where 𝑆 − 𝑤𝑖𝑛𝑔 𝑎𝑟𝑒𝑎 (𝑚2 ).


Wing span
𝑏 = √𝐴𝑅 ∙ 𝑆

Where 𝑏 − 𝑤𝑖𝑛𝑔 𝑠𝑝𝑎𝑛 (𝑚).


Central chord
𝑐0 =

2𝜂 𝑆
∙
1+𝜂 ℓ

𝑐𝑡 =

2
𝑆
∙
1+𝜂 ℓ

Where 𝜂 − 𝑡𝑎𝑝𝑝𝑒𝑟 𝑟𝑎𝑡𝑖𝑜;
𝑐0 − 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑐ℎ𝑜𝑟𝑑 (𝑚).


Tip chord

Where 𝑐𝑡 − 𝑇𝑖𝑝 𝑐ℎ𝑜𝑟𝑑 (𝑚).


Aerodynamic chord

2
1
𝑐𝑎 = 𝑐0 [1 +
]
3
𝜂(𝜂 + 1)
Where 𝑐𝑎 − 𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑐ℎ𝑜𝑟𝑑 (𝑚).


Mean chord
𝑐𝑚 =

Where 𝑐𝑚 − 𝑚𝑒𝑎𝑛 𝑐ℎ𝑜𝑟𝑑 (𝑚).
 Airfoil thickness at the root

𝑐𝑡 + 𝑐0
2

𝐶0 = 𝑐0 ∙ 𝐶0̅
̅
Where 𝐶0 − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑟𝑜𝑜𝑡


MSS15
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Where 𝐶𝑡̅ − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑖𝑝
 Wing-Fuselage relative position
The wing fuselage relative position refers to the position of the wing when crossing the fuselage for
reference see Figure 5. The interface is least of all for a high wing, although there is less interference
for integration and assembly purposes is recommended to have a mid-wing configuration.

Figure 5 – Wing-Fuselage Relative Position

3.4.1.2.
Fuselage
The nose aspect ratio 𝐴𝑅𝑓𝑛 and the tail aspect ratio 𝐴𝑅𝑓𝑡 are taken from statistical data. These
values determine the length of the nose and the tail. In the spread sheet (see Appendix E) the
values are taken to be 2 and 4 respectively, nonetheless these values can be override.


The cross section area or the equivalent diameter is taken at the place of maximum
diameter. The value proposed is 𝐷𝑒 = 1.7𝑚, which corresponds to a 𝑆𝑓 = 2.2𝑚, these
values can be override, only one of the two values must be inserted if necessary.
4 ∙ 𝑆𝑓
𝐷𝑒 = √
𝜋



Length
𝐿𝑓 = 𝐴𝑅𝑓 ∙ 𝐷𝑒



Exposed fuselage area
𝐹𝑀 = 2.85 ∙ 𝐿𝑓 ∙ √𝑆𝑓



Nose length
𝐿𝑛 =



Tail length

𝐴𝑅𝑓𝑛 ∙ 𝐷𝑒
2

𝐿𝑡 =


Distance to Chord

𝐴𝑅𝑓𝑡 ∙ 𝐷𝑒
2

𝑙𝑐 = 𝑙𝑐̅ ∙ 𝐿𝑓

3.4.1.3.
Stabilizer
All the chord values, tapper ratio, and thickness for the stabilizer are defined as for the wing (see
Section 3.4.1.1).
The only difference arises from the calculation of the areas of these two, which are derived from
statistical values as follows, the horizontal stabilizer accounts for 10% of the area of the wing and
the vertical accounts for 8% of the area of the wing. The aspect ratio for both is also taken from
statistical data. These four figures can be override on the sheet (see Appendix E).


Tail arm

𝐿𝑠 = 𝐿𝑓 ∙ 𝐿̅𝑠

Where 𝐿̅𝑠 − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑎𝑖𝑙 − 𝑝𝑙𝑎𝑛𝑒 𝑎𝑟𝑚;
𝐿𝑓 − 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚);
𝐿𝑠 − 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑤𝑖𝑛𝑔 𝑎𝑒𝑟𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑐ℎ𝑜𝑟𝑑 𝑡𝑜 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑟 𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑐ℎ𝑜𝑟𝑑 (𝑚);
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3.4.1.4.
Airfoil Characteristics
For speeds under the transonic zone and to optimize the flight performance at high altitudes and low
speeds the following airfoils have been made available to choose from. To see the choices and the
characteristics of the airfoils see Figure 6, Figure 7, Figure 8, Figure 9 & Table 1 (Airfoil Tools, n.d.).
𝑥̅𝐶 refers to the coordinate of the maximum thickness divided by the chord at any particular cross
section of the wing. 𝑓 ̅ is the maximum camber ratio of the airfoil and 𝑥̅𝑓 is respectively its position in
terms of % of the chord. 
̅ Н represents the radius of the nose of the airfoil divided by the chord.

Figure 6 – Airfoil NACA 4412 (Airfoil Tools, n.d.)

Figure 7 – Airfoil AG16 (Airfoil Tools, n.d.)

Figure 8 – Airfoil NACA 43012A (Airfoil Tools, n.d.)
Table 1 – Options of Wing Airfoils with their Characteristics

Characteristic

NACA 4412
12%
30%

20%

23.4%

Maximum Camber Ratio

C̅
𝑥̅𝐶
𝑓̅

NACA
43012A
12%

4%

3.4%

1.9%

Maximum Camber Position

𝑥̅𝑓

40%

15%

46.9%

Nose Radius Ratio


̅Н

1.7%

1.7%

0.8%

Zero Lift Angle of Attack

𝛼0

-5°

0°

-2°

Maximum Lift Angle of Attack

𝛼∗

11°

15°

10°

Airfoil Maximum Lift Coefficient

𝐶𝐿𝑚𝑎𝑥∞

1.507

1.51

1.2

Airfoil Lift Coefficient Derivative

𝐶̀𝐿∞

5rad-1

8rad-1

8rad-1

Performance

Geometry

Relative thickness

MSS15
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For the vertical and horizontal stabilizers we choose a symmetrical airfoil 𝑓 ̅ = 0, NACA 0008, which
has the following characteristics see Table 2 (Airfoil Tools, n.d.):
Table 2 – Stabilizer Airfoil with their Characteristics

Performance

Geometry

Characteristic
Relative thickness

NACA 0008
8%

Maximum Camber Ratio

C̅
𝑥̅𝐶
𝑓̅

Maximum Camber Position

𝑥̅𝑓

0%

Nose Radius Ratio


̅Н

0.8%

Zero Lift Angle of Attack

𝛼0

0°

Maximum Lift Angle of Attack

𝛼∗

12.5°

Airfoil Maximum Lift Coefficient

𝐶𝐿𝑚𝑎𝑥∞

0.692

Airfoil Lift Coefficient Derivative

𝐶̀𝐿∞

8rad-1

Maximum Thickness Position

30%
0%

Figure 9 – Airfoil NACA0008 (Airfoil Tools, n.d.)

3.4.2. Performance
This section is based on Frolov (2012).
3.4.2.1.
Drag
The constraint has been set that the speeds should be under the transonic speed zone (M<0.7),
therefore shockwave drag and the compressibility of the air are not taken into consideration, and the
drag is calculated as follows:
С𝐷 = С𝐷0 + С𝐷𝑖
Where С𝐷0 − 𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡;
С𝐷𝑖 − 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑑𝑟𝑎𝑔/ 𝑑𝑟𝑎𝑔 − 𝑑𝑢𝑒 − 𝑡𝑜 − 𝑙𝑖𝑓𝑡
 Wing Passive Drag
In order to calculate the wing passive drag first we calculate the wing Reynolds number for a laminar
flow at cruise conditions. For the wing we take the mean aerodynamic chord as the characteristic
measure of the wing.
𝑉𝑐𝑟𝑢𝑖𝑠𝑒 𝑐𝑎
𝑅𝑒𝑤 =
𝜈𝑐𝑟𝑢𝑖𝑠𝑒
MSS15
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Where 𝑅𝑒𝑤 − 𝑤𝑖𝑛𝑔 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟;
𝜈𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑐𝑟𝑢𝑖𝑠𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠.
Then we estimate the coordinates of the transition from laminar to turbulent flow in terms of
percentage of the chord, a good approximate for this value is the following (Frolov, et al., 2012):
𝑥̅𝑡 = √𝑥̅𝐶 ∙ 𝑥̅𝑓
Where 𝑥̅𝑡 − 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑜𝑟𝑑 𝑎𝑡 𝑤ℎ𝑖𝑐ℎ 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑎𝑘𝑒𝑠 𝑝𝑙𝑎𝑐𝑒;
𝑥̅𝐶 − 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑜𝑟𝑑 𝑓𝑜𝑟 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠;
𝑥̅𝑓 − 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑜𝑟𝑑 𝑓𝑜𝑟 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑐𝑎𝑚𝑏𝑒𝑟.
The drag-due-to-friction coefficient can be calculated as follows for the wing.
0,8

С𝐹 𝑤

0,455
𝑥̅𝑡 0,625
=
∙
[1
+
𝑥̅
+
∙
(40
)]
𝑡
[lg(Re)]2,58
𝑅𝑒 0,375

Wing profile drag:
4
С𝑑 𝑤 = 2 ∙ С𝐹 𝑤 ∙ (0.93 + 2.8 ∙ 𝐶̅ ) ∙ (1 + 5 ∙ 𝐶̅ ∙ 𝑀𝑐𝑟𝑢𝑖𝑠𝑒
)
Where 𝐶̅ − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠.

In order to take into account, the interference between the fuselage and the aircraft, as well as the
increase in drag due to the mechanization of the wing, we use the next formula:
̅
С𝑑 0𝑤 = С𝑑 𝑤 ∙ (1 − 𝑘𝑖𝑛𝑡 ∙ 𝑆𝑤−𝑓
) + 0.001 ∙ 𝑏̅𝑓𝑙𝑎𝑝𝑠
Where С𝑑 0𝑤 − 𝑤𝑖𝑛𝑔 𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑑𝑟𝑎𝑔;
𝑘𝑖𝑛𝑡 − 𝑤𝑖𝑛𝑔 − 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (Shakhov, et al. , 1992, p. 13);
̅
𝑆𝑤−𝑓
− 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 − 𝑤𝑖𝑛𝑔 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑖𝑧𝑒;
̅
𝑏𝑓𝑙𝑎𝑝𝑠 − 𝑓𝑙𝑎𝑝𝑠 − 𝑤𝑖𝑛𝑔 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑖𝑧𝑒.
 Stabilizer Passive Drag
Similar to the wing, we first calculate the Reynolds number. The characteristic measurement taken
will be also the mean aerodynamic chords respectively for the horizontal and vertical stabilizers.
We consider that the stabilizer is in turbulent flow conditions, therefore 𝑥̅𝑡 = 0, and the drag-due-tofriction coefficient is calculated:
0,455
С𝐹 𝑠 =
[lg(Re)]2,58
The same formula is taken as for the wing to calculate the profile drag.
4
С𝑑 𝑠 = 2 ∙ С𝐹 𝑠 ∙ (0.93 + 2.8 ∙ 𝐶𝑠̅ ) ∙ (1 + 5 ∙ 𝐶𝑠̅ ∙ 𝑀𝑐𝑟𝑢𝑖𝑠𝑒
)
̅
Where 𝐶𝑠 − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠.

The passive drag will be composed of the profile drag plus a compensation for the mechanics of the
stabilizer (rudder and elevator).
С𝑑 0𝑠 = С𝑑 𝑠 + ∆С𝑑 𝑠
Where С𝑑 0𝑠 − 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑟 𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑑𝑟𝑎𝑔;
∆С𝑑 𝑠 − 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑟 (Frolov, et al. , 2012);
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 Fuselage
We consider for the fuselage that 𝑥̅𝑡 = 0. For the fuselage Re number, the length is considered as
the fuselage characteristic measurement, then the drag-due-to-friction coefficient is calculated.:
0,455
С𝐹 𝑠 =
[lg(Re)]2,58
𝐹𝑀
+ ∆С𝑑 𝑓
𝑆𝑓
Where С𝑑 0𝑓 − 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 drag − due − to − friction coefficient;
𝜂𝐴𝑅 − 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 (Shakhov, et al. , 1992, p. 15);
𝜂𝑀 − 𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑠𝑝𝑒𝑒𝑑 (𝑖𝑓 𝑀 ≤ 0.5, 𝑡ℎ𝑒 𝜂𝑀 = 1) (Shakhov, et al. , 1992, p. 15).
∆С𝑑 𝑓 − 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑎𝑠𝑖𝑚𝑚𝑒𝑡𝑟𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑜𝑠𝑒 (Frolov, et al. , 2012);
С𝑑 0𝑓 = C𝐹 𝑓 ∙ 𝜂𝐴𝑅 ∙ 𝜂𝑀 ∙

 Aircraft Passive Drag
In order to obtained the aircraft passive drag by considering the area of each individual part and their
passive drag. The following Table 3 must be filled in order to see the distribution of the passive drag
and to obtain the drag of the whole aircraft.
Table 3 – Aircraft passive drag distribution

Part
Wing

Summary of Profile Drag
Area
Profile Drag
Coefficient
S
С𝑑 0𝑤

Fuselage

Sf

С𝑑 0𝑓

Horizontal Stabilizer

Shs

С𝑑 0ℎ𝑠

Vertical Stabilizer

Svs

С𝑑 0𝑣𝑠

-

-

-

Cd0*S

Percentage per
part

Σ

100%

Finally, we take a margin of 5% in order to account for unforeseen aspects, so the aircraft passive drag
is calculated:
∑ С𝑑 0… ∙ 𝑆…
С𝑑 0 = 1.05 ∙
𝑆
3.4.2.2.
Aircraft Polar Curve
Maximum lift coefficient to which we build the polar curve is quantified as:
𝐶𝐿𝑚𝑎𝑥 = 𝐶𝐿𝑚𝑎𝑥∞ ∙ 𝑘𝜂 ∙

1 + cos 𝜒
2

Where 𝐶𝐿𝑚𝑎𝑥∞ − 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑖𝑓𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡;
𝑘𝜂 − 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑎𝑝𝑝𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 (Shakhov, et al. , 1992);
𝜒 − 𝑠𝑤𝑒𝑒𝑝 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠).
In order to have a margin we take the maximum permitted lift coefficient as 85% of the wing max.
𝐶𝐿𝑝 = 0.85 ∙ 𝐶𝐿𝑚𝑎𝑥
The inductive drag is:
(С𝐿 − 0.12)2
С 𝐷𝑖 =
𝜋 ∙ 𝐴𝑅𝑒
Where С𝐿 − 𝐴𝑖𝑟𝑐𝑟𝑎𝑓𝑡 𝐿𝑖𝑓𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 ;
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And the final drag in terms of С𝐿 is:

(С𝐿 − 0.12)2
С𝐷 = С𝐷0 +
𝜋 ∙ 𝐴𝑅𝑒

Using the formula above it is possible to fill the Table 4, then it allows to construct the polar curve.
Table 4 – Polar curve table

Aircraft Lift Coefficient (CL)

0

…

𝑪 𝑳𝒑

Aircraft Drag Coefficient (Cd)

…

…

…

3.4.2.3.
Lift, Drag and Lift-to-Drag Ratio vs. Angle of Attack
In order to construct the charts vs the angle of attack it is necessary to first take the airfoil lift
coefficient derivative (𝐶𝐿𝛼∞ ), which is deducted from the airfoil’s lift vs. angle of attack characteristics
(Airfoil Tools, n.d.).
1 + (0.01 ∙ 𝜒)4
𝐶𝐿𝛼 = 𝐶𝐿𝛼∞ ∙
1
2
cos 𝜒 + 𝐴𝑅
Where 𝐶𝐿𝛼∞ = 0.14 − 𝐿𝑖𝑓𝑡 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝐷𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑓𝑜𝑟 𝑁𝐴𝐶𝐴 4412 (Airfoil Tools, n. d. );
Then we use the next formula to have the lift coefficient in terms of angle of attack:
𝐶𝐿 = 𝐶𝐿𝛼 ∙ (𝛼 − 𝛼0 )
Where 𝛼0 = 4° − 𝑍𝑒𝑟𝑜 − 𝑙𝑖𝑓𝑡 𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝐴𝑡𝑡𝑎𝑐𝑘 𝑓𝑜𝑟 𝑁𝐴𝐶𝐴 4412 (Airfoil Tools, n. d. );
The drag coefficient is calculated as shown in section 3.4.2.2. The lift to drag ratio is simply quantified:
𝐾=

𝐶𝐿
𝐶𝐷

Table 5 – Performance Curves

Angle of Attack (𝜶, 𝒅𝒆𝒈𝒓𝒆𝒆𝒔)
Aircraft Lift Coefficient (CL)
Aircraft Drag Coefficient (Cd)
Lift-to-Drag Ratio (K)

𝜶𝟎

…

…

0

…

𝐶𝐿𝑝

С𝐷0

…

…

…

…

…

The lift coefficient for cruise flight:
2 ∙ 𝑚𝑝𝑟𝑒 ∙ 𝑔
2
𝜌𝑐𝑟𝑢𝑖𝑠𝑒 ∙ 𝑆 ∙ 𝑉𝑐𝑟𝑢𝑖𝑠𝑒
Where 𝑚𝑡𝑜𝑡𝑎𝑙1 − 𝑝𝑟𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 (𝑘𝑔);
𝐶𝐿 𝑐𝑟𝑢𝑖𝑠𝑒 =

𝑚

𝑉𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑐𝑟𝑢𝑖𝑠𝑒 𝑠𝑝𝑒𝑒𝑑 ( ) ;
𝑠
𝑆 − 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑖𝑛𝑔 (𝑚2 );
𝑘𝑔

𝜌𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑎𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑐𝑟𝑢𝑖𝑠𝑒 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 (𝑚3 ).
Having calculated the lift coefficient for the cruise, it possible to calculate the drag coefficient and thus
the lift-to-drag ratio. The same process is repeated for calculating the ceiling characteristics.
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With all of these of this we can draw the lift vs angle of attack, the drag vs angle of attack, and the liftto-drag ratio vs angle of attack. Also, we can point out these characteristics and the angle of attack for
cruise flight and flight at ceiling.

3.5.Propulsion System
3.5.1. Shaft Power
The thrust that the aircraft would need in order to overcome the drag. It is directly proportional to the
drag coefficient, the air density at the specified altitude and the speed. It is calculated as follows:
Shaft power for cruise phase:
𝑃𝑐𝑟𝑢𝑖𝑠𝑒 = 𝑇𝑐𝑟𝑢𝑖𝑠𝑒 ∙ 𝑉 = 𝐶𝐷 𝑐𝑟𝑢𝑖𝑠𝑒 ∙
Where 𝑃𝑐𝑟𝑢𝑖𝑠𝑒 − 𝐶𝑟𝑢𝑖𝑠𝑒 𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟 (𝑊);
𝑇𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑇ℎ𝑟𝑢𝑠 𝑓𝑜𝑟 𝑐𝑟𝑢𝑖𝑠𝑒 𝑓𝑙𝑖𝑔ℎ𝑡;

𝜌𝑐𝑟𝑢𝑖𝑠𝑒
∙ 𝑆 ∙ 𝑉3
2

Shaft power for flight at ceiling:

𝜌𝑐𝑒𝑖𝑙𝑖𝑛𝑔
∙ 𝑆 ∙ 𝑉3
2
Where 𝑃𝑐𝑒𝑖𝑙𝑖𝑛𝑔 − 𝑆ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟 𝑓𝑜𝑟 𝑓𝑙𝑖𝑔ℎ𝑡 𝑎𝑡 𝑐𝑒𝑖𝑙𝑖𝑛𝑔 (𝑊);
𝑇𝑐𝑟𝑢𝑖𝑠𝑒 − 𝑇ℎ𝑟𝑢𝑠 𝑓𝑜𝑟 𝑓𝑙𝑖𝑔ℎ𝑡 𝑎𝑡 𝑐𝑒𝑖𝑙𝑖𝑛𝑔.
𝑃𝑐𝑒𝑖𝑙𝑖𝑛𝑔 = 𝑇𝑐𝑒𝑖𝑙𝑖𝑛𝑔 ∙ 𝑉 = 𝐶𝐷 𝑐𝑒𝑖𝑙𝑖𝑛𝑔 ∙

3.5.2. Propulsion Electrical Power Requirements
There are several efficiency coefficients that have to be considered in order to have an accurate
propulsion electrical power consumption estimation.
Therefore, in order to calculate the power requirements for both stages of flight we consider the
following efficiencies in the propulsion system. These efficiencies are set on values derived from
statistical data (Noth, 2008, pp. 65, table 3.5):
 efficiency of motor controller, 𝜂𝑐𝑡𝑟𝑙 = 95%;
 efficiency of motor,
𝜂𝑚𝑜𝑡 = 85%;
 efficiency of gearbox,
𝜂𝑔𝑟𝑏 = 97%;
 efficiency of propeller,
𝜂𝑝𝑙𝑟 = 85%.
The propeller efficiency (𝜂𝑝𝑙𝑟 ) is defined as the ratio between the propeller thrust multiplied by its
axial speed and divided by its resistance moment and rotational speed. Good propeller often have
efficiencies of 85% (Noth, 2008, p. 35). All, these efficiencies can be changed to insert desired values.

3.6.Power System
This section is based on Noth (2008, pp. 39-42).
3.6.1. Daily Energy Requirements
The battery eliminator circuit (BEC) is a step-down converter that lower the voltage to a fixed voltage.
According to Noth (2008, p. 103), its efficiency reaches 𝜂𝑏𝑒𝑐 = 65%.
The total electrical power consumption (𝑃𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 ) is calculated using the formula (Noth, 2008, p. 40):
1
1
∙ 𝑃𝑐𝑟𝑢𝑖𝑠𝑒 +
∙ (𝑃𝑎𝑣 + 𝑃𝑝𝑙𝑑 )
𝜂𝑐𝑡𝑟𝑙 ∙ 𝜂𝑚𝑜𝑡 ∙ 𝜂𝑔𝑟𝑏 ∙ 𝜂𝑝𝑙𝑟
𝜂𝑏𝑒𝑐
Where 𝑃𝑎𝑣 = 1.5𝑊 − 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑎𝑢𝑡𝑜𝑝𝑖𝑙𝑜 𝑠𝑦𝑠𝑡𝑒𝑚 (Noth, 2008, p. 65);
𝑃𝑝𝑙𝑑 − 𝑝𝑎𝑦𝑙𝑜𝑎𝑑 𝑝𝑜𝑤𝑒𝑟, 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 (𝑊).
𝑃𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 =
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To calculate the daily electrical power consumption, the charge and discharge efficiency of the battery
for the night period must be taken into account, thus:
𝐸𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 = 𝑃𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 (𝑇𝑑𝑎𝑦 +

𝑇𝑛𝑖𝑔ℎ𝑡
)
𝜂𝑐ℎ𝑟𝑔 ∙ 𝜂𝑑𝑐ℎ𝑟𝑔
𝑊

Where 𝐸𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 − 𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑑𝑎𝑖𝑙𝑦 ( ℎ ) ;
𝑇𝑑𝑎𝑦 − 𝑑𝑎𝑦 𝑝𝑒𝑟𝑖𝑜𝑑 (ℎ);
𝑇𝑛𝑖𝑔ℎ𝑡 − 𝑛𝑖𝑔ℎ𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 (ℎ);
𝜂𝑐ℎ𝑟𝑔 = 95% − 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒;
𝜂𝑑𝑐ℎ𝑟𝑔 = 95% − 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒.
3.6.2. Daily Energy Obtained
Let’s considered that 90% of the area of the wing and 50% of the area of the horizontal stabilizer can
be populated by solar cells. Also, part of the fuselage can be covered by solar cells, let’s consider a
square fuselage cross section, and let’s assume 10% of the fuselage exposed are can be covered with
solar cells, then the area maximum possible are of the solar panels is the following:
𝐴𝑠𝑐 = 0.90 ∙ 𝑆 + 0.5 ∙ 𝑆ℎ𝑠 + 0.1 ∙ 𝐹𝑀
Where 𝐴𝑠𝑐 − 𝑠𝑜𝑙𝑎𝑟 𝑝𝑎𝑛𝑒𝑙 𝑎𝑟𝑒𝑎 (𝑚2 );
𝑆 − 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑖𝑛𝑔 (𝑚2 ).
𝑆ℎ𝑠 − 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑟 (𝑚2 ).
𝐹𝑀 − 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑎𝑟𝑒𝑎 (𝑚2 ).
It is necessary to consider also the fact that the incidence angle won’t be the same for every solar cell
due to the camber of the wing airfoil, let’s consider that this reduces the efficiency by 10%, therefore:
𝜂𝑐𝑏𝑟 = 90%
The correction due to the weather have been simplified in the sheet so that, four possible choices with
their respective efficiencies (𝜂𝑤𝑡ℎ𝑟 ):





Sky Completely Clear,
Sky Partially Cloudy,
Sky Half Cloudy,
Sky Completely Cloudy,

100%
80%
50%
20%

In order to have a maximal power retrieved, the solar cells must work at a specific point of current to
voltage, in order to maximize the power retrieve we introduce a maximum power point tracker (MPPT)
which have efficiencies 𝜂𝑚𝑝𝑝𝑡 of around 97%. Finally, let’s consider a 5% power margin for other
elements and losses not considered above.
2 ∙ 𝐼𝑚𝑎𝑥 ∙ 𝑇𝑑𝑎𝑦
∙ 𝐴𝑠𝑐 ∙ 𝜂𝑤𝑡ℎ𝑟 ∙ 𝜂𝑠𝑐 ∙ 𝜂𝑐𝑏𝑟 ∙ 𝜂𝑚𝑝𝑝𝑡
𝜋
Where 𝐸𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 − 𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑑𝑎𝑖𝑙𝑦 (𝑊ℎ);
𝑊
𝐼𝑚𝑎𝑥 − 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑜𝑙𝑎𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 ( 2 ) ;
𝑚
𝜂𝑠𝑐 = 20% − 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙𝑠;
𝐸𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 =

3.7.Mass & Endurance
This section is based on Noth (2008, pp. 43-60). Every part of the mass is calculated in kilograms and
in % of the total take-off mass.
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3.7.1. Structural Mass
There are several methods to estimate the structural mass of an aircraft. In this case, it is calculated
using Stender and Rizzo formulas (Rizzo & Frediani, 2004) & (Stender, 1969) as follows:
𝑚𝑠1 = 𝑘𝑎𝑓1 ∙ 𝑆 0.778 ∙ 𝐴𝑅 0.467
Where 𝑚𝑠1 − 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑚𝑎𝑠𝑠 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑏𝑦 𝑆𝑡𝑒𝑛𝑑𝑒𝑟 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 (𝑘𝑔);
𝑘𝑎𝑓1 = 0.894 − 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑆𝑡𝑒𝑛𝑑𝑒𝑟.
𝑚𝑠2 = 𝑘𝑎𝑓2 ∙ 𝑆 0.656 ∙ 𝐴𝑅 0.651
Where 𝑚𝑠2 − 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑚𝑎𝑠𝑠 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑏𝑦 𝑅𝑖𝑧𝑧𝑜 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 (𝑘𝑔);
𝑘𝑎𝑓2 = 1.5 − 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑅𝑖𝑧𝑧𝑜.
The two coefficient are set to the values shown above but they can be changed to insert other values.
Then the maximum mass from these two formulas is taken as the structural mass value.
3.7.2. Propulsion Mass
Based on statistical data (Noth, 2008, pp. 56, Table 3.3) we take the mass-to-power ratio. A
conservative value is set as the default but it can be changed.
𝑚𝑝𝑟𝑜 = 𝑘𝑝𝑟𝑜 ∙ 𝑃𝑐𝑟𝑢𝑖𝑠𝑒
Where 𝑚𝑝𝑟𝑜 − 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑚𝑎𝑠𝑠 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 (𝑘𝑔);
𝑘𝑔
𝑘𝑝𝑟𝑜 = 7
− 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑅𝑖𝑧𝑧𝑜.
𝑘𝑊
3.7.3. Power System Mass
Similarly, to the previous section we take from statistical data the mass density of the solar cell, the
mass density of encapsulation, the mass to power ratio (Noth, 2008, pp. 56, Table 3.5). All these values
can be tuned up by inserting new values:
𝑘𝑔
;
𝑚2
𝑘𝑔
0.26 𝑚2 ;



Mass density of the solar cell, 𝑘𝑠𝑐 = 0.32



Mass density of encapsulation, 𝑘𝑒𝑛𝑐 =



Mass to power ratio of MPPT, 𝑘𝑚𝑝𝑝𝑡 = 0.00042

𝑘𝑔
;
𝑚2

𝑚𝑠𝑐 = (𝑘𝑠𝑐 + 𝑘𝑒𝑛𝑐 ) ∙ 𝐴𝑠𝑐
Where 𝑚𝑠𝑐 − 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑚𝑎𝑠𝑠 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 (𝑘𝑔);
𝑚𝑚𝑝𝑝𝑡 = 𝑘𝑚𝑝𝑝𝑡 ∙ 𝐼𝑚𝑎𝑥 ∙ 𝜂𝑠𝑐 ∙ 𝜂𝑐𝑏𝑟 ∙ 𝜂𝑚𝑝𝑝𝑡 ∙ 𝐴𝑠𝑐
Where 𝑚𝑚𝑝𝑝𝑡 − 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 𝑡𝑟𝑎𝑐𝑘𝑒𝑟 𝑚𝑎𝑠𝑠 (𝑘𝑔);
The batteries are chosen from the following option. Each type of battery has a different Energy
density, this values can be manually inserted, but the type of battery should be ignored in that case:
𝑊ℎ



Lithium-Sulfur (Li-S), 𝑘𝑏𝑎𝑡 = 350 𝑘𝑔 , (Song, et al., 2013);



Lithium-Ion (Li-Ion), 𝑘𝑏𝑎𝑡 = 190 𝑘𝑔 , (Noth, 2008).



Nikel-Hydrogen (Ni-H2), 𝑘𝑏𝑎𝑡 = 60 𝑘𝑔 , (Hepperle, n.d.).

MSS15

𝑊ℎ

𝑊ℎ

Master Thesis Report

16

𝑇𝑛𝑖𝑔ℎ𝑡
𝑃
𝜂𝑑𝑐ℎ𝑟𝑔 ∙ 𝑘𝑏𝑎𝑡 𝑒𝑙𝑒𝑐 𝑡𝑜𝑡
Where 𝑚𝑏𝑎𝑡 − 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑚𝑎𝑠𝑠 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 (𝑘𝑔);
𝑚𝑏𝑎𝑡 =

𝑚𝑝𝑜 = 𝑚𝑏𝑎𝑡 + 𝑚𝑠𝑐 + 𝑚𝑚𝑝𝑝𝑡
3.7.4. Mass Margin
The mass margin accounts for any other mass that might increase the take-off mass, it is taken as 50%
of the structural mass.
3.7.5. Endurance
The endurance in this model is only limited by the degradation of the photovoltaic module (panels)
and the degradation of the batteries. This a simplification in order to consider available data, although
it is possible that there will other constraints, like maintenance, weather conditions (see section
4.3.1.1). They would have to also limit the autonomous endurance.
The degradation of the photovoltaic module accounts for about 2% a year of reduced power output
(Jordan & Kurtz, 2012). The degradation of the batteries is taken as 5% per annum based on Kotub et
al. (2016).

3.8.Inputs and outputs sheets
These two sheets summarize all option made and the outcomes that they produced. The inputs sheet
summarizes the input parameters in each iteration. To look at the specific values see Appendix K.
The outputs sheet shows the different parameters that show the outcome design of the aircraft (see
Table 6).
Table 6 – Output Parameters

Aspects
Aerodynamic
Performance

Propulsion
System

Power

Mass

MSS15

Parameters
Aircraft Passive Drag Coefficient
Max Permitted Lift Coefficient
Lift Coefficient for Cruise Flight
Drag Coefficient for Cruise Flight
Cruise Lift-to-Dag Ratio
Shaft Power for Cruise Phase
Propulsion Power for Cruise Flight
Shaft Power for Ceiling Flight
Propulsion power for Flight at Ceiling
Total Electrical Power Consumption
Daily energy consumption
Daily Energy Density
Total Energy Obtained
Power Margin
Power
Payload
Structure
Propulsion System
Power System
Payload Mass %
Structure Mass %
Master Thesis Report

Iterations
1
…

2

3

4

5
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Endurance
Cost

Propulsion Mass %
Power Mass %
Mass Margin
Take-off Mass
Endurance (h)
Endurance (days)
Non-recurring
Recurring

…

The different iterations are shown in the outputs sheet (see also Appendix L). When opening the sheet
for the first time the values would show the iteration #1, if any input values are changed everything
will be changed automatically. To save the values you can press the button “save 1st iteration”, the
cell in the column first iteration will be fixed and the second iteration will appear. This process has to
continue in order to have all the five iteration possible in the sheet. At any point in the iterations, all
the output values can be erase by pressing the butting “erase all iteration” (see also Appendix L).

3.9.Costs
The cost modeling is based on Markish (2002, pp. 51-69).The model determines the relationship
between the mass of a part of the aircraft and it’s cost. It is divided into development cost, which
account for most of non-recurring costs (NRE) and manufacturing costs, which account for most of the
recurring costs. The model is based on the assumption of a linear relationship between the mass and
cost, the dollar values have been adjusted to account for inflation according to (in2013dollars.com,
s.d.).
According to Markish (2002), the cost estimation relationships (CER) are based on available statistical
data of a number of existing aircraft.
3.9.1. NRE
The cost model used divides the development cost into Engineering Design, Manufacturing
Engineering (ME), Tool Design, Tool Fabrication, and support. The model takes into consideration
(based on statistical data) the total duration of the non-recurring effort for commercial aircraft based
on its mass.
Then by dividing the aircraft into different parts (wing, fuselage, empennage, landing gear, engines,
system and payload) an estimate of the cost to pound relationship is made (see Figure 10).

Figure 10 – Estimated empty mass breakdown (Markish, 2002, p. 60)
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In this model there is no empty mass as there is no fuel. Also, we have calculated an exact mass
breakdown for the power system, the payload and the structural mass. It is assumed that the mass of
the installed engines will be 20% higher that the mass of the engines alone. Also, it is considered the
following breakdown for the structural mass:
Landing Gear
14%
Wing
40%

Horizontal
Stabiliser
4%

Fuselage
40%

Vertical Stabilizer
2%
Figure 11 – Structural Mass breakdown
Table 7 – Non-recurring part cost per kilogram (FY2002) (Markish, 2002)

$/kg
Wing
Empennage
Fuselage
Landing Gear
Installed Engines
Systems
Payloads

Engineering
40%
$15.637
$45.992
$28.300
$2.202
$7.665
$30.254
$9.491

ME
10%
$3.909
$11.499
$7.075
$551
$1.916
$7.564
$2.372

Tool Design
11%
$4.105
$12.072
$7.430
$578
$2.013
$7.941
$2.491

Tool Fab.
35%
$13.605
$40.013
$24.623
$1.916
$6.669
$26.321
$8.258

Support
5%
$1.836
$5.403
$3.325
$258
$899
$3.554
$1.116

Totals
100%
$39.090
$114.983
$70.752
$5.509
$19.160
$75.633
$23.728

3.9.2. Recurring
The model is based on establishing CERs for the cost of labor, materials and other (which include,
quality assurance recurring engineering and recurring tooling). Similarly, to the NRE the costs
relationship for the manufacturing cost is divided into the cost of manufacturing different parts of the
aircraft plus the cost of final assembly. The CER of recurring cost are as follows:
Table 8 – Recurring cost per kilogram (FY2002) (Markish, 2002)

$/kg
Wing
Empennage
Fuselage
Landing Gear
Installed Engines
System
Payload
Final Assembly

MSS15

Labor
$1.343
$3.558
$1.497
$236
$547
$694
$893
$128

Materials
$450
$1.067
$419
$216
$201
$201
$220
$9
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Other
$194
$514
$216
$35
$79
$101
$130
$7

Total
$1.984
$5.139
$2.132
$487
$825
$996
$1.243
$143
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3.10.

Statistics sheet

An extensive list of characteristics has been collected from several UAVs with similar missions, cruise
altitudes, and sizes. The base UAV are the following:











Global Observer, AeroVironment, USA (Aerovironment , n.d.);
Zephyr, Airbus, Europe (Airbus Defence & Space, 2015)ç
Solar Impulse 2, Solar Impulse, Switzerland (Solar Impulse SA , 2015);
Atlantik Solar, Atlantik Solar, Switzerland (Atlantiksolar, 2013);
Heron, IAI, Israel (IAI, n.d.) & (IAI, n.d.);
MQ-9 Reaper, General Atomics, USA (US Air Force, 2015);
RQ-4 Global Hawk,Northrop Grumman, USA (Northrop Grumman, 2012);
Barracuda, Airbus, Europe (Airbus, 2012);
RQ-3 Darkstar, Lockheed Martin, USA (MilitaryFactory.com, 2013);
X-45, Boeing, USA (BOEING, n.d.).

The statistical values used across all section of the parametric model were taken based on this data.

4. Analysis of Results
As part of the analysis of the results of the parametric model, first it will be done a case study (see
Section 4.1). Then a sensitivity analysis will be conducted in order to established the most important
factors that could have highest impact in the profitability and availability of HALE UAV for
telecommunications. Finally, a there will be a section on the operational possibilities and the
constraints due to operational factors.

4.1.Solar Impulse 2, Case Study
In order to check the validity of the model result we test the outcomes of the model taking into
consideration Solar Impulse 2, which as it has been mentioned before it is a solar powered aircraft
that it is currently trying to achieve the first full trip around the world exclusively on solar energy.
Table 9 – Solar Impulse Input Data (Hannes, 2011) (Solar Impulse SA , 2015)

Payload
Cruise Altitude
Cruise Speed
Aspect Ratio
Tapper Ratio
Wing Position
Weather Conditions
Type of Batteries
Energy Density

500kg
9000m
60km/h
20
1
High Wing
Sky Partially Clouded
Lithium-Ion Batteries
200Wh/kg

Here are is the data that was inserted in the parametric model, all this data has been taken from
official Solar Impulse Sources or it has been taken from actual statements from its creators. In order
to have a simplified analysis, the cruise speed has been taken from the night flight of the aircraft (Solar
Impulse flight at different altitudes and speeds at night and day in order to save energy), the weather
conditions have been taken as partially clouded.
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Table 10 – Model Outputs and Real Solar Impulse Values (Hannes, 2011) (Solar Impulse SA , 2015) (Wasmi,
2016)

Characteristics
Wing Spam
Wing Chord
Propulsion Power
Solar Panel Area
Batteries Mass
Take-off Mass

Model Outputs
77m
3.9
14kW
291m2
746kg
2212kg

Total Cost (FY2016)

147M$ (NRE + one
aircraft)

Real Values
71.9
4
13kW
270m2
663kg
2300kg
170M$ (NRE + Solar
impulse 1 and 2 +
modifications )

Difference
7%
3%
8%
8%
12%
4%
13%

As we can see in Table 10 the values differ within 15% of each other. Furthermore, the two values that
differ by more than 10 percent have certain particularities. The mass of the batteries is bigger in the
model that in reality which mean that this excess could be used for extending the endurance or the
mass could be used for increasing the payload mass. Similarly, real value of the cost takes into
consideration two aircraft Solar Impulse 1 and 2, furthermore it takes into consideration the cost of
flying around the world and the NRE costs of modifications between the two aircraft which according
to Solar Impulse SA (2015), account for around 20M$.
Therefore, as the Solar Impulse case shows the values achieve in the parametric model are likely to be
within the level of uncertainty to be used in a preliminary design.

4.2.Sensitivity Analysis
In this section it will be studied the different factors that have a significant impact in the main
parameters of the UAV. The following input characteristics will be varied in order to understand their
impact in the performance of the UAV:






Cruise Speed
Cruise Altitude
Types of Batteries
Energy Density
Weather Conditions

These characteristics have been varied alone in each of the model excersices. All the other main inputs
have been set as shown in Table 11.
Table 11 – Base Case Scenario Input Characteristics

Payload
Cruise Altitude
Cruise Speed
Aspect Ratio
Tapper Ratio
Wing Position
Weather Conditions
Type of Batteries
Energy Density

MSS15

500kg
9000m
60km/h
17
1
High Wing
Sky Completely Clear
Lithium-Ion Batteries
190Wh/kg
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4.2.1. Impact of Variation of Cruise Speed
The first case studies the impact of variation in the cruise speed. The cruise speed of the aircraft could
add/substract significant constraints. For application in the telecounication sector and the remote
sensing sector lower cruise speeds would yield a higher image quality and easier pointing techniques
for the antennas. Furthermore, as sown in Figure 12 the take of mass increase with a higher cruise
speed.
2569

2600
2500
2418

Take-off Mass

2400
2317
2300
2224
2200
2100

2055

2000
45

55

65

75

85

95

Cruise Speed
Figure 12 – Take-off Mass vs. Cruise Speed

Also, as shown in section 3.4.2 the cruise speed varies directly with the area of the wing. The higher
the cruise speed the less wing area is need, so as show in Figure 13 the power margin drops, because
there is not enough area to lay solar cells, furthermore given the given conditions the maximum cruise
velocity for the design would be around 68km/h in order to optimally fly at the given altitude of 9000m
and with the given payload of 500kg.
287

300
200

89

Power Margin (kWh)

100
0
45

50

55

60

65

70
-104

75

80

85

90

95

-100
-200

-271

-300
-424

-400
-500

Cruise Speed (km/h)
Figure 13 – Power Margin vs. Cruise Speed
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Moreover, given the cost model used the mass is directly link to the cost of the aircraft therefore the
lower cruise speed, the lower take-off mass and this means less NRE costs, as shown in Figure 14.
200
190
190

NRE Cost (M$)

180

173

170
160
160
147

150
140
128

130
120
45

55

65

75

85

95

Cruise Speed (km/h)
Figure 14 – NRE Cost vs. Cruise Speed

Nonetheless, lower cruise speeds have also a high impact in the structural mass of the aircraft. As it
has been mentioned before the lower the speeds the higher area of the wing is need to keep a steady
flight. Furthermore, the model used for the structural mass of the aircraft uses rough values based on
smaller aircraft which have a rather low structural mass to take-off mass ratio, therefore this value
has a high level of uncertainty, some of this uncertainty has been taken into consideration by
introduction the mass margin in section 3.7.4.
1517
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1400
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200
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Power Mass

324

286

105

124

0
45
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85

95
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Figure 15 – Mass Distribution vs. Cruise Speed

Also, a lower take-off mass could have a negative impact when flying with high winds. If the structural
mass is very low flight constraints might be introduced due to weather conditions.
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4.2.2. Impact in Variation of Cruise Altitude
The cruise altitude has a high impact on the take-off mass. As seen in Figure 16 below the take-off
mass (blue) grows exponentially with the altitude. Comparing the flying altitude of 8000m and 16000m
the take-off mass more than doubles.
4563

Mass (kg) & Power (kW)

4900
4400
3900

3295
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Take-off
Mass

2540
1833
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1481

1400
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900
400

319

78

-8

-100
6500

Power
Margin

8500

10500

12500

14500

16500

Cruise Altitude (m)
Figure 16 – Take-off Mass (Blue, kg) and Power Margin (Red, kWh) vs. Altitude

On the other had the area of the wing is not enough to fit all the necessary solar cells required for
stable flight. As seen in Figure 16 give all the factor mention in Table 11 (the base case scenario) the
minimal altitude at which power balance is achieved would be at around 7000m. Designing the aircraft
for lower altitudes would mean that we would be flying not at an optimal lift-to-drag ratio and the
wing would have to be made unnecessarily (from aerodynamics point of view) big.
350
317

NRE Cost (M$)
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100
6500

7500
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16500
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Figure 17 – NRE Cost vs Cruise Altitude

Also as it has been mentioned before the cost model taken relates the mass directly to the cost of the
aircraft, therefore the altitude has the same exponential impact in the cost of the aircraft (as seen in
Figure 17).
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4.2.3. Impact of the Battery’s Energy Density
The batteries energy density or batteries specific energy has a profound impact in the proportional
mass of the power system in the aircraft. As seen in Figure 18 the energy density and the percentage
of the mass taken by the power system have an exponential relationship. As it has been mentioned
before the model allows to insert three types of batteries. The Nickel-Hydrogen batteries with an
energy density of around 60Wh/kg would mean the power system would account for around 70% of
the take-off mass. With available Lithium-Ion batteries it would be reduce to 45%.
The following point represent Lithium-Sulfur batteries, these are experimental batteries that are being
developed (Song, et al., 2013). The last two projections show that although there would be an impact
in the percentage of the power system the impact would relatively less. Nonetheless, this exercise is
only taking into account the base case scenario (Table 11), a further grow in the energy density of
batteries could also have the potential of flying higher without the steep increase in take-off mass
seen in Figure 15.
80%
Nikel-Hydrogen (NiH2)

70%

Power System Mass (%)

60%
50%
Lithium-Ion (Li-Ion)
40%
Lithium-Sulfur (Li-S)
30%
Projection
20%

Projection

10%
0%
0

100

200

300

400

500

600

700

800

900

1000

Energy Density (Wh/kg)
Figure 18 – Battery Energy Density (Wh/kg) vs. Power System Mass %

Another point that would have to be considered in a further study, is the difference in the cost of
these batteries. Due to limitations in the projections the cost model used, it does not take into
consideration the relative cost of using different batteries this could also have an extended impact in
the overall cost of the aircraft.

4.3.Operations
The flight profile of the a UAV will be intrinsically connected to the nature of the payload and its
mission. For remote sensing applications the range would likely be one of the most important
characteristics of the aircraft, on the other hand, in the telecommunications environment endurance
would likely be the most important characteristic.
Also, distinct cruise characteristics for night flight and day flight were not considered. For example, in
the Solar Impulse 2 operation profile, the aircraft slowly climbs to 9000m during the day and then
using the potential energy slowly descends to 6000, also the day speed is 90kh/h and at night it cruises
at 60km/h (Solar Impulse SA , 2015). This could also be introduced to the design of the aircraft and it
would likely increase the endurance or the payload mass.
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As it has been mentioned before in the parametric model, the endurance is only constrained by the
degradation of the solar cell and batteries. The endurance estimation there does not take into account
constraints as changing weather conditions and maintenance works.
4.3.1. Constraints
As it has been mentioned several constraints have not been taken into account in the model,
nonetheless they would play an important role in the operational capabilities of a solar powered HALE
UAV.
4.3.1.1.
Changing Weather Conditions
The weather conditions considered in the model are considered as constant for the whole flight. In
the Solar Impulse Case Study (see section 4.1), they were taken to be partially clouded, which would
allow 80% of the solar irradiance to reach the solar cells. Rough weather conditions could greatly
diminish the solar irradiance that would reach the solar panels and thus making it necessary to either
decrease the height, reduce the speed, or depending on the prolongation of the case, land.
The base case scenario (Table 11), considers the best weather conditions in order to see the impact of
all other parameters. Nonetheless, as show in Figure 19 this would be the impact in the power margin
due with changing condition at a particular time. Even at partially cloudy conditions the aircraft would
not be able to collect the energy needed to go over one day/night cycle.
150
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-100
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-150
-200
-250
-300

Sky Completely
Cloudy
Porcentage of Irradiance
Figure 19 – Irradiance (%) vs. Power Margin (kWh)

Furthermore, extreme weather conditions, as high winds, could have a major impact in structural
stability and flight dynamics of the aircraft. The design model takes into consideration the usage of
very light materials for the construction of the aircraft. If the parametric model would consider flights
with extreme weather conditions the structural mass could increase dramatically.
Another factor that has to be taken into account would be the global position and time of the year at
which the flight takes place. The base case scenario considers a flight at which there is 14 hours of
daylight, these would mean a day in the beginning of summer in the European continent. But different
latitude and times of the year could reduce this to around 8h of daylight in winter (January in Paris).
Weather conditions and geolocation would be the likely factor to constraint the endurance of such an
HALE UAV.
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4.3.1.2.
Maintenance
Another factor that would have to be taken into consideration for the flight operations would be the
maintenance that has to take place. According to ICAO regulation (Transport Studies Group University
of Westminster London, 2008), the main check-up for civil commercial aircraft are the A, B, C, D check.
The first major one (A check) is conducted after 400-600 hours of flight, these are regulation
specifically for commercial aircraft.
the Circular 328 (International Civil Aviation Organization, 2011), proposed international regulatory
framework. Nonetheless, there is still a lot of work to be done by international organizations to
establish the clear rules for managing and operation UAS (NAM/CAR/SAM, 2015). This regulatory
framework could pose a tangible threat on the possible endurance of the aircraft. It could also
substantially increase the operational and maintenance costs.

4.4.Technological Gaps and Required Development Efforts
From the analysis above, we can see that there are several factor that would help in great manner to
introduce HALEs in the telecommunications industry. Here are some examples:
 Increased efficiency of solar cells;
 New Type of batteries;
 Battery’s energy density;
 Better Efficiency of charge and discharge of batteries;
 More efficient electric engines.
All these factor if developed further could greatly enhanced the performance of HALEs. The model
takes into consideration a solar cell efficiency of 20%, if this number would increase we could fly higher
and faster without a steep increase in the take-off mass. Developing further Lithium-sulfur batteries
of batteries with similar energy densities would have an enormous impact in the mass percentage
allocated to the power system.
As these technologies develop further the model allows its user to tune the parameters to account for
the development of new technologies. This is one of the main benefits of this parametric model.

5. Conclusions
The main goal of this project was to understand the current status of the HALE platforms. There have
been many attempts to develop and promote HALE UAVs for usage in a commercially driven
environment. Zephyr from Airbus is under development, the last tests were successful and show
promising endurance capabilities, but the payload capabilities of Zephyr 7 is only 5kg. Global Observer
from Aeronvironment is one of the first to be introduced into the market. Nonetheless, the payload
capabilities (181kg) are still low for usage in the telecommunications sector. Moreover, this aircraft is
still using fuel cells technology.
On the other hand, Solar Impulse 2, a solar powered manned aircraft has been breaking through in
the industry opening a new range of possibilities of solar energy for aviation.
This report has taken a look at the preliminary design of an HALE UAV. A parametric model has been
created in order to see the potential performance characteristics of these aircraft. This parametric
model takes into consideration several sources to predict the aerodynamic performance, power
requirements, mass distribution, endurance and costs. The inputs are inserted by the user to see their
impact in the performance of the aircraft.
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A sensitivity analysis has been conducted in order to see the impact of different factor in the
performance of the aircraft. The main characteristics studied were the cruise altitude, cruise speed,
types of batteries, energy density of the batteries, and finally the weather conditions.
This project could be useful for telecommunication companies and remote sensing companies in order
to judge the potential that HALE UAV have in their market and study whether implementing them into
their ecosystem would be profitable.

5.1. Parametric Model
The main deliverable of this project is the parametric model produced in EXCEL (see from Appendix A
to Appendix M). It is dived into the following sheets to keep track of the characteristics inserted and
the output performance.
1.
2.
3.
4.
5.
6.
7.

HALE-UAV Design
Requirements
Relative Parameters
Aerodynamics – Geometry
Aerodynamics – Performance
Propulsion
Power

8.
9.
10.
11.
12.
13.

Mass & Endurance
Costs
Inputs
Outputs
Statistics
Constants

This parametric model allows to quickly insert the possible development in the industry, so it is
possible to tune up and ultimately predict the breakthrough at which these Solar Powered HALE UAVs
could be profitable in a commercial telecommunications environment.

5.2.Analysis
The analysis was conducted in four stages. The first one is a case study. In order to verify the validity
of the outputs in the model. The second part is sensitivity analysis. In this part, several input
characteristics have been varied in order to understand the impact that they have on the output
results. The third part takes considers the different constraints that the aircraft could stumble upon,
like changing weather conditions, maintenance and legislation. The last stage is an analysis of what
would be the development efforts need in order to bring this aircraft plainly into the market.

5.2.1. Case study
The model has been tested considering the case scenario of Solar Impulse 2. The input characteristics
were taken from the official site of Solar Impulse and some other official statements. All the inputs
were taken as close as possible to the reality. Weather conditions were taken as partially clouded to
take into consideration a more realistic case.
The model outputs were then compared with the real Solar Impulse 2 flight performance. The values
were surprisingly close with around 7% percent difference. Two characteristics were over ten percent
difference, these were the mass of the batteries and the cost. Nonetheless, the mass of the batteries
in the model when compared to reality were overestimated, so the impact of this would be rather
positive.
On the other hand, the cost was underestimated, but the cost taken from the official sources considers
the NRE and recurring cost of Solar Impulse 1, modifications, Solar Impulse 2 and the cost of the trip
around the world. Therefore, it is possible that the estimate in the model wouldn’t be underestimating
the cost of NRE and recurring for one single aircraft.
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5.2.2. Sensitivity Analysis
The analysis has been conducted to see the impact that varying the following factor has on the
performance outputs of the aircraft:
 Cruise Speed
 Cruise Altitude
 Types of Batteries
 Energy Density
 Weather Conditions
As it has been mentioned before all these factor have a profound and multi-facet impact in the
performance of the aircraft. The cruise speed for example, correlates directly with the take-off mass,
an increase in the cruise speed would mean an increase in the take-off mass, this is due to the fact
that most of the mass in the aircraft goes to the power system, and it increases because we need more
thrust from the engines. On the other hand, a lower speed would mean an increase in the area of the
wing necessary for cruise flight. The structural mass of the aircraft is closely related to the area of the
wing therefore increase this portion of the mass. Moreover, the structural mass is expected to be
higher than in the model, this why in the model the mass margin is taken in terms of structural mass.
This are some of the reasons why is recommended to use low speeds, between 50-70km/h.
The cruise altitude has an exponential impact in the take-off mass of the aircraft. The take-of mass
would almost triples when passing from a high of 6000m to 16000m. This increase on the mass would
mean a bigger area of the wing, and thus more space to locate solar cells, this is why the mass margin
also increases. The optimal altitude would be dependent on many factors, such operations, nature of
the payload, payload operations, cruise speed, size of the payload, etc.
The types of the batteries and their energy density have also an exponential impact in the mass
percentage allocated to the power system. Promising batteries like the Lithium-sulfur could bring it
down to 35%. A further increase wouldn’t decrease the percentage of the allocated to the power
system by much, nonetheless, it could allow the aircraft to either fly higher, slower, with more payload
or reduce the area of the wing.
Weather conditions could greatly constrain the performance of the aircraft and its endurance. As
shown in the base case scenario even a 20% cloudy sky could mean that the aircraft would have to
either reduce the cruise speed or altitude, therefore not flying at its optimal in terms of aerodynamics.

5.3.Recommendations
In order to further develop the model and analyze its outcomes. Here are some recommendations
that could help focus further work. The main weaknesses in the model are presented here.

5.3.1. Model
 Structural mass
As it has been mentioned before, the models used for predicting the structural mass of the aircraft is
a model based on smaller aircraft. It was impossible to find information on the structural mass of Solar
Impulse 2 in order to verify the result. In order to account for this a mass margin has been in
introduced. In order to get better prediction this model should be verify or changed.
 Changing weather conditions
The model accounts for unchanging weather conditions during the whole flight. The endurance of the
aircraft could be constrained in a large extend due to weather conditions. Modeling changing weather
conditions and its impact on the endurance would give more realistic results.
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 Consider changing cruise profile
As it has been mention before, a different cruise profile for day and night could mean mass and power
savings that could reduce the costs. Introducing changing cruise profile into the model could give a
more realistic performance of the aircraft.
 Cost taking into types of batteries and solar arrays
The cost model is a very simple model that considers a straight relationship between the mass and
the cost. It would be interesting to see the impact using more accurate models. This would be
especially important when considering the cost of the power system, in terms of different types of
batteries and solar panels chosen, as well as for the mass/cost of the propulsion system.
 Cost of Operations
The model does not take into consideration the cost of operations. In order to judge the prospect of
HALE UAV in the telecommunications sector it would be necessary to do a modeling of the cost of
operations. This was not done in the framework of this project, because it would take analysis of the
whole architecture of introducing HALE UAV. This would speculative at this stage of development.
 Regulation
As it has been mentioned in section 4.3.1.2, the regulation on HALEs, UAS and simply UAV hasn’t been
stablished definitely. There have been some general positions that have been published but strict
regulations will definitely come and it might constraint the cruise altitude, speed or other factor that
would have a tangible impact in the capabilities of the aircraft.

5.3.2. Analysis
 Several case study
It would be beneficial to verify the validity of the results again with different cases. This report took
into consideration Solar Impulse 2, although it is a good example of solar powered aircraft there are
several important differences, the first being that the model is meant for unmanned aircraft. It was
impossible to find detailed information on aircraft like Zephyr 7 or Global Observer in order to use
them as a case study.
 Impact in cost of operations
A detail analysis on the cost of operations and the relationship to all the other parameters in the model
could help telecommunication companies to understand the potential of these platforms.
 Telecommunications payloads
Analyzing the aircraft flight profile specifically for telecommunications would be highly beneficial.
Nonetheless, in order to do this, first an architecture would have to be chosen in which HALEs are
introduce in the satellite telecommunication’s ecosystem.
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Appendix A

Figure 20 – HALE-UAV Design Sheet
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Appendix B

Figure 21 – Requirements Sheet
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Appendix C

Figure 22 – Constants Sheet
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Appendix D

Figure 23 – Relative Parameters’ Sheet
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Appendix E

Figure 24 – Aerodynamics – Geometry Sheet
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Appendix F

Figure 25 – Aerodynamic Performance’s Sheet
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Appendix G

Figure 26 – Propulsion Sheet
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Appendix H

Figure 27 – Power Sheet
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Appendix I

Figure 28 – Mass & Endurance Sheet
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Appendix J

Figure 29 – Cost Sheet
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Appendix K

Figure 30 – Iteration Inputs Sheet
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Appendix L

Figure 31 – Iteration Outputs Sheet
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Appendix M

Figure 32 – Statistics Sheet
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Appendix N
Table 12 – Input Parameters

Aspects
Payload
Flight Dynamics

Geometry

Propulsion System

Power

Mass

Parameters
Payload Mass
Payload Power
Cruise Altitude
Ceiling
Cruise Speed
Wing Airfoil
Aspect Ratio
Tapper Ratio
Sweep Ratio
Wing-Fuselage Relative Position
Fuselage Aspect Ratio
Fuselage Equivalent Diameter
Fuselage Length
Efficiency of motor controller
Efficiency of motor
Efficiency of gearbox
Efficiency of propeller
Efficiency of step-down converter
Type of Battery
Energy density
Efficiency of battery charge
Efficiency of battery discharge
Battery Degradation
Weather Conditions
Efficiency of the curved solar panels
Efficiency of solar cells
Solar cells degradation
Efficiency of MPPT
Approximated mass
Structural mass constant
Mass density of solar cells
Mass density of encapsulation
Mass to power ratio of MPPT
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